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The Pharmacology of Nucleoside Analogues in Herpesvirus 
Infection. 

Abstract: 

The pharmacological aspect of anti-herpesvirus (HHV) research has entered a 
new era concomitant with the introduction of the nucleoside analogue-class of anti
viral agent. Recent accession to the specificity of these agents has provided not only 
substantial improvements in the treatment and prophylaxis of many different HHV 
infections, but to enhancements in the methods used to diagnose and further study 
these virus-induced illnesses as well. The disparate applications of such compounds 
are perhaps best illustrated by the thymidine kinase (^-dependent anti-HHV 
nucleoside analogues -- agents which, by virtue of their selective uptake and metab
olism, have been used both chemotherapeutically and as molecular indicators of the 
virus itself. It is clear that a fundamental principle in determining an antiviral's 
pharmacotherapeutic relevance and of gauging its potential as a diagnostic indicator 
of disease lies in the ability to accurately detect and quantitate these agents in 
complex biological matrices. In the present study, radioiodinated l-j8-D-arabino-
furanosyl-E-5-(2-iodovinyl)uracil ([*I]-IVaraU) was used to develop an autoradio
graphic technique (PA/IP) that rapidly and accurately demonstrated thefJc- (and 
thymidylate kinase)-dependent metabolism of this antiviral agent. [*I]-IVaraU-
PA/JP was also used to detect antiviral-resistant HHV variants in somatic cell 
cultures, to examine the growth of HSV in primary cultures of mammalian CNS 
glial cells and to demonstrate the uptake and metabolism of 9-(4-hydroxy-3-hydroxy-
methylbut-l-yl)guanine (PCV) in a human neural (SW) cell line. We further 
demonstrate limited in vivo utility of [*I]-IVaraU for detecting HHV in tissue auto-
radiographs of CNS sections prepared from a rabbit encephalitis model. The use of 
this agent as a radiodiagnostic indicator of HSE in intact animals using external 
gamma camera imaging, however, was found to be largely unreliable. Finally, 
techniques in ESI mass spectrometry (both independent from and in combination 
with RP-IP HPLC - including the development of requisite volatile buffer systems) 
were used to determine that the PCV-TP synthesized by HSVW+) type 1-infected-PCV 
(10 uM and 1 uM)-treated SW cells after a 6 H drug treatment to be 11500 
pmole«(10 6)- 1 and 2440 pmole^dO6)-1 SW cells, respectively, and that the intra
cellular stability of PCV-TP in this culture system was roughly 16.5 H. These deter
minations were made by monitoring the nucleotide'^ortho/pyrophosphate transi
tions. We conclude that this technique can be developed further, into a method for 
monitoring the therapeutic efficacy of this and possibly other antiviral compounds. 
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1 Introduction: 

1.1 Taxonomy of the Herpesviridae: 

Few pathogens demonstrate a wider distribution in nature or hold greater 
clinical significance than the viruses which constitute the family Herpesviridae*. 
Taxonomic data compiled by Roizmanef. al. in the 6th International Committee on 
Taxonomy of Viruses Report describes three subfamilies (alpha-, beta- and gamma-
herpesvirinae) along with 49, as yet, unassigned viruses that make up the 
Herpesviridae. Each subfamily, in turn, is comprised of the genus Simplexvirus, 
Varicellovirus and the unassigned (and tentatively assigned) viruses of the genus 
and of the species; the genus Cytomegalovirus, Muromegalovirus, Roseolovirus 
and the unassigned viruses of the genus; and finally, the genus Lymphocryp to virus, 
Rhadinovirus and the unassigned viruses of the genus, respectively (Fig. 1.1). Of 
the more than one hundred different species of virus which make up the 
Herpesviridae, nine are currently recognized as a cause of disease in humans (Chen-
Osmond and Dallwit, 1996). The human herpesviruses include herpes simplex 
virus type-1 (HSV type-1) and type-2 (HSV type-2), varicella-zoster virus (VZV), 
Epstein-Barr virus (EBV), cytomegalovirus (HCMV), human herpesvirus-6, human 
herpesvirus-7, and Kaposi's sarcoma-associated herpes virus (KSHV); human 
herpesvirus (HHV)-l to HHV-8, respectively. Occasionally, although particularly 
rare, the simian herpes B virus (a "non-human" herpesvirus) has also been the 
cause of human illness (Whitley and Schlitt 1991). Although most human 
herpesvirus infections present as clinically benign, any member of this family of 
virus has the potential for producing serious, even life-threatening, disease. 

1.2 Physical Characteristics: 

Inclusion into the family Herpesviridae, by definition, is based on a 
combination of biological and architectural criteria (Roizman 1990). The viruses of 
this family tend to share many physical and biological properties, and are 
morphologically indistinguishable from one another under the electron microscope 
(Pilling et al. 1996). Although some degree of antigenic cross-reactivity has been 
shown to exist between at least some of the herpesviruses (Balachandran et al. 1987), 
the extent of this cross-reactivity (with the possible exception of HSV-1 and HSV-2 
[Fujinaga et al. 1987], and HHV 6 and HHV-7 [Neipel et al. 1996]), tends to be 

+ The term herpes is derived from the Greek word, herpein, meaning to spread or creep. 
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rather inconsiderable (Pango and Lemon 1980; Balachandran et al. 1987). The use of 
immunological or even molecular techniques (Sec. 1.6) are, therefore, often 
necessary to unambiguously distinguish between the herpesvirus species found in a 
clinical specimen or between HHV strains in populations which have been 
experimentally constructed (Whitley and Schlitt 1991). 

Having a diameter in the range of 150 to 250 nm, the herpesviruses are 
among some of the largest known viruses (Straus 1990). The mature virion (Fig. 
1.2) is comprised of a central core (or nucleoid), containing protein and a linear 
double-stranded DNA genome. Herpesvirus nucleic acid ranges in molecular 
weight from between 90x106 Daltons (Epstein Barr virus) to 150x106 Daltons 
(cytomegalovirus) (Pango and Lemon 1980). The viral genome is approximately 120 
kilobases to 230 kilobases in length, and encodes for over 70 proteins (Whitley and 
Schlitt 1991). The inner core of the virion is surrounded by an icosadeltahedral 
nucleocapsid consisting of 162 symmetrical/repeating capsomeric protein subunits. 
Trans-capsomeric channels of the nucleocapsid are believed to play an important 
role in the transport of genomic DNA and scaffolding proteins during capsid 
morphogenesis (Zhou 1996). The capsomere is surrounded by, and tightly associated 
to, an amorphous, sometimes asymmetric proteinaceous material called the 
tegument. The entire structure is finally enveloped within a trilaminar outer-lipid 
structure of modified host-cell membrane. The viral envelope is encrusted with 
virus-encoded glycoprotein protrusions or spikes, which, when deposited into the 
host-cell membrane, are incorporated into the envelope of the mature virion as it 
egresses the host. These glycoprotein spikes are believed to be important in the 
process of attachment and penetration of the herpesviruses. They are also believed 
to function as Fc receptors, and have been shown to bind complement as well 
(Straus 1990). 

1.3 Replicative Cycle and Temporal Sequence of Gene Expression: 

A herpesvirus infection is initiated with the recognition and attachment of 
the virus to the host-cell's plasmalemma-associated heparan sulfate proteoglycan 
receptor molecule. Attachment is rapidly followed by fusion of the viral envelope 
with the plasmalemma and the subsequent release of the viral nucleocapsid into the 
host cytoplasm. Capsids are then transported across the cytosol to the nuclear pore 
complex by a mechanism mediated by the cytoskeleton (microtubules; Sodeik et al. 
1996). The capsids then uncoat and the DNA genome is released into the cellular 
nucleoplasm. Once inside the nucleus, the viral genome circularizes and progeny 
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Figure 1.2: Schematic representation of a Herpesvirus 
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DNA molecules are synthesized through a "rolling-circle" mechanism (Ben-Portat 
and Tokazewski 1977). Temporal expression of the immediate-early, early and late 
genes (perhaps, more appropriately designated as a, (3 [f5\ and /%] and y [yi and 72] 
genes) can then take place (Honnes and Roizman 1972; Wolf et al. 1982). 

The immediate-early (a) gene products are considered essential for the 
replication of the herpesviruses. Immediate-early gene expression, instituted by a 
protein constituent of the tegument, is responsible for down-regulating host cell 
macromolecular synthesis, as well as for inducing the subsequent transcriptional 
activation of the ft- and 7-genes. Immediate-early products are also believed to play 
an important role in the mechanism of latency. Early (/?i and P2) gene expression 
has been shown to coincide with, and to possibly contribute to, the shut-off of host 
cell protein synthesis. /J-gene expression precedes, and is largely associated with, the 
replication of the viral genome. The late (̂ J-gene products (which are, for the most 
part, structural) tend to be expressed only after DNA synthesis has terminated. 
Gamma gene products are incorporated, or may assist in, the final assembly of 
progeny virus (Piette et al. 1995). 

Herpesvirus DNA is synthesized as a multimer within the host's nucleus, 
and then cleaved and eventually packaged into newly formed capsids. Mature 
virions are produced as they bud off from the inner surface of the nucleolemma and 
are transported through the cytoskeleton to the plasma membrane where they are 
finally released (Roizman and Sears 1991). The generation of infectious progeny (in 
such a "productive" infection) invariably results in the destruction of the infected 
host cell (Roizman 1991). 

1.4 Clinically Important Herpesvirus-Encoded Enzymes: 

02 gene expression is of special pharmacological consequence as these genes 
specify enzymes (including thymidine kinase, thymidylate kinase and DNA 
polymerase) which are central to the metabolism and synthesis of herpesvirus 
nucleic acid and, as such, are frequently targeted by what have proven to be the 
more clinically effective nucleoside analogue-class of anti-herpesvirus agents. 

1.4.1 Herpesvirus Thymidine Kinase: 

Cellular and virus-encoded thymidine kinases (tk) are enzymes that are 
central to the biosynthesis of nucleotides and, therefore, to the formation of nucleic 
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acid. Nucleotides can be synthesized from newly formed purine and pyrimidine 
bases (denovo synthesis), as well as from the re-use of free bases recovered from the 
degradation of pre-existing nucleic acid materials, also known as the "salvage" path
way (Fig. 1.3). Thymidine kinases are one of the principal enzymes associated with 
the nucleotide salvage pathway (Falke et al. 1979; Arner et al. 1992; Perigaud et al. 
1992). 

Human cells and the herpesviruses are both able to reclaim pyrimidine 
deoxyribonucleosides through a process of 5'-phosphorylation, a process which is 
also the major route in the bioactivation of several chemotherapeutic nucleoside 
analogues. In human cells, the key enzymes responsible for this activity are the 
cytosolic thymidine kinase (TKi), the mitochondrial thymidine kinase (TK2) as well 
as a cytosolic deoxycytidine kinase (Arner et al. 1992). To a large extent, human TKi 

(and possibly TK2) resemble the enzymes of all eukaryotes, the poxviruses (i.e. 
vaccinia virus), and those of the bacteria (Black and Hruby 1990; Gentry 1992). The 
thymidine kinase specified by the herpesviruses (once believed to be wholly unique; 
Cheng et al. 1979) have been shown to resemble, to some extent, the human (and 
possibly all eukaryotic) deoxycytidine kinases (Gentry 1992). 

Herpesvirus-specified thymidine kinase has a native molecular weight of 
from 80,000 Da to 90,000 Da (Black and Hruby 1990). Polyacrylamide gel 
electrophoresis (PAGE), under specific denaturing conditions, has shown that the 
functional herpesvirus tk is actually a homodimeric protein comprised of two 40,000 
Da to 45,000 Da subunits. Parenthetically, there is also evidence to suggest that 
(unlike herpesvirus-encoded enzymes), poxvirus thymidine kinase — and by 
analogy the thymidine kinase expressed by eukaryotic cells, may be a tetrameric 
complex of four identical 20, 000 Da subunits (Black and Hruby 1990). 

Although all thymidine kinases tend to promote a similar function, the 
enzymes specified by the herpesviruses possess several very important biological 
properties that tend to distinguish them from the cellular enzymes. For example, 
herpes simplex virus thymidine kinase, although originally believed to only 
phosphorylate thymidine, is now known to phosphorylate other pyrimidine 
deoxyribonucleosides, including, deoxyuridine and deoxycytidine (Jamieson et al. 
1974; Crumpacker 1993). Another important property demonstrated by these 
enzymes is the ability of the herpesvirus thymidine kinase to utilize, as the 
phosphate donor molecule (in addition to ATP), triphosphates such as CTP (Chen 
and Prusoff 1978). Finally, the thymidine kinase of certain herpesviruses (the 
human alphaherpesvirinae) are also know to express thymidylate kinase activity as 
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Figure 1.3: The salvage and de novo pathways in the biosynthesis 
of thymidine nucleotides. 
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an appendage of their herpesvirus-* fc enzyme function, although such enzyme 
activity is not a property of cellular thymidine kinases, nor is it one shared by other 
species of the herpesviruses (Gentry 1992). Herpesvirus thymidylate kinase activity 
(which is expressed predominantly by HSV type-1 and V Z V — but only weakly by 
HSV type-2), functions to diphosphorylate endogenous as well as synthetic 
nucleotide monophosphates (See De Clercq 1993). It is these differences which have 
made it possible to develop bioassays that discriminate between cellular and 
herpesvirus-induced enzymes, as well as assays which can be used to distinguish 
between the various species (and even strains) of the herpesviruses themselves 
(Campione-Piccardo et al. 1979; Cheng et al. 1982; Tenser et al. 1983; Martin et al. 
1985; Tenser and Edris 1987; Chatis and Crumpacker 1991). 

From a pharmacological perspective, perhaps the most compelling property 
of the herpesvirus-induced thymidine kinase lies in the enzyme's range of 
acceptable substrates, a range which is very much broader than what is naturally 
exhibited by the corresponding cellular enzymes (Black and Hruby 1990; Folkers et 
al. 1991; Eriksson et al. 1991; Gentry 1992). Herpesvirus-induced thymidine kinases, 
therefore, generally have a much greater propensity for metabolizing compounds 
that are structurally cognate of the naturally occurring nucleosides, thus, prompting 
the development and use of these analogue substrates as agents that can selectively 
target herpesvirus-infected cells. With few exceptions, most of the clinically 
relevant anti-herpesvirus agents are nucleoside analogues, agents that do not 
demonstrate antiviral bioactivity against a virus or virus-infected cells directly, but 
which must first be metabolized into a triphosphate derivative. As such, nucleoside 
analogues may be thought of as a type of antiviral "prodrug". 

Most, although not all, nucleoside analogues are exclusively metabolized by 
virus-induced deoxythymidine kinase in the registration of (at least) the first in a 
series of phosphorylations. Whether a particular nucleoside analogue has 
pharmacological activity as an antiviral generally depends not only on the capacity 
of virus-induced enzymes to phosphorylate the compound of interest, but that the 
initial phosphorylation by cellular enzymes is not of the same magnitude. It is 
because herpesvirus-induced tk is more likely than cellular enzymes to 
indiscriminately phosphorylate such analogues that these agents exhibit their 
particular level of herpesvirus-directed selectivity. Furthermore, the affinity of 
these "false" nucleosides for herpesvirus-induced tk is also known to be 
substantially higher than that generally exhibited for cellular enzymes (Folkers et al. 
1991). When in the monophosphate form, these agents are metabolized into a 5'-
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diphosphate ester, either by cellular kinases or (depending on the nucleoside 
analogue and/or strain of the herpesvirus involved) by herpesvirus thymidylate 
kinase. Finally, cellular enzymes act to phosphorylate the diphosphoryl derivative 
of the analogue into its triphosphate (bioactive) form. The triphosphorylated 
nucleoside analogue will then typically disrupt the herpesvirus DNA synthetic 
process by interfering directly with viral DNA polymerase (see below), and/or by 
being incorporated into the growing herpesvirus DNA strand. 

Interestingly, not all herpesviruses encode for a thymidine kinase. This 
includes HCMV and HHV-6 (and possibly HHV-7). Nevertheless, several tk-
deficient herpesviruses have been shown to possess a capacity for phosphorylating 
certain nucleoside analogues despite their lack of thymidine kinase. HCMV, for 
example, is known to initiate phosphorylation of certain " tfc-dependent" antiviral 
agents by virtue of a virus-specified cytoplasmic phosphotransferase. This 
phosphotransferase, a 80 kDa product of the U L 9 7 gene, has a limited sequence 
homology to a protein kinase, a sequence homology which tends to be highly 
conserved among all herpesvirus subfamilies. It is by virtue of the activity of this 
enzyme that HCMV-infected cells are believed to maintain their capacity for 
monophosphorylating nucleosides and selected nucleoside analogues, including 
acyclovir (Sec. 1.7.2.2) and ganciclovir (1.7.2.4) (Sullivan et al. 1992; Wolf et al. 1996; 

Van Zeijl et al. 1996; Bowen et al. 1997; Perez 1997; Baldanti et al. 1998). 

1.4.2 Herpesvirus DNA Polymerase: 

The polymerization and elongation of herpesvirus DNA depends on virus-
encoded DNA polymerase to catalyze the covalent binding of the alpha-phosphate 
unit of the triphosphorylated nucleoside to the free 3'-hydroxylated end of the 
growing nucleic acid chain. When in a triphosphate form, most nucleoside 
analogues produce a selective inhibition of the replication of herpesvirus DNA by 
binding tightly to the active site of the viral DNA polymerase, thus functionally 
inactivating the enzyme (Furman et al. 1984; Derse et al. 1981; Vere Hodge et al. 1993; 
Sullivan et al. 1993; Balzarini et al. 1994; Ilsley et al. 1995). Because the DNA 
polymerase induced by herpesviruses exhibits a much higher affinity for the 
triphosphorylated form of these antiviral derivatives than for the natural 
nucleotide, the extent of inhibition of virus-induced enzymes tends to be 
substantially higher than that of the corresponding cellular enzyme. There are also 
antiviral agents which have been shown to produce a reversible allosteric inhibition 
of the virus-encoded DNA polymerase by attaching to the enzyme at some distance 
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from the nucleotide binding site. It has also been shown that the anabolites of 
certain antiviral agents (such as acyclovir-TP; Sec 1.7.2.2) will also interfere with 
DNA polymerase (non-competitively) as they are incorporated into the nascent 
viral DNA strand. Furthermore, it is because ACV-TP lacks a necessary 3'-hydroxyl 
group that it, and related antiviral anabolites, behave as chain terminators - suicide 
inactivators of herpesvirus DNA replication (Furman et al. 1980). Nucleoside 
analogues, when triphosphorylated, also often disrupt viral DNA synthesis by acting 
as competitive inhibitors of the naturally occurring nucleotides for the active sites 
on the viral enzyme (See De Clercq 1993). The degree to which a particular antiviral 
derivative inhibits viral DNA polymerase can, therefore, vary considerably. 

1.4.3 Thymidine Kinase-Deficient Herpesviruses: 

A herpesvirus that lacks or has reduced capacity for encoding a fully 
functional thymidine kinase or DNA polymerase is not only important because of 
its sensitivity to anti-herpesvirus nucleoside analogues (Sec. 1.8), but tfc-deficient 
variants are also known to have neuropathogenic properties which are, in many 
ways, different from the wild-type virus. In general, ffc-deficient (or altered) strains 
of herpesvirus are believed to be much less neurovirulent than their wild-type 
counterparts (Tenser et al. 1979; Field and Darby 1980; Gordon et al. 1983; Coen et al. 
1989; Efstathiou et al. 1989; Coen 1991). Support for such a supposition comes, in 
large part, from the observation that infections by HSV f ^ mutants do not generally 
spread beyond the level of the primary sensory fibers. These tfc-deficient strains tend, 
instead, to progress rapidly into latency. When in a latent state, HSVtk~ mutants are 
unable (or, at best, possess a greatly diminished capacity) to reactivate (Coen et al. 
1989; Leist et al. 1989). Further support comes from studies in which agents known 
to selectively inhibit thymidine kinase have been shown to effectively suppress the 
ability of the wild-type herpesvirus from reactivating in explants of latently-infected 
sensory ganglia (Lieb et al. 1990). There has, however, also been recent evidence to 
suggest that this may not always be the case; thus, under certain conditions, 
replication, latency, and even reactivation of HSV f k~ strains may be experimentally 
induced (Chatis and Crumpacker 1991; Wilcox and Pizer 1992). 

HSV^. mutants depend on host-cell nucleotides for efficient replication 
(Jamieson et al. 1974; Gordon et al. 1983), and only actively dividing cells tend to 
provide the intracellular nucleotide pools which are capable of supporting a fully 
productive herpesvirus infection. The fact that the CNS is made up, to a great 
extent, of non-dividing/terminally-differentiated cells may help to explain why the 
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reactivation of thymidine kinase-deficient strains of herpesvirus does not generally 
take place. 

1.4.3.1 Herpesvirus Neurotropism: 

Of the herpesviruses which infect humans, HSV type-1, HSV type-2, and 
VZV have been shown to have a special predilection for the nervous system. It was 
more than 70 years ago that Goodpasture first demonstrated that, not only could a 
herpesvirus infect the tissues of the nervous system, but that the virus would in fact 
travel along specific neural pathways (Goodpasture and Teague 1923). Studies 
which were first initiated to determine the neurotropic character of the 
herpesviruses demonstrated that HSV type-1 attaches differentially to fractions 
prepared from nerve cell perikarya, synaptosomes and astrocytes from a variety of 
mammalian species (Vahlne et al. 1978, 1980). The differential binding of 
herpesvirus to homogenates prepared from specific regions of mammalian CNS 
(rather than specific cell types) has also been demonstrated (McFarland et al. 1982). 

In contradistinction to the use of neural-cell fractions for examining the 
interactions between select herpesviruses and the tissues of the nervous system, 
recent advances in specialized tissue culture methodologies have made these 
characterizations possible, in vitro, using specific types of intact/living cells prepared 
from the tissues of specific regions of the nervous system. For example, primary 
cultures of astrocytes (Kennedy et ai. 1983, 1985; Kari and Gehrz 1986; Assouline et al. 
1990; Dix et al. 1992), oligodendrocytes (Thomas et al. 1991), Schwann cells (Rajcani 
and Scott 1972; Kennedy et al. 1983, 1985; Wigdahl et al. 1986; Assouline et al. 1990), 
peripheral neurons (Rajcani and Scott 1972; Kennedy et al. 1983, 1985; Wigdahl et al. 
1986; Assouline et al. 1990; Doerig et al. 1991) and central neurons (Kennedy et al. 
1983,1985; Wilcox and Johnson 1987; Borcholte et al. 1990; Wilcox et al. 1992), as well 
as re-aggregate and mixed neural-cell cultures (Pulliam et al. 1984; Bale et al. 1987; 
Kennedy 1988), have all been used to study the neurotropism of the herpesviruses. 

The differential capacity of herpesviruses to replicate in the different cells of 
the nervous system has also been examined in cells derived from certain tumors of 
the CNS and PNS that have been adapted to tissue culture. Included are the rat CQ-
glioblastoma (Lancz and Zettlemoyer 1976; Smith and Lancz 1982), the mouse C1300-

(Vahlne and Lycke 1977, 1978; Vahlne et al. 1981; Day et al. 1988) and human 
(Nielsen et al. 1991) neuroblastoma, the rat B9- , B15- (Adler al. 1978) and 9L-glioma 
(Veerisetty et al. 1986), the rat B5n- (Adler et al. 1978), B103- (Adler et al. 1978; Levine 
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et al. 1980; Goldin et al. 1985) and Ci43-neuroma (Doller et al. 1979), the rat PC12-
pheochromocytoma (Rubenstein and Price 1983), the human R N 2 retinoma (as 
described by Adler et al. 1978) and the human ST88-14 Schwannoma cell line (as 
described by Reynolds et al. 1992). 

There are several advantages to the use of a neural cell line over that of a 
primary neural culture, most notably that cell lines tend to be more readily 
(commercially) available, more easily grown to desired quantities, are comprised 
largely of a homogeneous population, and are largely continuous /immortal. The 
biggest disadvantage associated with the use of a continuous cell line, however, is 
that these cells are in, and tend to remain in, a stage of differentiation which is often 
more rudimentary than the stage of differentiation of the cell they are supposed to 
model. Because the cells which comprise the central nervous system are, for the 
most part, terminally differentiated, the use of "rudimentary" cells to make 
inferences on, for example, the interactions which occur between a herpesvirus and 
a mature central neuron or oligodendrocyte may, therefore, be thought of as 
somewhat unacceptable. Even so, the availability and relative ease with which large 
numbers of nearly pure cells of CNS and PNS origin can be maintained and then 
used to investigate the pharmacological properties of newly developed antiviral 
agents would appear to make the use of a primary neural cell culture or even a 
neural line a little more desirable than most conventional somatic cell culture 
systems currently in use. 

Because many of the clinically relevant herpesviruses are neurotropic, their 
study would, perhaps, be better served by investigating their intracellular activity 
(i.e. protein synthesis and energy metabolism), virus-cell interactions (i.e. 
attachment, recognition, penetration), and "cellular ecology" (i.e. pharmacology, 
infection, transformation) in a neural-cell culture system (Blanket al. 1974; Allt and 
Ghabriel 1982; Henderson et al. 1984). Yet, only infrequently have neural cultures 
been used to determine the intracellular properties and antiviral efficacy of 
nucleoside analogues in uninfected (Shewach et al. 1992), and herpesvirus-infected 
neural cell cultures (Borcholte et al. 1990), respectively. 

1.5 Biological Properties and Host Range: 

Of the biological characteristics most often used to distinguish between the 
subfamilies of the Herpesviridae, host range, replicative cycle, cytopathic effect and 
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the frequency with which (and the location at which) these viruses establish latent 
infection are considered the most important. 

1.5.1 Animal Models of Herpesvirus Infection: 

Despite the intense clinical scrutiny that the herpesviruses have received in 
recent years, there remain many unanswered questions regarding the pathobiology 
and the treatment of the human infection. For reasons which are obvious, 
determining the pharmacological attributes of new antiherpesvirus agents in 
humans is necessarily precluded. The use of an animal model which can 
consistently and accurately reproduce herpes virus-related illness as it occurs in a 
human is, therefore, essential to the testing of these newly developed agents. 

The use of animal models has grown enormously as successively better 
model systems are introduced. These models have figured significantly in 
investigations of herpesvirus pathogenicity, in efforts to develop effective 
herpesvirus vaccines, and in determining the comparative efficacy of new antiviral 
agents (Schroder et al. 1983; Thompson et al. 1989; Corrochano et al. 1993; Shiraki et 
al. 1993). Although there are no known natural animal carriers of the human 
herpesviruses, experimental herpesvirus infection in animal model systems has 
provided the bulk of our knowledge of the interrelationships between host defense 
systems and the manifestation of disease, the establishment of herpesvirus latency, 
and of the processes in viral reactivation (See Whitley 1990; Roizman and Sears 
1990). Mouse models of herpesvirus-induced disease, for example, have been used 
to demonstrate that a genetic predisposition of the host to select herpesviruses exists 
(Kastrukoff et al. 1986; Simmons and La Vista 1989). Both mouse (Datema et al. 
1987; Machida et al. 1992) and guinea pig (Hubler et al. 1973; Hsiung et al. 1984) 
models of human HSV type-1- and type-2-induced cutaneous and genital lesions 
have also been used to investigate viral pathogenesis and to determine the 
pharmacokinetic properties of selected antiviral agents. 

1.5.1.1 Animal Models of Human Herpesvirus CNS Infections: 

The morbidity and mortality of herpesvirus infection of the human central 
nervous system makes the development and use of animal models essential, not 
only for the development of new pharmacological agents used to treat or prevent 
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infection, but also for examining whatever potential these agents may possess as 
tools for the early diagnosis and characterization of herpesvirus infection. 

Animal models have been used extensively to make inferences on how an 
antiviral agent may function to eliminate a herpesvirus infection of the human 
central nervous system. However, the animal species, its immune status, the 
selected route of infection, the virus type and the specific virus strain have all been 
shown to be critical determinants in the manifestation of CNS disease (Richards et 
al. 1981). Several species of mammal, including the mouse (Anderson and Field 
1983; Sekizawa and Openshaw 1984; Neeley et al. 1985; McFarland et al. 1986; 
McFarland and Hotchin 1987; Webb et al. 1989; Hudson et al. 1991), rat (Aoki et al. 
1979; Saito et al. 1984; Cleator et al. 1987; Ungolini et al. 1989), hamster (Van Ekdom 
et al. 1987) and rabbit (Baringer and Griffiths 1970; Narang 1982; Stroop and Schaefer 
1986; Schlitt et al. 1986a,b; Lieb et al. 1988), have all been used in an effort to duplicate 
the CNS disease process as it occurs in humans. The routes of infection used to 
induce encephalitis in these animals, however, have been rather diverse. Those 
approximating conditions that are more "natural" are intranasal (olfactory mucosa) 
(Anderson and Field 1983; Stroop and Schaefer 1986; Datema et al. 1987; Webb et al. 
1989; Hudson et al. 1991; Esiri et al. 1995), orofacial (buccal mucosa, and lip) (van 
Ekdom 1987; Kastrukoff et al. 1982,1992), ophthalmologic (corneal scarification) 
(Baringer and Griffith 1970; Stroop et al. 1984; Sekizawa and Openshaw 1984), 
intravenous (Anderson and Field 1983) and intradermal infection (van Ekdom 1987; 
Leib et al. 1988; Simmons and La Vista 1989). These contrast to the modes of 
infection that are considerably more artificial, such as direct herpesvirus injections 
into, for example, the eye (Narang 1982; Saito and Price 1984; Cleator et al. 1987), as 
well as the peripheral (Anderson and Field 1983; Ugolini et al. 1989) and central 
nervous system (Neeley et al. 1985). Stereotaxically directed intracranial injections 
have similarly been used to introduce herpesvirus into specific brain regions, such 
as the cerebral hemispheres (Anderson and Field 1983; Martin and Suzuki 1989), 
olfactory bulbs (Schlitt et al. 1986,1988), hippocampus (McFarland and Hotchin 1987; 
McFarland et al. 1986), cerebellum (McFarland and Hotchin 1987) and lateral cerebral 
ventricles (Aoki et al. 1979). 

The differences between the pathogenesis of a human herpesvirus infection 
and the disease induced in a given animal model range from the subtle to the 
categorical. Rarely does experimental infection in an animal accurately represent 
the growth, pathology or distribution of a herpesvirus as it takes place in the brain of 
a human (McFarland and Hotchin 1987). The disease process in the CNS of 
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experimentally infected animals, for example, is often much more severe than that 
which tends to be observed in humans (Steiner et al. 1988). Furthermore, even 
though the incidence of herpesvirus-induced encephalitis in humans is rare, 
encephalitis in most animal model systems is frequently the only manifestation of 
infection (Roizman and Sears 1990). 

Of the animal models described, the ones most closely approximating human 
herpes simplex encephalitis (HSE) are perhaps best be represented by intranasally 
infected mice (Hudson et al. 1991) and rabbits (Stroop and Schaefer 1986). 
Virological and histopathological evidence has shown that application of the virus 
onto the nasal epithelium (olfactory mucosa) covering the nerves of the olfactory 
bulb produces a focal involvement of the subfrontal and pyriform (or mesial 
temporal) cortex (Whitley 1990). The clinical, electrophysiological and 
neuropathological characteristics of the encephalitis induced in these intranasally 
infected animals also appear be restricted to defined neuroanatomic pathways, 
similar to what is observed in primary human infection. The development of 
successively better animal models of HSE allow for experimentally controlled 
highly-detailed investigations of herpesvirus-induced neuropathogenesis and the 
opportunity for establishing even better antiviral drug strategies in disease 
intervention. 

1.5.2 Pathogenesis of the Human Infection: 

The pathognomonic features of a herpesvirus infection are generally as 
diverse as the species which evoke them. Most herpesvirus infections (with the 
possible exception of VZV) are asymptomatically transmitted. When clinical 
manifestations do present, however, it often reflects the destruction of virus-
infected tissues. Other important factors have also been shown to contribute to the 
presentation of herpesvirus-induced disease, including virus-induced immuno-
pathology and, in some cases, even the facilitation of neoplastic transformation. 

Generally, the alphaherpesviruses tend to demonstrate a more variable host 
range (from narrow to wide), they are known to have a relatively short replicative 
cycle, and they tend to be more cytopathic in cultured cells than are the beta- and 
gammaherpesviruses (Straus 1990). For example, infection by HSV type-1 can 
quickly produce cytopathic effect in cultures of fibroblasts and epithelial cells of 
simian, ovine, murine, as well as human origin. VZV, on the other hand, grows 

15 



best (albeit slowly) only in cells of human origin. Parenthetically, VZV has been 
shown to infect Epstein-Barr virus-transformed B-cells (Arvin et al. 1996). 

The relative scope of a herpesviruses host-range is not only of taxonomic 
significance, but it is also believed to be an important determinant in anticipating 
which tissues are more likely to support an infection. For example, herpesviruses 
which tend to replicate in tissues of epithelial origin (such as HSV type-1, HSV type-
2, and VZV) are usually the herpesvirus strains associated with mucocutaneous 
disease. Alternatively, herpesviruses which tend to be lymphotropic (i.e. HCMV, 
EBV, HHV-6, HHV-7 and KSHV) are more likely to be associated with herpesvirus-
related lymphoproliferative disorders (Straus 1990). In recent years, several attempts 
have been made to develop a reliable cell culture correlate that is predictive of 
herpesvirus neurovirulence. However, there does not, as yet, appear to be an in vitro 
cell culture system in which the growth of a herpesvirus corresponds unequivocally 
to the capacity of the virus to establish an infection of the human nervous system 
(Roizman and Sears 1991). 

The most common lesion associated with herpesvirus infection is that of the 
cold sore or fever blister. That which is typical of HSV infection, for example, is 
characterized by virus-induced cell death in combination with an inflammatory 
response. Generally, following infection, a cell begins to swell, displays condensed 
chromatin within its nuclei, and then finally undergoes nuclear degeneration. 
Multinucleated "giant-cells" appear as the integrity of the plasma membranes of 
infected cells begins to fail. As the infection continues and more cells begin to lyse, 
vesicular fluid (inflammatory exudate consisting of cellular debris, inflammatory 
cells and an abundance of virus) begins to accumulate between the dermal and 
epidermal layers. The number of inflammatory cells within each vesicle continues 
to increase and, after several days, the vesicular fluid become pustular. Eventually 
these pustules/vesicles crust over and heal, generally without any evidence of 
scarring (Whitley 1990). 

1.5.2.1 Herpesvirus Latency: 

One of the most compelling features common to all herpesviruses is the 
ability of these viruses to establish, and then reactivate from, a latent infection. 
Concurrent with the development of a surface lesion at the site of initial HSV 
exposure, the infection will also tend to invade the terminal branches of the sensory 
neurons that innervate the area. Herpesvirus nucleocapsids are then transported 
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via anterograde axonal flow from these sensory endings to the sensory ganglia 
(Cook and Stevens 1973), where a second episode of viral replication is believed to 
take place (Lyke et al 1988; Valee et al. 1989). In some instances, replication of the 
virus may produce a limited cytopathology of the juxtaposed supporting (glial) cells 
(Baringer and Griffith 1970; Steven et al. 1971; Margolis et al. 1989). Finally, by a 
mechanism which remains only poorly understood, herpesviruses enter latency. 
As latency ensues, a specific region of the viral genome responsible for the 
expression of the latency-associated transcripts (LAT's) becomes operative, while all 
other herpesvirus gene expression is turned-off (Stevens et al. 1987; Rock et al. 
1987a,b; Croen et al. 1987, 1991). This down-regulation, or shut-off, of viral gene 
expression is the confounding reason behind why antiviral compounds (agents 
which require virus-encoded enzymes for bioactivation) have yet to prove effective 
in abrogating a latent infection. Similarly, herpesviruses which have become latent, 
although no longer infectious, are also immunologically sequestered, and thus are 
protected from attack by the immune system. 

1.5.2.2 Recurrent Herpesvirus Infection: 

In some individuals, a variety of conditions are known to provoke periodic 
"spontaneous" reactivation of a latent infection. Following reactivation, infectious 
virus is transported via the nerve axon to, or near, the site coinciding with that of 
the original infection. Proliferation of the virus, followed by the manifestation of a 
secondary eruption, will then generally ensue. The severity of disease in a recurrent 
infection is, to a great extent, delimited by the immune response of the host (Faden 
et al. 1977; Ho et al. 1984; Gelb 1990). Onset in a recurrent infection also tends to be 
less severe than that of a primary infection, as the disease process is largely modified 
by an already primed immune system (Corey et al. 1983). On rare occasions, 
however, certain herpesviruses will spread beyond the sensory ganglia to develop 
into systemic or deep visceral infection, often with serious consequences. In 
experimental models of latent infection, the presence of latent virus at the level of 
the sensory ganglia can be demonstrated by reactivating the virus from co-cultivated 
ganglionic explants. 

1.5.2.3 The Immune Response: 

The host's response to herpesvirus infection is a central factor in determining 
the acquisition of disease, the severity of infection, as well as the frequency of 
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recurrence. Immune status is also known to play an important role in the 
development and maintenance of latency. However, the mechanisms involved in 
mounting an immune response to a herpes infection are only poorly understood. 

Both cell-mediated and humoral responses are known to function in 
protecting against herpesvirus-induced disease. The evidence suggests that the 
capacity to mount an effective cell-mediated response is of much more consequence 
than the development of anti-HHV antibodies (Arvin 1995). For example, 
individuals that are deficient in their cell-mediated immune response are more 
likely to experience a much more severe and extensive herpesvirus infection than 
patients that lack the capacity to mount a humoral response (Ashley and Corey 
1989), although humoral immunity has been shown to reduce viral titer in neural 
tissues (Dix et al. 1981), and may play significantly in delimiting the neuroinvasive 
properties of selected herpesviruses (Mitchell and Stevens 1996). 

Several studies involving animal models of HHV infection have indicated 
that T-lymphocytes, NK cells and macrophages all act significantly to contain the 
spread of herpesvirus, and maximum host protection requires the activation of 
multiple T-cell subpopulations, particularly the Class-I MHC-restricted cytotoxic T-
cells (Ashley and Corey 1989). 

1.5.3 Herpes Simplex Virus type-1 and type-2: 

The symptomatology of primary HSV infection in humans is somewhat 
uncertain because most primary infections are subclinical (Whitley 1990). When 
symptoms do occur, however, they are generally in the form of cutaneous and/or 
genital lesions, gingivostomatitis or keratoconjunctivitis (Kohl 1995; Casano 1995). 
HSV-induced oral-labial infection is known to be one of the most common diseases 
of the mouth. Recent estimates suggest that as many as 45- to 80-percent of the 
population of the United States have had orolabial herpes lesions, and that 
approximately 100 million episodes of recurrent disease takes place each year (US 
Dept. Health 1992a). The frequency of genital herpes, also caused by HSV, has 
likewise reached epidemic proportions, affecting an estimated 30 to 55 million 
people in the United States, with as many as 500,000 new cases reported each year 
(US Dept. Health 1992b; Sacks 1995). The HSV type-2 seroprevalence rate, which is 
23 percent of the general population (and which includes pregnant women), has 
also been shown as having clear socioeconomic associations (US Dept. Health 
1992b). 
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Unlike the lymphotropic herpesviruses, HSV is not a cause of hematological 
disorders such as leukopenia, thrombocytopenia and hemolytic anemia, although 
these disorders have been associated with HCMV, HHV-6, EBV and even V Z V 
infection. Only rarely does infection by HSV lead to deep visceral or lethal 
disseminated disease (Lichtenburg 1984). Nevertheless, the lungs (pneumonitis), 
liver (hepatitis) and occasionally the central nervous system (encephalitis) are all 
possible manifestations of HSV-associated sequelae. Distinct neurological 
syndromes associated with the infection of the CNS include, for example: adult 
herpes simplex encephalitis, meningitis, postencephalitic syndrome and neonatal 
herpes simplex infection with encephalitis (Barnes and Whitley 1986). 

1.5.3.1 Herpes Simplex Encephalitis: 

Exactly what causes a relatively benign virus such as HSV to spread beyond 
the level of the sensory ganglia to involve the CNS is not yet known. Each year, 
however, herpes simplex encephalitis (HSE) will occur in from 1 to 2 individuals for 
every 500,000, and, as such, is the most common cause of acute sporadic encephalitis 
in the western hemisphere (Johnson 1982; Whitley 1984). Generally, an acute 
necrotizing/hemorrhagic infection of what seems to be specific (anatomically or 
physiologically defined) brain regions is characterized by this type of CNS 
herpesvirus infection (Kennedy et al. 1988). In HSE, the areas of the brain most 
commonly targeted by the virus includes the subfrontal, mesial temporal and the 
limbic structures constituting the primary and secondary olfactory cortex (Baringer 
1978; Dinn et al. 1979; Esiri et al. 1982; Nahmias et al. 1982; Stroop 1986). 
Occasionally, however, other brain areas, such as the brain stem, have also been 
shown to be the site of principal involvement (Robb and Butt 1989; Tyler et al. 1995). 
Parenthetically, there has also been some speculation that the virus's predilection 
for the brain's limbic regions (Esiri 1982; Anderson et al. 1983; Damasio and van 
Hoesen 1985; Neeley et al. 1985; Stroop et al. 1984,1986; Schlitt et al. 1986; Cleator et 
al. 1987; McFarland and Hotchin 1987; Webb et al. 1989; Ugolini et al. 1989) may be 
related to the onset of senile dementia of the Alzheimer's type (Ball 1982), although 
evidence to the contrary has also been presented (Taylor and Crow 1986). HSV 
infection has recently been also shown to have an association with the 
manifestation of facial (Bell's) palsy (Kahn 1996; Furuta et al. 1998). 

Without treatment, the prognosis of HSE is particularly poor (Kennedy et al. 
1988). Mortality rates approach 70%, and of those that do survive, only 10% are 
spared severe neurological dysfunction (Merrit 1973; Whitley 1984). With 
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treatment, however, both the mortality and morbidity of HSE are dramatically 
reduced, particularly if antiviral therapy is implemented early. It is because effective 
antiviral agents exist that an early diagnosis of HSE is of such crucial importance 
(Robb and Butt 1989; Kennedy et al. 1988; Lakeman and Whitley 1993). 

1.5.3.2 Neonatal Herpes Simplex: 

Herpes simplex virus infection of the newborn (at antepartum [in utero\ 
intrapartum or postpartum) is another example of herpesvirus-induced disease 
which is generally associated with devastating consequences (Whitley 1990). The 
estimated frequency of neonatal HSV infection is approximately one in every 2,000 
to 5,000 deliveries (Nahmias et al. 1983). Of these cases, nearly 50% will 
subsequently develop serious CNS disorders (Oxman 1979). HSV-induced diseases 
of the newborn include: chorioretinitis (Komorous et al. 1977), hydranencephaly 
(Christie et al. 1986; Baldwin and Whitley 1989), microencephaly (Florman et al. 
1973; Komorous et al. 1977; South et al. 1969), intracranial calcifications (Schaffer et 
al. 1965; South et al. 1969; Florman et al. 1973), intracranial cysts (Reynolds et al. 1986; 
Robb et al. 1986) and encephalitis (Komorous et al. 1977; Robb et al. 1986). As with 
all other serious HSV infections, early diagnosis of neonatal HSV infection is 
essential because of the availability of effective antiviral therapies. 

1.5.4 Varicella Zoster Virus: 

VZV is recognized as the etiologic agent in a broad spectrum of clinical 
disorders (Rockley and Tyring 1994; Arvin et al. 1996), but is best recognized as the 
causative agent of chickenpox* (or varicella) in children, and shingles+t (or zoster) in 
adults. Chickenpox, for the most part, is a benign illness distinguished by a 
generalized exanthematous rash. Approximately 95 percent of all children acquire 
chickenpox by the age of 15 (Barnes and Whitley 1986; Arvin et al. 1996). Interest
ingly, nearly 10 to 20 percent of varicella will re-emerge in later life (usually at age 40 
and beyond), in the form of herpes zoster (Tenser 1984; American Academy of 
Dermatology 1993). 

The term chikenpox is thought to have originated from either an anglicization of an old French word for chick-pea 
(chiche-pois) -possibly used to distinguish the vesicles from those of small pox (Grose and Ting 1992), or the term 
may have, alternatively, originated from the old English word, gican, which means to itch (Scott-Wilson 1978). 

, + Both the terms, shingles and zoster, are derived from the Greek term meaning to girdle. 
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The pathology of herpes zoster infection (although not yet fully 
characterized), is similar in several ways to that of HSV infection. There are, 
however, several important features that readily distinguish the two. For example, 
the physical characteristics of the skin lesions typical of herpes zoster tend to be 
coalesced and bullous, and are, therefore, substantially larger than the vesicles 
associated with primary or recurrent HSV disease. VZV-associated skin lesions also 
tend to be unilaterally distributed in marked dermatomal fashion (Rockley and 
Tyring 1994; Nikkels and Pierard 1994) and generally resolve after approximately 4 
weeks (Heme et al. 1996). Finally, the pain (both, acute and chronic) associated with 
herpes zoster is generally described as being considerably more severe than what is 
experienced by individuals infected with HSV (Hirsch 1990). 

Varicella infection of the CNS, although rare, can also to lead to distinct 
neurological syndromes including: cerebellar ataxia, encephalitis, transverse 
myelitis, Reye's syndrome and meningitis (Tenser 1986; Barnes and Whitley 1986; 
Whitley 1990; Elliot 1994; Rockley and Tyring 1994). Similarly, herpes zoster has 
been linked to the development of meningoencephalitis (or encephalitis), 
ophthalmic zoster with contralateral hemiplegia, multifocal leukoencephalopathy, 
polyradiculitis (Guillain-Barre syndrome), as well as cranial and peripheral nerve 
palsy (Elliot 1994; Rockley and Tyring 1994; Nikkels and Pierard 1994). 

1.5.4.1 Post Herpetic Neuralgia: 

Of those individuals who develop herpes zoster, approximately one-third 
also experience a protracted, often debilitating episode of pain which is distinct from, 
and generated subsequent to, zoster-associated acute neuritis. This late 
manifestation of herpes zoster is better known as postherpetic neuralgia (Harding 
1993; Bennett 1994). Postherpetic neuralgia (PHN) is not a continuation of acute 
herpes zoster but is, instead, a separate condition defined as a complication of herpes 
zoster infection (Bowsher 1995). True PHN is characterized by what is generally 
severe pain that persists for a period of at least a month, and which continues even 
after the complete resolution of the original zosteriform lesion (Gleb 1990; 
Nurmikko 1995). PHN has been known to last for periods of up to a year and 
beyond (Tenser 1984; Nurmikko 1995). 

The frequency with which PHN occurs is most often associated with the age 
of the individual, it is uncommon in those under 40, occurring in 50-percent of 
patients over 60, and is seen in as many as seventy-five percent of patients 75 or 
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older (Bennett 1994; Watson 1995). Despite being the most common complication of 
herpes zoster infection, the pathogenesis of postherpetic neuralgia is not at all well 
understood (Gleb 1990; Bennett 1994; Lee and Gauci 1994; Nurmikko 1995). There is, 
however, evidence to suggest that the manifestation of PHN is a multifactorial 
process, in which neural injury, an inflammatory response and even central 
involvement may play a significant role. Inflammation or fibrosis of affected 
neurons is not believed to be directly responsible for the development of PHN (Gleb 
1990). Yet, changes to the regional nociceptive C-fibers - secondary to a local 
inflammatory response, are consistent with the symptomatology. These changes 
appear to include spontaneous discharge, allodynia and even hyperalgesia (Bennett 
1994; Nurmikko 1995). 

There have also been studies to suggest that some of these changes may, 
instead, be a consequence of actual peripheral C-fiber degeneration, such that loss of 
afferent nociception results in a compensatory reorganization of CNS signal 
processing (Bowsher 1995) which somehow involves peripheral mechanoreceptors 
(Baron and Saguer 1995). It has also been suggested that hyperactivity of nociceptors, 
particularly of those innervating the sheath surrounding the infected sensory 
neuron (i.e. the nervinervorum), may be responsible for the onset of "pre-herpetic" 
neuralgia, a condition in which pain antecedes the development of zoster-associated 
skin lesions. Finally, there are situations in which VZV-directed radiculalgia may 
develop, although not necessarily in association with a zosteriform skin lesion. 
This condition (which is known as zoster sine herpete) is believed to occur in 
circumstances where the host's immune response is sufficiently robust to abrogate 
the development of a cutaneous lesion, but not the disease process at the level of the 
sensory ganglia, resulting, therefore, in only a manifestation of radicular pain 
without the presentation of skin lesions. Neurolytic injury, in contradistinction to 
the effects of an inflammatory response, is believed to contribute to the pain of 
herpes zoster infection directly, through a process of "injury discharge". In 
situations where the cell body and axon become heavily infected, neurolytic injury 
may result in aberrant nerve fiber activity, often characterized as brief bursts of very 
high-frequency discharges that are believed to correspond to transgression of the 
neurolemma by the virus (Schon et al. 1987). 

There is currently some uncertainty as to whether or not non-neuronal 
supporting cells (specifically the Schwann cells that provide the internodal segment 
of myelin for peripheral nerves) play a role in the manifestation of PHN (Gleb 1990). 
There is no doubt, however, that human Schwann cells, as well as cell lines derived 
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from tumors of these cells, support a productive infection of VZV and other species 
of the herpesviruses invitro (Reynolds et al. 1992; Assouline et al. 1990). Considering 
the close physical association that these cells have with the nerves of the peripheral 
nervous system, it seems likely that a slow productive, or even protracted, infection 
of Schwann cells could contribute to the pain of PHN through a process of injury-
induced discharge. 

Unlike antiviral therapies which can lessen the duration of the acute phase of 
a zoster infection — and in this way alleviate some measure of pain that is 
experienced by these patients, the pain associated with PHN has been described as 
particularly unyielding to drug treatment (Watson 1995). By implementing drug 
therapy (although not necessarily antiviral therapy*), it is possible to provide at least 
some relief to approximately 60% to 70% of those patients that develop PHN 
(Watson 1995; Bowsher 1995). However, recent studies have demonstrated that 
famciclovir (the orally bioavailable prodrug of penciclovir; Sec 1.7.2.5) can benefit 
these patients by reducing both the duration and severity of PHN (Tyring et al. 1995; 
Dworkin et al. 1998). In any case, it has been suggested that more emphasis should 
be placed on the prevention of childhood varicella through the development and 
use of an appropriate vaccine (Johnson 1995; Heme et al. 1996). 

1.5.5 Cytomegalovirus: 

Similar to VZV, human cytomegalovirus (HCMV) is a highly cell-
associated/host-restricted virus. In tissue culture, cytomegalovirus will generally 
establish a productive infection of epithelial cells, fibroblast, endothelial cells and 
even macrophages of human origin. Interestingly, however, human illness, as a 
consequence of cytomegalovirus infection is relatively uncommon, despite the 
virus' widespread distribution. 

The clinical spectrum of cytomegalovirus infections of humans, like that of 
the simplex viruses, is quite diverse, ranging from asymptomatic or mild, to that of 
a lethal disseminated disease. Like herpes simplex virus infections, the majority of 
cytomegalovirus infections are asymptomatic. Although this viral pathogen may be 
responsible for up to 10% of all cases of infectious mononucleosis syndrome (Naraqi 
1984), infection is much more of a consequence to individuals having compromised 
or underdeveloped immune systems. Neonatal cytomegalovirus infection, for 

* Antidepressant analgesia (most commonly brought about with amitriptyline or desipramine) suggests that potentia
tion of serotonin and/or noradrenaline may be necessary to adequately suppress PHN. 
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example, often involves the CNS, generally resulting in neurological deficiency of 
the newborn. Acquired (rather than congenital) cytomegalovirus involvement of 
the CNS, although uncommon, does occur more frequently in the immuno
compromised host, and is of particular relevance to burn patients and transplant 
recipients. 

1.5.6 Epstein-Barr Virus: 

Unlike the T-cell tropic human herpesviruses (such as HHV-6 and HHV-7), 
Epstein-Barr virus primarily infects B-lymphocytes. Infection of primate cells by 
EBV, in contrast to infection by any other member of the human herpesvirus 
family, has the capacity to transform the cell line into one which is essentially 
continuous. 

Epstein-Barr virus (EBV) is perhaps best known as the causative agent of 
infectious mononucleosis and is, therefore, one of several agents (including human 
cytomegalovirus) which can give rise to this condition. Of more clinical 
consequence, EBV has been shown to lead, in some instances, to the development of 
malignant tumors, particularly nasopharyngeal carcinoma and Burkitt's lymphoma. 
Non-neoplastic complications that may also develop as a consequence of EBV 
infection (i.e. those which are hematological, ophthalmologic, gastroenterological 
and neurological) are similar to those which have been described for HCMV (Naraqi 
1984). EBV-induced diseases of the central and peripheral nervous system also tend 
to resemble those associated with VZV infection, including: meningitis, 
encephalitis, Guillain-Barre syndrome and cranial and peripheral neuropathies 
(Fleisher 1984). 

1.5.7 Human Herpesvirus-6: 

Human herpesvirus-6 (HHV-6) is a lymphotropic herpesvirus that was seren-
dipitously discovered (in 1988) during some of the first investigations relating to 
HIV infection. HHV-6 has since been shown as having enough physical and 
biological similarities to HCMV and HHV-7 (see below) that it too has been classified 
as a betaherpesvirus (Ruvolo 1996). 

HHV-6 is now known to be causally associated with the development of 
roseola (Exanthema Subitum); a childhood disease of previously unknown etiology 
(Galama 1996). Although not confirmed, HHV-6 is also believed to be associated 
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with a number of other clinical manifestations, including: haemophagocytic 

syndrome, Rosai-Dorfman disease, retinitis, chronic fatigue syndrome, post

transplantation pneumonitis and even encephalitis (Levine 1995). Finally, there 

have also been suggestions made as to the possible association between H H V - 6 

infection of the C N S and multiple sclerosis (MS) (Burmer et al. 1995). Specifically, 

autopsied brain tissues taken from individuals having suffered from one of a 

number of different neuropathological conditions (including: MS, Alzheimer's 

disease, Parkinson's disease, Amyotrophic lateral sclerosis, epilepsy and stroke) were 

examined using both, techniques in molecular biology as well as those of 

conventional immunohistochemistry. Molecular techniques indicated that approx

imately 70% of tissue samples demonstrated the presence H H V 6-specific nucleic 

acid. However, in no samples other than those obtained from MS brains was there 

any evidence of immunological staining of H H V 6-specific antigens. Of the 80% of 

the MS-CNS tissue samples that did stain positive for H H V - 6 , all of the staining was 

localized to the oligodendroglia (Burmer et al. 1995). 

Although only recently identified, the clinical significance of this herpesvirus 

as not only a cause of disease, but also as being able to induce (or, at least, influence) 

the pathogenesis of a pre-existing virus infection is only now coming to be 

recognized (Ablashi et al. 1995). Evidence that different species (and even different 

families) of human T-cell tropic viruses interact to influence the pathogenesis of 

either one or the other virus (Sieczkowski et al. 1995,1996) has been demonstrated i n 

studies in which reactivation of latent H H V - 6 infection could be induced by a H H V -

7 infection (Yamanishi and Tanaka-Taya 1996). Similarly, human i m m u n o 

deficiency virus (specifically, the trans-activating [tat] gene product of HIV) has been 

shown to have the capacity for augmenting H H V - 6 replication by increasing 

immediate-early gene expression of this virus. In a reciprocal manner, several 

HHV-6-specified gene products (DR7, U16, U27 and U89) have been shown to 

enhance the infectivity of HIV by frans-activating its long terminal repeat (LTR; 

Flebbe and Chandran 1996; Sieczkowski et al. 1996), and that specific H H V - 6 open 

reading frames (ORFs) can serve to activate gene expression of H I V 

chloramphenicol acetyl transferase (CAT) - a process that is normally under the 

regulation of the HIV-LTR. Finally, recent studies have also indicated that the 

H H V - 6 transactivator, ORF-1, has the capacity for inducing malignant transforma

tion (Kashanchi et al. 1996). 
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1.5.8 Human Herpesvirus 7: 

First identified in 1990, human herpesvirus 7 (HHV-7) is perhaps the least 
well characterized of all the human herpesviruses. To date, the evidence suggests 
that HHV-7 belongs to the human betaherpesvirus subgroup. HHV-7 is known to 
share many biological properties in common with HCMV and HHV-6 (Ablashi et al. 
1994; Tanaka et al. 1994; Kidd et al. 1996). Restriction endonuclease mapping and the 
partial sequence analysis of HHV-7 DNA is also consistent with a betaherpesvirus 
classification (Tanaka et al. 1994; Ruvolo et al. 1996). Studies on the distribution of 
HHV-7 have indicated that this virus is present in the peripheral blood and saliva of 
most healthy individuals (Kidd et al. 1996), with seroprevalence rates in the general 
population being 85% or greater (Secchiero et al. 1994; Kositanont et al. 1995; Di Luca 
et al. 1995; Ablashi et al. 1996; Galama 1996). 

The primary infection of HHV-7 tends to occur early in life, although 
somewhat later than primary HHV-6 infection (Ablashi et al. 1994; Torigoe et al. 
1995). HHV-7 infection is believed to be a common cause of febrile seizures in 
infants (Galama 1996), and like HHV-6, has been causally associated with the 
manifestation of Exanthema Subitum (ES) in children (Tanaka et al. 1994; Torigoe et 
al. 1995,1996). Although it has yet to be confirmed, recent evidence suggests that 
HHV-7-associated ES may be associated with CNS manifestations, specifically, an 
acute hemiparesis (Torigoe et al. 1996). Finally, HHV-7, as a human T-cell tropic 
virus, has the capacity to infect CD4+ cells (Di Lucia et al. 1996; Secchiero et al. 1994; 
Galama 1996). It has been suggested, therefore, that HHV-7 may play a role as a 
potential co-pathogen and thus, perhaps, influence the course of, for example, HIV 
infection (Galama 1996) 

1.5.9 Kaposi's Sarcoma-Associated Herpes Virus: 

The most recent of the herpesviruses to be isolated, HHV-8 (KSHV), has 
demonstrated strong association to Kaposi's sarcoma, a disfiguring, often 
stigmatizing cancer involving the blood vessels of the skin and, in some instances, 
potentially lethal involvement of the lungs and gastrointestinal tract. DNA 
sequences from HHV-8 are frequently recovered from Kaposi's sarcoma of both 
HIV-positive as well as HIV-negative individuals (Ganem 1996). Evidence suggests 
that KSHV is sexually transmitted and that Kaposi's sarcoma manifests itself in 
approximately 25 percent of homosexual HIV-infected men — yet in only 3 percent 
of HIV-infected hemophiliacs. Prior to the AIDS epidemic, Kaposi's sarcoma was 
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generally diagnosed, albeit rarely, in non-HIV-infected African natives, in elderly 
men of European descent, and occasionally in transplant recipients undergoing 
immunosuppressive chemotherapy (Ganem 1996). 

1.6 Laboratory Diagnosis of Herpesvirus Infections: 

The standard laboratory methods most commonly used to diagnose 
herpesvirus infections consist of the growth, isolation and subsequent identification 
of the virus or of virus-specified products in clinical specimens (Rapp 1984; Straus 
and Smith 1984; Landry et al. 1989). In recent years, however, many significant 
advances in recombinant DNA technology have now made it possible to detect 
herpesvirus (or more specifically, herpesvirus-specific genomic sequences), even in 
situations where whole virus is itself no longer detectable (Berry and Peter 1984; 
Peter 1990). 

1.6.1 Conventional Laboratory Diagnostic Techniques: 

Testing a patient for the presence of serum antibodies to epitopes of the 
surface glycoproteins of a herpesvirus (such as by complement fixation, neutralizing 
antibody, hemagglutination assay, immunofluorescence assay, enzyme immuno
assay and radioimmunoassay, etc-) has been used to diagnose herpesvirus infection. 
However, serological techniques tend to demonstrate some measure of cross-species 
reactivity, particularly when crude whole-virus antigen preparations are used in 
this type of assay. A notable exception to this cross-species reactivity is in the use of 
Western blots for serodiagnosing to distinguish between HSV type-1 and type-2 
infections (Garland et al. 1995; Slomka et al. 1995). 

With the possible exception of EBV, serologic techniques are often less 
suitable for demonstrating a herpesvirus type-specific response than detection 
methods based, instead, on virus culture/isolation. Furthermore, because sero
logical techniques are based on demonstration of a significant increase in antibody 
titer over the course of the patient's illness (i.e. from the time of the acute-phase of 
the disease), these diagnoses tend to be more retrospective in nature. As such, these 
techniques may be more appropriately used for determining primary herpesvirus 
infections (Ashley and Corey 1989). 

CPE in tissue culture is a common characteristic of herpesvirus infection and 
can be used to demonstrate herpesvirus in a clinical sample within as little as 24 
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hours (Hughes et al. 1986). However, simply demonstrating virus-induced CPE is 
nonspecific and, therefore, diagnostically unreliable. Nevertheless, the manifesta
tion and enumeration of CPE (or more specifically, the formation of herpesvirus 
plaques*) in herpesvirus-infected cell monolayers provides a sensitive method with 
which to quantitatively assay the infectivity of a particular herpesvirus. Plaque 
assays are often used to assess, for example, the virus-neutralizing capacity of an 
antibody, the antiviral activity of anti-herpesvirus agents and for determining 
antiviral resistance (Kimberlin et al. 1995b). Herpesvirus plaque assays have also 
been used in combination with radiolabeled antiviral nucleoside analogues to 
characterize herpesvirus tk activity (Sec. 1.8.2.1). 

Classical cytological and histological staining techniques, despite being useful 
for demonstrating changes pathognomonic of herpesvirus infection, do not 
necessarily afford the selectivity or specificity to categorically distinguish between 
herpesvirus species (Muraki et al. 1992). Direct visualization of the virus (such as 
with electron microscopy) obviates the need for cultivating the virus and 
circumvents any problem inherent in trying to identify a herpesvirus that does not 
readily grow using standard culture methodologies. Yet, the herpesviruses are 
morphologically indistinguishable from one another (Sec. 1.2), and electron 
microscopy when used by itself for such a purpose is of little benefit (Landry et al. 
1989). 

The most common method for distinguishing between different 
herpesviruses in a clinical sample is generally accomplished with the use of an 
antibody probe. Virus growth and isolation techniques are frequently used in 
combination with immune staining for obtaining a reliable laboratory diagnosis 
(Hughes et al. 1986). Herpesvirus species-specific (and even strain-specific) antibody 
that has been conjugated to a given marker (generally an enzyme, fluorochrome, or 
an electron-dense or radioactively tagged molecule) affords the exquisite specificity 
associated with the use of (for example) a monoclonal antibody, and combines it 
with the detectability (sensitivity) that is a function of the choice of marker-
conjugate (Hansen et al. 1979; Clayton et al. 1986; Landry et al. 1989). For example, 
when used in combination with methods that amplify the detection marker (such as 
with biotin-strepavidin enzyme-linked immunosorbent assays), the sensitivity of 
the antibody-based assay system is greatly enhanced (Clayton et al. 1986). Finally, it is 

+ A plaque is a localized focus of virus-infected cells in a cell monolayer which, under optimal conditions, originates 
from a single infectious particle. 
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the properties of the selected marker-conjugate that determine which methods are 
the most appropriate for visualization of the desired analyte. 

Antibodies linked to enzyme markers, such as those used for 
immunoperoxidase (IP) staining, are popular for the immunocytological and 
immunohistological determination of virus-specific antigens in cell culture and 
tissue sections, respectively (Gay and Docherty 1984; Goolsby et al. 1988; Muraki et al. 
1992). The signals generated by the indirect conjugated-antibody method (Benjamin 
and Ray 1975; Benjamin 1977), or of the peroxidase-antiperoxidase reaction 
technique (Pearson et al. 1979), are ones that tend to be easily determined using 
conventional light microscopy and even electron microscopy (Hansen et al. 1979). It 
should be mentioned, however, that the effectiveness of D?, in some instances, may 
be compromised by naturally occurring peroxidase activity that is common to 
certain mammalian tissues. Such endogenous enzyme activity can generate 
unacceptably high levels of background staining and, therefore, present somewhat 
ambiguous test results (Goolsby et al. 1988). 

Immunofluorescence (IF) staining is a very versatile technique commonly 
used to distinguish between the species and strains of the herpesviruses (Gardner 
1984; Sutherland et al. 1986; Lipson et al. 1987). IF staining, however, is somewhat 
less applicable to immunohistochemical analyses than IP, and also requires 
somewhat more specialized instrumentation in order to view the analyte. Still, 
both direct and indirect IF techniques have proven particularly useful for culture 
confirmation and typing of herpesvirus infection. 

One of the more consequential benefits of using IF staining is realized when 
this method is combined with flow cytometry. Fluorescence-activated cell sorter 
(FACS) analysis offers a highly automated technique with which to detect, quantitate 
and sort even the rarest (1 in 106) of "events" based on the expression of IF signal 
alone, or in combination with any number of predetermined detection/selection 
parameters (Gross et al. 1993). FACS analysis is best implemented when wanting to 
avoid the task of having to enumerate events in situations where the frequency of 
occurrence is high, and it also serves to avoid parried detection when event 
frequency is particularly rare (Mesker et al. 1994). As a research tool, FACS analysis 
is traditionally much more commonly used in the field of immunocytology 
(Braylan et al. 1992). Its versatility, however, is coming to be better recognized in 
virology (Jennings et al. 1987; Elmendorf et al. 1988; Lehman et al. 1988, 1993; Grose 
and Ng 1992; Sladek and Jacobberger 1993; McSharry 1996) and antiviral 
pharmacology (Snoeck et al. 1992; Ito et al. 1992; Jamieson et al. 1993; Hengstschlager 
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and Wara 1993; Andrei et al. 1995; Reymen et al. 1995; Rabin et al. 1996; Rosenfeld et 
al. 1996; Kort et al. 1996; Pavic et al. 1997). 

1.6.2 Molecular Laboratory Diagnostic Techniques: 

There are situations where even the use of the most sophisticated 
immunodiagnostic techniques are still not sufficiently sensitive or selective to 
unconditionally diagnose a given herpesvirus infection. For example, it is 
impracticable to identify herpesviruses using immunologically-based diagnostic 
procedures when the virus has entered latency because the presence of the virus (i.e. 
the target analyte) is not a characteristic of such infections (Wagner et al. 1988a). Yet, 
the benefit of detecting the presence of a latent or subclinical herpesvirus infection 
cannot be overemphasized, particularly as it pertains to organ transplant recipients 
(Olive et al. 1989; Rogers et al. 1990), or to those who are, in some other way, 
immunodeficient (Shibata et al. 1988). Similarly, immunologically based 
procedures, when used by themselves, are equally ineffective for accurately 
diagnosing herpesvirus-related encephalopathies. Efforts to demonstrate the 
presence of intrathecal antiherpesvirus antibodies (Skoldenberg et al. 1984) or of 
HSV-specific antigens (Lakeman et al. 1987) in the CSF of suspected and biopsy-
proven herpes simplex encephalitis (HSE; Sec. 1.5.3.1) have been shown to be mostly 
unreliable and, not unexpectedly, are even less dependable when they are used in 
the early stages of disease. In fact, the National Institute of Allergy and Infectious 
Disease Collaborative Studies of the efficacy of vidarabine (Sec 1.7.2.1) and the 
comparison of acyclovir (Sec 1.7.2.4) to vidarabine for the treatment of HSE, 
concluded that HSE could not be accurately diagnosed using conventional clinical 
and laboratory methods (Whitley et al. 1981,1986). Furthermore, what was true 
until only very recently, was that an accurate diagnoses of HSE could only be made 
using the highly controversial procedure of brain biopsy (Whitley et al. 1981, 1986, 
1989; Nahmias et al. 1982; Wasiewski and Fishman 1988). 

Many recent advances in recombinant DNA biology have modified both the 
scope and focus of how the laboratory diagnosis of many infectious diseases are now 
being made (Chernesky 1989). Molecular detection techniques, rather than probing 
for protein antigens, examine a sample for the cellular and subcellular distribution 
of specific DNA and RNA sequences. Although not necessarily always more rapid 
and sensitive than immunologically based assays (Landry et al. 1986; Rossier 1987; 
Schmidbauer et al. 1988), molecular detection can often be used to demonstrate the 
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presence of a virus in which antigenic determinants are not always apparent, or in 
situations where only a limited amount of sample is available for assay. 

Recombinant DNA methodologies have provided an entire expanse of 
cloned DNA fragments from which DNA probes have been generated. These probes 
can then be applied in hybridization analyses which can be used to diagnose, for 
example, herpesvirus infections that can not be detected by conventional method
ologies. It is because molecular detection techniques are designed to demonstrate 
the presence of specific nucleic acid sequences that they can be used to discriminate 
the presence of latent herpesviruses in samples that would otherwise appear as 
morphologically (microscopically or immunohistologically) unremarkable (Griffith 
et al. 1990). The most important of these techniques (often used in combination 
with one another) include restriction enzyme digestion, nucleic acid hybridization 
(Chowdhury et al. 1986) and the polymerase chain reaction (Rowley et al. 1990; 
Rozenberg and Lebon 1991). 

1.6.2.1 Nucleic Acid Hybridization Techniques: 

Although the techniques in nucleic acid hybridization are relatively new to 
diagnostic virology, these methods are exceptionally useful in detecting 
herpesvirus-specific DNA (Stroop et al. 1984; Landry et al. 1986; Peterson et al. 1986; 
Rossier et al. 1987; Vonsover et al. 1987; Deatly et al. 1988; Steiner et al. 1988; Nago et 
al. 1988; Chantratita et al. 1989; Brisebois et al. 1989; Griffith et al. 1990) and 
herpesvirus-specific RNA sequences (Stroop et al. 1984; Rock et al. 1987a,b; Deatly et 
al. 1987, 1988; Wagner et al. 1988a,b; Krause et al. 1988). Hybridization of the 
herpesvirus nucleic acid is based on demonstrating a specific nucleic acid sequence 
in the herpesvirus genome using a complementary nucleic acid strand that has been 
labeled with an appropriate marker-conjugate. Because nucleic acid hybridization is 
used to detect the presence of herpesvirus-specific nucleic acid rather than whole 
virus, it is particularly useful in detecting (in nucleic acid "blot" hybridization) 
latent herpesvirus in clinical samples (Landry et al. 1989; Krause et al. 1988; Rock et 
al. 1987a). The use of nucleic acid probes has also been used in in situ hybridization, a 
technique in which the distribution of the herpesvirus genome can be visualized in 
intact cells of paraffin-embedded, or frozen tissues samples (Forghani et al. 1985; 
Schmidbauer et al. 1988; Chantratita et al. 1989). 
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1.6.2.2 Polymerase Chain Reaction: 

The polymerase chain reaction (PCR) is the most recent of the recombinant 
DNA methodologies to be introduced (Saiki et al. 1988) and it is quickly becoming 
one of the most powerful tools in all diagnostic microbiology. PCR offers 
unprecedented levels of sensitivity over what are the more conventional methods 
used to determine, for example, herpesvirus infections. PCR detection of the 
herpesviruses has also been shown to be several orders of magnitude more 
sensitive than alternative molecular diagnostic procedures, such as direct DNA 
hybridization (Klotman et al. 1989; Olive et al. 1989; Boerman et al. 1989; Peter 1990). 
The extraordinary level of sensitivity afforded by the use of PCR, however, may also 
be this technique's most significant limitation because PCR is particularly disposed 
to generating false-positives, most commonly due to the relative ease with which 
samples can inadvertently become contaminated (Landry 1995). Assay results, 
therefore, are not always infallible (Hasegawa et al. 1996). 

Detection of a particular pathogen by PCR involves in vitro enzymatic 
amplification of a pre-selected organism-specific DNA sequence using serial 
denaturation, reannealing and extension with synthetic oligonucleotide primers 
and a heat-stable polymerase. This amplification process, which does not necessarily 
require high molecular weight DNA for successful nucleic acid amplification, is 
exponential and is repeated until the amplification product (~106-109 copies of a 
sequence ranging from 25 to as high as 104 base pairs) can be reliably identified (~3 
hours). PCR has been used to substantiate clinical HSV (Brice et al. 1989; Cao et al. 
1989; Geradts et al. 1989; Beards et al. 1998; Knox et al. 1998), VZV (Koropchak et al. 
1990; Beards et al. 1998; Knox et al. 1998), HCMV (Shibata et al. 1988; Olive et al. 1989; 
Demmler et al. 1988; Porter-Jordan et al. 1990; Rogers et al. 1990; Fox et al. 1992; Knox 
et al. 1998) and EBV (Rogers et al. 1990) infections. Furthermore, because PCR is not 
dependent on an antibody response, or on the presence of actively replicating 
herpesvirus, it is especially well suited for detecting the presence of latent 
herpesvirus infection (Klotman et al. 1989; Wilcox et al. 1992; Schoengerdt et al. 
1996). Moreover, the PCR technique may also be applied to DNA extracted from 
paraffin wax-embedded (archival) tissues, as well as to tissue sections not having 
undergone prior DNA extraction. 

PCR has the attributes needed to make its use as a non-invasive diagnostic 
indicator of herpes simplex encephalitis practicable. Already proven as a safe and 
reliable method for determining HSE in several animal models (Boerman et al. 
1989), PCR is more and more being used to demonstrate HSE in a clinical setting 
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(Aurelius et al. 1991; Anderson et al. 1993; Gonzalez et al. 1995; Tyler et al. 1995; Bruu 
1996; Hasegawa et al. 1996; Querol et al. 1996). Although many still consider brain 
biopsy to be the gold standard for accurately diagnosing HSE, there are the obvious 
risks associated with the use of such an invasive procedure, and situations that 
necessarily preclude its implementation in diagnosing some uncommon forms of 
herpesvirus CNS infections. This is especially true if the region of the CNS 
involved is, for example, the brain stem, rather than the temporal lobe (Robb and 
Butt 1989). 

With the understanding that antiviral therapy must be instituted early in 
serious herpesvirus infections, and that effective antiviral agents to treat such 
infections now exist, comes the recognition of the need for more rapid and sensitive 
methods of diagnosing these infections (Landry et al. 1986). PCR detection of HSV 
type-1 DNA in combination with the demonstration of HSV-specific intrathecal 
antibodies in cerebrospinal fluid may represent the most reliable strategy for the 
diagnosis and monitoring of the treatment of adult patients with HSE (Cinque et al. 
1996; Fomsgaard et al. 1998). Understandably, the sensitivity, selectivity and 
expeditiousness of PCR has prompted the recommendation that this technique be 
implemented as the method of choice for diagnosing suspected cases of HSE 
(Aurelius 1993; Mertens et al. 1993), particularly during the acute stage of the disease 
(Bruu 1996; Uren et al. 1996; Revello and Manservigi 1997). 

1.7 Anti-Herpesvirus Nucleoside Analogues: 

Despite the fact that the majority of all herpesvirus infections are relatively 
benign, the grave and yet protean nature of systemic or deep visceral infection 
demands the development of successively better antiviral agents that can be used to 
treat such infections. The development of a clinically useful antiviral drug was 
originally thought to be beyond the scope of medical science, in large part because 
the replicative process of the virus was perceived as being too intricately associated 
with that of the normal host's metabolism to allow for selective interference. As 
the replicative cycle of the herpesviruses came to be better understood, however, 
specific events (particularly those associated with viral attachment, uncoating, 
nucleic acid synthesis and assembly) were recognized as potential sites for selective 
antiviral targeting (See Alrabiah and Sacks 1996; Cassady and Whitley 1997; De 
Clercq 1997). 
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Nucleoside analogues, as their name suggests, are agents which resemble, to a 
large extent, the naturally occurring nucleosides (Fig. 1.4). Their metabolism is also 
very similar to that of their endogenous counterparts, in that these agents are 
anabolized into the triphosphate ester prior to being incorporated into the nascent 
DNA strand. Yet, unlike the natural nucleotides, the phosphorylation of a 
nucleoside analogue is generally initiated by viral, rather than cellular-encoded 
enzymes. It is the triphosphate derivative of these agents which then tends to 
disrupt the DNA synthetic machinery of the virus and, thus, the replicative process 
of a virus-infected cell. 

Herpesvirus infections, in general, respond well to treatment with the 
current armamentarium of anti-herpesvirus agents, particularly if treatment is 
initiated in the early stages of disease (Robb and Butt 1989; Griffin 1991). However, 
because most anti-herpesvirus agents specifically target events in the life-cycle of the 
virus which are dynamic, even the most effective antiviral cannot be used to 
eliminate herpesvirus infection when the virus has entered latency (Keating 1992; 
Simmons and Field 1998). The first anti-herpesvirus nucleoside analogues to be 
developed were generally too cytotoxic* for internal use, and therefore restricted to 
mostly treating only topical (skin and eye) infections. The latest generation of anti-
herpesvirus nucleoside analogues, however, are substantially more target-specific 
and much less encumbered by the cytotoxic properties associated with their early 
predecessors (Smith 1992). As nucleoside analogues exhibiting ever increasing 
antiviral selectivity continue to be developed, there will also likely be concomitant 
improvements to the methods used to treat, prevent and even diagnose 
herpesvirus-related illnesses. 

1.7.1.1 Halogenated Pyrimidines 

1.7.1.1.1 Iododeoxyuridine: 

The first nucleoside analogue to be developed, 5-Iodo-2'-deoxyuridine 
(Idoxuridine; IDU), was initially intended for use as an anti-cancer agent (Prusoff 
1959). Only later was IDU shown to possess a modest degree of antiviral activity 
(Herrmann 1961). Apart from the nature of the halogen, 5-Bromo-2'-deoxyuridine 
(BDU) is identical in structure, antiviral spectrum and activity to IDU. Essentially 
acting as an antimetabolite of thymidine, these agents are indiscriminately 
phosphorylated by both cellular and virus-induced thymidine kinases. When 

Many of these nucleoside analogues were initially developed as potential anti-cancer chemotherapeutic agents. 
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phosphorylated, IDU and BDU not only tend to interfere with a number of enzymes 
that are central to nucleic acid synthesis (including thymidine kinase and DNA 
polymerase), but are also readily incorporated into newly synthesized DNA (Fig. 1.5). 
The consequences of having these compounds incorporated into DNA are 
numerous. Most importantly, perhaps, is the fact that DNA becomes physically 
distorted, such that mismatching of base pairs is more likely to occur. IDU and BDU 
incorporation also tends to de-stabilize the DNA strand, rendering it more 
susceptible to the effects of ultraviolet light and degradation by deoxyribonucleases 
(Prusoff and Goz, 1973). Although the mechanism of action of these agents has been 
shown to be multifactorial, what appears to contribute most to their antiviral 
activity is their preferential incorporation into viral, rather than host cell DNA 
(Prusoff and Goz 1973). However, the suitability of using IDU to treat deep-visceral 
or systemic infection is precluded by its high degree of cytotoxicity. Nevertheless, 
IDU has been successfully used as a topical agent for treating certain ophthalmic and 
cutaneous infections. 

1.7.1.1.2 Iododeoxycytidine: 

Similar to the molecular structure and antiviral spectrum of IDU and BDU is 
5-Iodo 2'-deoxycytidine (IDC) (De Clercq 1982). Much of this similarity can be 
attributed to the metabolism of IDC (See Fig. 1.5). Enzymatic deamination has been 
shown to follow, as well as precede, the phosphorylation of IDC in uninfected cells, 
converting IDC and its derivatives into the corresponding configuration of IDU. In 
HSV and VZV-infected cells, virus-induced deaminases may also augment such 
conversions. Unlike IDU, however, IDC is more readily metabolized by virus-
induced thymidine kinase and is, therefore, as much as 10 to 100-times less cytotoxic 
than IDU (De Clercq 1982). Nevertheless, IDC still produces levels of cytotoxicity 
high enough to prohibit its use for deep or systemic infection (see Shannon 1984). 

1.7.1.2 Halogenovinyl Pyrimidines: 

Nucleoside analogues exhibiting substantially higher levels of anti-
herpesvirus-directed selectivity than what is demonstrated by the 5-halogenated 2'-
pyrimidines include compounds in which the 5-position halogen has been replaced 
with a halogenovinyl group (See Fig. 1.4). The pyrimidine halogenovinyl-class of 
nucleoside analogue is metabolized, to a greater extent, by herpesvirus-induced 
(rather than cellular-encoded) enzymes. 
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1.7.1.2.1 Bromo- and Iodovinyldeoxyuridines: 

The 5-(2-halovinyl)-substituted derivatives 5-(E)-(2-bromovinyl)-2'-deoxy-
uridine (Brivudin; BVDU) and 5-(E)-(2-iodovinyl)-2'-deoxyuridine (IVDU) are as 
much as 100-times more active against some strains of HSV type-1 in primary 
somatic cell cultures than is IDU (Machida and Sakata 1984), having an in vitro 

therapeutic index in the range of 7,000 to 10,000 (De Clercq et al. 1979). The 5-(2-
halovinyl)-substituted derivatives (unlike the derivatives previously described) are 
not to any great extent, metabolized by cellular enzymes. They are, instead, 
specifically and extensively phosphorylated by HSV-, VZV- (Cheng et al. 1981) and 
EBV-encoded thymidine kinase (Lin and Machida 1988). When converted to the 
monophosphate form, these derivatives are then anabolized (by the thymidylate 
kinase activity of the herpesvirus-induced tk enzyme) into the 5'-diphosphate 
derivative. Final conversion of the diphosphate into the bioactive triphosphate 
derivative is driven exclusively by cellular enzymes (Fig. 1.6). 

The various species of herpesvirus are known to demonstrate differential 
susceptibility to the 5-(2-halovinyl)-substituted class of nucleoside analogue. This 
disparity is now understood to stem largely from differences in the thymidylate 
kinase activity of the herpesvirus-encoded tk enzyme. The thymidylate kinases of 
HSV type-1 and VZV-specified tk, for example, are much more proficient in 
effecting the diphosphorylation of these agents from the monophosphate, than the 
thymidylate kinase of HSV type-2. Because much less of the nucleoside analogue is 
converted into the bioactive 5'-triphosphate (Ayisi et al. 1984, 1987), the 
monophosphate, and not the triphosphate, form of these derivatives tends to 
accumulate in HSV type-2-infected cells (De Clercq and Zhang 1982). The 
triphosphorylated derivatives of IVDU and BVDU then tend to interfere with the 
replicative cycle of these herpesviruses primarily by competing with deoxy-
thymidine triphosphate (TTP) for the viral DNA polymerase. IVDU-TP and BVDU-
TP also serve as alternative substrates for the viral DNA polymerase which 
indiscriminately incorporates these modified nucleotides into newly synthesized 
viral nucleic acid, thereby compromising the strand's structural integrity and 
ultimately facilitating a break in the nascent viral DNA strand (De Clercq et al. 1982). 

BVDU and IVDU have shown some promise as topical agents for the 
treatment of cutaneous herpesvirus infection in animal models (De Clercq and 
Zhang 1982; Freeman et al. 1985, Spruance and McKeough 1988). Unfortunately, the 
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deoxyribose sugar of these agents is highly susceptible to the actions of endogenous 
pyrimidine phosphorylases — enzymes that can render these agents ineffective by 
rapidly catabolizing them into their corresponding base (Walker et al. 1982; 
Goodchild et al. 1986; Samuel et al. 1986). Although BVDU has been shown to 
provide limited activity in animal models of systemic herpesvirus infection 
(Reefschlager et al. 1982; Machida and Sakata 1984), the vulnerability of the sugar 
moiety to the effects of these endogenous enzymes tends to obviate their use for 
treating deep visceral or systemic infections (Tovell et al. 1988; Klapper et al. 1988; 
Cleator et al. 1988; Stathaki et al. 1988). Similarly, several studies have demonstrated 
that IVDU does not exhibit a capacity for penetrating the blood-brain-barrier 
(Klapper et al. 1988; Cleator et al. 1988), which not only precludes its use for 
managing herpesvirus infections in the CNS, but is problematic in its development 
as a non-invasive radiodiagnostic probe of HSE (Cleator et al. 1988; Stathaki et al. 

1988; Klapper et al. 1988; Sec. 1.8.2.2). In more recent work, BVDU - or more 
specifically, its breakdown product BVU, has also been shown to be a powerful 
inhibitor of dihydrouracil dehydrogenase (Keizer et al. 1994), an enzyme that is 
required for the metabolism of pyrimidine nucleotides and the degradation of the 
anticancer agent 5-fluorouracil (5-FU). The interaction between these agents has 
been shown to lead to a substantial accumulation of 5-FU in the plasma of patients 
(Keizer et al. 1994) — to the extent that a severe 5-FU-directed myelotoxicity can 
develop (See below). The concomitant use of BVDU (or one of its congeners) in 
patients already receiving 5-FU, therefore, is contraindicated (Easterbrook and Wood 
1994). 

1.7.1.3 Sugar-Modified 5-Substituted Pyrimidine Analogues: 

It has been discovered in recent years that the 5-halogenated 2'-pyrimidines 
can be rendered much more resistant to phosphorolytic degradation by endogenous 
pyrimidine nucleoside phosphorylases when slight modifications to the 
configuration of the sugar group of the nucleoside analogue are made (Samuel et al. 

1988). For example, simply inverting the furanose 2'-hydroxylic group of the sugar 
moiety can substantially increases the in vivo stability of 5-(2-halovinyl)-substituted 
derivatives, without adversely affecting the potency, selectivity or antiviral 
spectrum of these compounds relative to their ribosyl counterparts (Machida 1986). 
What little deglycosylation is observed when these 5-substituted arabinosyluracil 
derivatives are orally administered is now thought to be attributable primarily to 
the action of enterobacterial enzymes (Machida et al. 1995), and even this low level 
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degradation of the antiviral may be largely avoided if these agents are administered 
intravenously. Similarly, incorporating a fluorine atom at the C2' of the furanosyl 
ring or introduction of a fluorine into the molecule in an arabinofuranosyl (up)-
configuration can also be used to protect the sugar group from non-specific 
endogenous catabolism (Iwashina et al. 1988). It has also been demonstrated that 
such modification may somewhat augment the lipophilicity of these agents as well, 
as evidenced by studies demonstrating slight increases in the octanol/water 
partition coefficients of arabinofuranosyl analogues relative to their ribose 
derivatives (Iwashina et al. 1988). 

1.7.1.3.1 Bromo- and Iodovinylarabinofuranosyluracils: 

l-/?-D-Arabinofuranosyl-E-5-(2-iodovinyl)uracil (IVaraU) and l-/3-D-arabino-
furanosyl-E-5-(2-bromovinyl)uracil (BVaraU; Sorivudine; Brovavir) are halogeno
vinyl compounds which possess a 5-substituted arabinofuranosyluracil moiety. 
Both agents demonstrate excellent anti-HSV type-1 and exceptional anti-VZV 
activity both in cell culture (Machida et al. 1981, 1982, 1991; Descamps et al. 1982; 
Reefschlager et al. 1983; Shigeta et al. 1983; Machida 1986; Suzutani et al. 1988a; 
Harmenberg and Sternberg 1988; Machida and Watanabe 1991; Whitley 1996) as well 
as in animal models of human infections (Soike et al. 1984; Machida and Sakata 
1984). BVaraU has also been shown to have activity against EBV, although 
changing the configuration of the 2'-hydroxyl from a ribose to that of an arabinose 
was seen to somewhat reduce this agent's anti-EBV activity (Lin and Machida 1988). 
Interestingly, BVaraU has been shown to be largely ineffective against HCMV and 
HSV type-2 (Machida et al. 1986). 

Similar to the metabolism of the 5-(2-halovinyl)-substituted derivatives, both 
IVaraU and BVaraU are anabolized to their monophosphate form by virus-induced 
thymidine kinases (Fig. 1.7). Correspondingly, the diphosphorylation of each 
monophosphate, rather than coming from the activity of cellular enzymes, is 
predominantly a function of the virus-encoded thymidylate kinase. The antiviral 
spectrum of IVaraU and BVaraU is, therefore, largely a reflection of the thymidylate 
kinase activity expressed by herpesvirus-encoded enzymes. Differential expression 
of thymidylate kinase by the various species of the herpesvirus helps to explain why 
IVaraU and BVaraU tend to be very effective against HSV type-1 and VZV, but not 
demonstrate significant activity against HSV type-2 or HCMV (Ayisi et al. 1984; 
Suzutani et al. 1988b). 
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The final step in the bioactivation of the 5-(2-halovinyl)-substituted 
arabinofuranosyluracils is the phosphorylation of the diphosphate derivative by 
cellular kinases into the triphosphate (Deschamps et al. 1982). Once phosphorylated, 
these agents tend to become "metabolically trapped", ultimately leading to an 
accumulation of these triphosphate derivatives within HSV type-1- and VZV-
infected (and to a lesser extent, HSV type-2 infected) cells. However, unlike the 5-
substituted-2'-pyrimidines described earlier, incorporation of 5-(2-halovinyl)-
substituted arabinofuranosyls into nascent DNA does not take place to a great extent, 
although recent evidence has shown that at least a portion of BVaraU is 
incorporated into the viral DNA strand in infected cells (Ashida et al. 1997). The 
triphosphate derivatives of these agents, however, are thought not to inhibit virus 
replication by acting as chain terminators but rather by interfering with herpesvirus 
replication directly, by inhibiting viral DNA polymerase (Yokota et al. 1989). 

IVaraU and BVaraU exhibit an in vitro therapeutic index (depending on 
culture conditions) that is in the order of 50,000 to 80,000 for HSV type-1, and 
approximately 2.2 to 3.1 million for VZV — values that are approximately 10-times 
and 6,500-times the therapeutic index of acyclovir (See below), respectively (Machida 
1986; Gnann 1993). Plaque reduction assays have shown IVaraU to be as effective as 
BVaraU against HSV type-1 and, to some extent, even more active against HSV 
type-2, although, interestingly enough, having only a fraction of the anti-HSV type-2 
activity demonstrated by the 2'-fluoro-5-substituted arabinofuranosylpyrimidines 
(Machida and Sakata 1984). The clinical effectiveness of BVaraU in treating V Z V 
infections has been demonstrated in both immunocompetent (Niimura et al. 1990) 
and immunocompromised patients (Hiraoka et al. 1991). Preliminary indications 
from earlier studies suggests that, not only is BVaraU highly bioavailable (>60%, 
with an elimination half-life of 5 to 7 hours; De Clercq 1993), but when used to treat 
varicella of adults or localized zoster in individuals with HIV, its antiviral activity is 
superior to that of acyclovir (Wallace et al. 1996), requiring it be administered only 
once a day at a dose of only one-tenth that of either famciclovir or valaciclovir 
(Whitley 1996). However, despite the fact that BVaraU had been generally well 
tolerated in these early clinical evaluations, the reliability of this antiherpesvirus 
agent all but collapsed when 28 cancer patients taking this antiviral agent died after 
also receiving the antineoplastic derivative 5-fluorouridine (5-FU). It was later 
determined that bromovinyl uracil (a metabolite of BVaraU) had effectively 
inhibited dihydropyrimidine dehydrogenase (See above), and that consequently, the 
plasma levels of 5-FU in these patients increased cataclysmically, leading to severe 
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bone marrow cytotoxicity, and ultimately culminating with the deaths of these 
patients (For review see Whitley 1995). 

Although once licensed in Japan for use in treating opportunistic V Z V 
infection of the immunocompromised and normal host (Hiraoka et al. 1991; 
Whitley 1995), and later having undergone field trial evaluation for distribution in 
North America, Europe and Australia, BVaraU has since been withdrawn from the 
Japanese market and has similarly been rejected (by a 7 to 3 margin) by the United 
States Food and Drug Administration (USFDA). The clinical efficacy of BVaraU's 
iodinated congener, IVaraU, has yet to be determined. 

1.7.2 The Purine Nucleoside Analogues: 

1.7.2.1 Ara-A (Vidarabine)f 

Vidarabine (9-j3-D-arabinofuranosyladenine; Ara-A), the first purine-class 
nucleoside analogue to be used as an anti-herpesvirus agent, was introduced at 
about the same time as were the early 5'-substituted pyrimidines (Reist et al. 1962). 
As with most other nucleoside analogues, ara-A is also metabolized to the 
triphosphate. Inhibition of herpesviral DNA synthesis is effected through selective 
inhibition of the viral DNA polymerase by this triphosphate (Fig. 1.8). 

The triphosphate of ara-A (and to some extent, ara-A-monophosphate) may 
also function to interfere with DNA synthesis by becoming incorporated into the 
newly formed DNA strand (Perigaud et al. 1992). Although it is the virus-encoded 
DNA polymerase that is for the most part inhibited by the phosphorylated 
derivatives of ara-A, cellular enzymes are also known to be adversely influenced 
(Muller et al. 1977). Ara-A has been used in the past for treating a variety of 
herpesvirus infections, including: herpes simplex keratitis, herpes simplex 
encephalitis and disseminated infection of the neonate. Its use in recent years, 
however, has diminished greatly; this is understandable in view of its relative 
cytotoxicity, its susceptibility to endogenous deaminases and the drawbacks 
associated with its poor oral bioavailability (Welsby 1994). 

1.7.2.2 Acyclovir (and Valaciclovir): 

Stemming from investigations of ara-A, and synthesized at about the same 
time that ara-A was first licensed for the treatment of herpes simplex encephalitis, a 
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Figure 1.8: Mechanism of action of Vidarabine (Ara-A). 
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Cellular ( • • ) and herpesvirus-directed (imiiiiii) pathways in the bioactivation and incorpor
ation of Vidarabine. Sites at which negative feedback may influence DNA metabolism are 
also indicated ( • • ) . 
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second purine nucleoside analogue (an acyclic/sugar-modified analogue of 
guanosine), 9-(2-hydroxyethoxymethyl)guanine (acyclovir; ACV; Zovirax®), was 
developed by Schaeffer and Beauchamp of what is now Glaxo-Welcome. 
Considered by many as a milestone in antiviral chemotherapy, acyclovir has been 
shown to have a selective activity against several species of herpesvirus, while 
maintaining a low cytotoxicity profile (Elion et al. 1977; Schaeffer et al. 1978; Elion 
1982). Acyclovir is currently one of the safest and, by far, the most widely prescribed 
anti-HSV and VZV agent available today (Laskin 1983; Whitley 1993; Balfour 1993; 
Tilson et al. 1993; Kesson 1998) having been given to more than 30 million patients 
worldwide (Easterbrook and Wood 1994). 

Both the metabolism and mechanism of action of acyclovir is similar to that 
of the thymidine kinase-dependent nucleoside analogues previously described, with 
some important distinguishing features (Fig 1.9). Acyclovir enters both infected and 
uninfected cells by means of facilitated diffusion, but only a very small amount of 
this agent is metabolized by host-cell enzymes. Within an infected cell, however, 
herpesvirus-encoded tk quickly functions to phosphorylate acyclovir into acyclovir-
monophosphate (acyclovir-MP). The less discriminating substrate specificity 
possessed by herpesvirus-encoded tk's is the determining variable responsible for its 
high level of antiviral selectivity (Elion 1982,1993; Darby 1993). When in its 
monophosphate form, cellular kinases (guanylate kinases) then act to rapidly 
convert acyclovir-MP into acyclovir-diphosphate (acyclovir-DP). Finally, as many as 
5 different cellular enzymes (Miller and Miller 1980, 1982) catalyze the conversion of 
acyclovir-DP into the bioactive 5'-triphosphate (acyclovir-TP) derivative. Acyclovir-
TP concentrations generally reach as high as 100-times those produced by uninfected 
cells (Fyfe et al. 1978; Dwyer 1996). 

Acyclovir-TP selectively interferes with viral DNA synthesis in herpesvirus 
infected cells by competing with deoxyguanosine triphosphate as the substrate for 
the viral DNA polymerase. ACV-TP may also act to selectively disrupt herpesvirus 
nucleic acid synthesis by tightly binding to, and thereby functionally inactivating, 
the virus-induced (much more than the cellular-induced) DNA polymerase 
(Furman et al. 1979, 1984; Derse et al. 1981). Some affinity for the cellular delta-
polymerases (but not the alpha- and epsilon-polymerase) has also been recently 
described (Ilsley et al. 1995). In any case, following incorporation into the nascent 
viral DNA strand, ACV-TP (which lacks a 3'-hydroxyl group) effectively terminates 
DNA chain elongation by blocking the formation of a phosphodiester bond with 
succeeding nucleotides (Furman et al. 1980). Interestingly, more recent 
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investigations have suggested that, like the triphosphates of the 5-substituted 
arabinofuranosyluracils (Yokota et al. 1989), ACV-TP might not be incorporated into 
the viral DNA (See Whitley 1995). 

Although currently licensed for the treatment of a wide variety of herpes 
simplex and varicella zoster virus infections (See Kesson 1998; Ogilvie 1998), some 
important limitations associated with the use of acyclovir have emerged in recent 
years (Easterbrook and Wood 1994; Raborn et al. 1998); thus, there is still 
considerable margin for extending the efficacy and therapeutic benefit of this 
important nucleoside analogue (Perigaud et al. 1992; Welsby 1994). In particular, 
efforts have been made to improve the relatively poor oral bioavailability of 
acyclovir (Nusinoff-Lehrman 1993) which, when taken by mouth, is only 15 to 21 
percent absorbed. Frequent dosing is therefore often necessary to achieve and 
maintain therapeutically effective plasma levels (Fish 1996; Dwyer 1996; Tyring et al. 
1998). Parenteral therapy of common herpesvirus infection is, for obvious reasons, 
impractical and is restricted, instead, to treating only the most serious of virus 
infections. 

In continuing efforts to improve the oral bioavailability of acyclovir, several 
amino acid ester prodrugs of this agent have been synthesized and examined for 
their anti-herpesvirus activity (Winkelman et al. 1988; Beauchamp et al. 1992). 
From these studies, a L-valyl ester prodrug of acyclovir, (2-[(2-amino-l,6-dihydro-6-
oxo-9H-purin-9-yl)methoxy]ethyl L-valinate hydrochloride; valaciclovir), having 
much improved (3-to 5-times) oral bioavailability has been developed (Fife et al. 
1998; Tyring et al. 1998) and has been recently granted license by the USFDA to treat 
herpes zoster and recurrent genital herpes infections (Medical Sciences Bulletin 
1995) . Following oral administration, valaciclovir is efficiently absorbed by the 
intestinal mucosa and liver, where hydrolysis to acyclovir takes place (See Fig. 1.9). 
Valaciclovir generates plasma concentrations of acyclovir substantially higher than 
those which can be achieved following even high-dose oral regimes, with 
concentrations approaching those more typical of intravenous administration (Fish 
1996) . 

Despite the fact that both acyclovir and valaciclovir are active against the 
simplexviruses, varicelloviruses, and even demonstrate therapeutic benefit in the 
treatment of certain EBV-induced disease (Shannon 1984; Balfour 1993; Harding 
1993; Wood 1994). Cytomegalovirus, HHV-6 and HHV-7 (HHV-8), which do not 
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encode for thymidine kinase (Takahashi 1998) are largely resistant to the thymidine 
kinase-dependent class of nucleoside analogues* (Dwyer 1996; Nyets et al. 1997). 

1.7.2.3 Buciclovir: 

Structurally cognate of, and exhibiting a similar antiviral spectrum to 
acyclovir is buciclovir (9-(3,4-dihydroxybutyl)guanine; BCV) (Drach 1984). 
Buciclovir, like acyclovir, requires phosphorylation by virally-encoded enzymes in 
order to attain antiviral activity (Chiou et al. 1986). However, buciclovir is 
somewhat less effective against the simplexviruses than is acyclovir (Datema et al. 
1987). Although both agents in their triphosphate form compete with the naturally 
occurring nucleotide, GTP (De Clercq 1993), buciclovir can not serve as an 
alternative substrate for the viral DNA polymerase, and is not, therefore, 
incorporated into the nascent DNA strand (Stenberg et al. 1986). 

1.7.2.4 Ganciclovir: 

Substitution of the acyclic side-chain of acyclovir with a hydroxymethylene 
group at the 3-position produces ganciclovir (9-(l,3-dihydroxy-2-propoxymethyl)-
guanine; DHPG; GCV), a nucleoside analogue which is currently the agent of choice 
in the treatment of human cytomegalovirus infection (Freeman and Gardiner 1996). 

First synthesized in 1982, ganciclovir was initially shown to effectively inhibit 
the growth of the herpes simplex viruses in vitro and, then, as providing limited 
protection to mice challenged with intracerebral inoculation of herpes simplex virus 
(Tippie et al. 1984; MacCoss et al. 1985). GCV has also been shown to effectively 
inhibit the biosynthesis of hepatitis B (HBV) DNA in vitro (Yokota et al. 1990), 
although in animal models, HBV infection tends to rapidly re-establish itself 
following cessation of antiviral treatment (Dean et al. 1995). 

GCV is rapidly metabolized into the triphosphate by herpes simplex virus-
infected cells — even more rapidly than acyclovir (De Clercq 1993). Bioactivation of 
this agent by herpesviruses which lack thymidine kinase (such as HCMV) is thought 
to be a function of the UL97 phophotransferase (Van Zeijl et al. 1996; Perez 1997; 
Baldanti et al. 1998). Following its formation, GCV-TP acts to inhibit the 
biosynthesis of herpesvirus DNA by interfering with virally-encoded DNA 

* The cytomegalovirus UL97 gene product, a phosphotransferase, is believed to phosphorylate, to some extent, 
acyclovir as well as ganciclovir (Sullivan et al. 1992; Van Zeijl et al. 1996; Perez 1997; Baldanti et al. 1998). 
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polymerase (Chun and Park 1987). However, GCV-TP (similar to ACV-TP --
although, to a lesser extent) also targets the cellular delta-polymerase and, as such, is 
substantially more cytotoxic (particularly to bone marrow cells) than is acyclovir 
(Faulds and Heel 1990; Earnst and Franey 1998). Finally, because ganciclovir 
triphosphate possesses a 3'-hydroxyl group, it does not behave as a viral DNA chain 
terminator (De Clercq 1993), but is incorporated into the nascent strand in a fashion 
similar to that of penciclovir-TP (see below). Consequently, there has been some 
concern that this agent may possess an unspecified capacity for being mutagenic 
(Ilsley et al. 1995). In a clinical setting, GCV has been shown to be more effective in 
treating HCMV and EBV infection than acyclovir (Beauchamp et al. 1988; De Clercq 
1993). 

Although the issues of poor oral bioavailability (Krasny et al. 1995), as well as 
the cytotoxicity associated with ganciclovir still exist (Alrabiah and Sacks 1996), this 
agent has been licensed for the treatment of cytomegalovirus retinitis in HIV-
infected individuals (Pau 1988; Smith 1998), and it is also used to help prevent 
HCMV infection in patients receiving bone marrow or solid-organ transplants (De 
Clercq 1993; Hebart et al. 1998). An oral prodrug of GCV (RS-79070) is also currently 
being investigated in the USA. 

1.7.2.5 Penciclovir (and Famciclovir): 

Substitution of both the acyclic side-chain of acyclovir with a hydroxymethyl-
ene group at the 3-position, and the ether oxygen with a methylene group, yields the 
antiviral agent penciclovir (9-(4-hydroxy-3-hydroxymethylbut-l-yl) guanine; PCV). 

Interestingly, the synthesis of penciclovir predates that of acyclovir by several 
years (Pandit et al. 1972). Although it was recognized at the time that penciclovir 
could be of value as an anti-viral or anti-mitotic agent, it was not until a decade later 
that the anti-herpesvirus activity of penciclovir was substantiated in a biological 
system (Tippie et al. 1984; MacCoss et al. 1985). In cell culture, penciclovir has been 
shown to have an antiviral spectrum nearly identical to that of acyclovir, having 
activity against VZV, Epstein-Barr virus, herpes simplex virus type-1 and (to a lesser 
extent) herpes simplex virus type-2 (Tippie et al. 1983; Datema et al. 1987; Boyd et al. 
1987, 1988; Weinberg et al. 1992; Earnshaw et al. 1992). In vitro studies of PCV have 
also demonstrated antiviral activity against duck hepatitis B virus (Shaw et al. 1994, 
1996), equine herpesvirus type-1 (de la Fuente et al. 1992), as well as against a large 
variety of clinical isolates (Safrin and Phan 1993; Kruppenbacher et al. 1995). In 
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subsequent studies, animal models of the human infection were used to establish 
the anti-herpesvirus efficacy of this agent (Tippie et al. 1983; Sutton and Boyd 1993; 
Datema et al. 1987; Tsiquay et al. 1994; Ashton et al. 1994; Thackray and Field 1995). 

Like acyclovir, conversion of penciclovir into the 5'-triphosphate is necessary 
in order to effect disruption of herpesvirus-induced DNA polymerase (Vere Hodge 
and Perkins 1989; Earnshaw et al. 1992; Boyd 1993 and Vere Hodge 1993; Vere Hodge 
et al. 1993; Balzarini et al. 1994), leading, ultimately, to an inhibition of virus 
replication (Fig. 1.10). PCV-TP has also shown a limited affinity for the delta-
polymerase of the host, but that binding occurs to such a small extent that its effects 
are inconsequential (Ilsley et al. 1995). Because penciclovir-TP, like acyclovir-TP, 
does not directly terminate DNA chain elongation, there has been some speculation 
that, for reasons similar to those given for ganciclovir, penciclovir may have the 
potential for mutagenicity (Ilsley et al. 1995). 

Although the safety profile of penciclovir is, clearly, not as established as that 
of acyclovir, the reliability of this agent has thus far proven to be very similar (Boike 
et al. 1993; Harrel et al. 1993; Saltzman et al. 1994; Filer et al. 1994; Fowels et al. 1994; 
Siederer et al. 1995a,b; Scott and Siederer 1995). Although the structure, antiviral 
spectrum and mechanism of action of penciclovir is closely related to that of 
acyclovir, there are several pharmacological properties which distinguish these 
drugs from one another, including Cmax (maximum concentration), the DNA 
polymerase inhibition constant (K,-) and elimination half-life (£1/2) (Boyd 1993). 
Penciclovir, for example, is generally phosphorylated much more efficiently than 
acyclovir. Accordingly, the concentration of penciclovir-TP in herpesvirus-infected 
cells tends to be higher (typically 100-times higher) than the levels of ACV-TP 
generated by similarly-infected/acyclovir-treated cultures (Vere Hodge and Chen 
1993). Penciclovir-TP, on the other hand, has an affinity for herpesvirus-induced 
DNA polymerase which is approximately 100-times less than that of acyclovir-TP 
(Earnshaw et al. 1992; Vere Hodge and Chen 1993). Considered together, these 
differences tend to balance out, such that both agents demonstrate roughly 
equivalent antiherpesvirus activity. However, perhaps the most compelling feature 
of PCV relates to the much extended intracellular half-life exhibited by this agent's 
bioactive triphosphate. Specifically, the intracellular stability of PCV-TP is as much 
as 20-times greater than that of the corresponding triphosphate of acyclovir (Vere 
Hodge and Perkins 1989; Weinberg et al. 1992; Sutton and Boyd 1993; Bebault et al. 
1995; Hamzeh et al. 1995). The longer intracellular half-life of penciclovir-TP should 
therefore provide a tangible clinical benefit over the use of acyclovir which stems 
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from a reduced dosing frequency and increased patient compliance, especially in 
situations where prolonged use of the antiviral agent is necessary. 

In a randomized double-blind placebo-controlled multicenter trial, 
penciclovir cream (1% PCV; Denavir™) was shown to favourably influence the 
course of recurrent herpes labialis (Spruance et al. 1997; See Lawless and Force 1997). 
However, the oral bioavailability of PCV (like that of ACV) is quite low (-5%) (Vere 
Hodge 1989). Recent efforts to improve the bioavailability of PCV have led to an 
oral prodrug: famciclovir (FCV; Famvir). Famciclovir, (2-amino-9-(4-acetoxy-3-
(acetoxymethyl)but-l-yl)purine, is the diacetyl ester of 6-deoxy-penciclovir. 
Following ingestion, FCV is rapidly absorbed in the upper intestine. Extensive pre-
systemic first-pass metabolism then takes place, both in the wall of the intestine and 
in the liver, where esterase-mediated deacetylation (primarily of the pro-(S)-
acetoxymethyl group, followed by hydrolysis of the remaining acetyl group) and 
then oxidation (at the 6-position of the purine) occurs, to ultimately effect the 
conversion of FCV into PCV. Penciclovir is eventually eliminated, largely 
unchanged, in the urine. The bioavailability of PCV from FCV is approximately 70 
to 80 percent (Rolan 1995; Cirelli et al. 1996). FCV therefore provides discriminating 
clinical advantages over both acyclovir and penciclovir with respect to decreasing 
dosing frequencies and improving patient compliance (Dworkin et al. 1995a,b; Perry 
and Wagstaff 1995; Stein 1997). FCV is also effective in lessening the duration of 
herpes zoster and is, indeed, indicated for the treatment of shingles (Boon et al. 1995; 
Erlich 1997). FCV has similarly been shown to reduce both the incidence and 
severity of post-herpetic neuralgia (Trying et al. 1995; Tyring 1996; Dworkin et al. 
1998) and has been described as effective in treating first episode herpes genitalis 
(and for suppressing recurrent infections), in both the normal and 
immunocompromised host (Luber and Flaherty 1996; Sacks 1996; Sacks et al. 1996; 
Stott 1997; Schacker et al. 1998). 

1.7.3 Non-Nucleoside Analogue Anti-herpesvirus Agents: 

1.7.3.1 The Phosphonates (Foscarnet and Phosphonoacetic Acid): 

Phosphonoformic acid (PFA; Foscarnet) and phosphonoacetic acid (PAA) are 
two of a select few "non-nucleoside" analogues which demonstrate antiviral activity 
against the human herpesviruses. These agents, as product analogues of pyro
phosphate, are unlike the substrate analogues in that they disrupt viral DNA 
synthesis directly, by binding to the active site of viral DNA polymerase (Reymen et 
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al. 1995). The phosphonates not only suppress the synthesis of herpesvirus D N A , 

but (when used at higher concentrations) may also effect an inhibition of the D N A 

polymerase encoded by both the hepatitis B and human immunodeficiency virus, 

while demonstrating only negligible activity against the corresponding host-cell 

enzymes (Wagstaff and Bryson 1994). The phosphonates, because they do not 

require phosphorylation for antiviral bioactivity, can also be used to treat infection 

of herpesvirus strains that lack, or do not normally induce, thymidine kinase, 

including: H C M V (De Clercq 1993; Reymen et al. 1995), and H H V - 7 (Takahashi 1998), 

as well as tfc-negative variants of H S V type-1, type-2 and V Z V (De Clercq 1993). 

However, it is also because of their poor bioavailability (Noormohamed et al. 1998) 

that P F A and P A A must be intravenously administered in order to treat deep-seated 

or systemic H S V infections. In such cases, nephrotoxicity is the principal dose-

limiting determinant. It is for these reasons that the phosphophonates are not 

generally considered as first-line antiherpesvirus agents, but they are only used for 

treating acyclovir-resistant (ffc-independent) herpesvirus infections, or as an anti-

cytomegalovirus alternative. As topical agents, the use of P F A and P A A is still 

somewhat questionable. Topical PFA, for example, was shown to offer only limited 

benefit against recurrent herpes orolabialis/genitalis in the normal host (Sacks et al. 

1987; La wee et al. 1988). In a more recent study, however, ACV-resistant HSV-2 

infection was shown to resolve with the topical application of a 1% foscarnet cream 

(Swetter etal. 1998). Others have similarly described topical P F A as being useful for 

treating H S V keratitis and mucocutaneous infections (see Shannon 1984). Finally, 

Bernstein etal. (1998) demonstrated that PFA cream (3%) reduced the mean lesion 

area and time-to-healing when used on UV-induced herpes labialis of healthy 

volunteers, and some reduction in the duration of lesions and pain were seen in the 

treated group. 

1.7.4 Acyclic Nucleoside Phosphonates: 

1.7.4.1 Phosphonylmethoxyalkyl Purines & Pyrimidines (HPMPA and HPMPC): 

(S)-9-(3-hydroxy-2-phosphonylmethyoxypropyl)adenine (HPMPA) and (S)-9-

(3-hydroxy-2-phosphonylmethyoxypropyl)cytosine (HPMPC; Cidofovir; Vistide) 

possess the phosphonylmethyl group of P A A in their acyclic side-chain (Fig. 1.4). 

However, unlike the P F A and P A A , H P M P A and H P M P C must first be metabolized 

into a diphosphoryl derivative in order to exhibit antiviral activity. This 

phosphorylation, however, is not virus-mediated, but is instead driven by cellular 
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enzymes. The antiviral selectivity of HPMPA-DP and HPMPC-DP (which are, 
technically, triphosphates) can be attributed to the selectivity that these metabolites 
exhibit for herpesvirus-induced DNA polymerase. Because HPMPA and HPMPC do 
not require virus-induced tk to effect an inhibition of herpesvirus replication, they 
can be used against herpesvirus strains that lack this enzyme (Neyts et al. 1990). 
Their antiviral spectrum is rather comprehensive — demonstrating activity, not 
only against most herpesviruses, but also several other DNA viruses as well, 
including, papovaviruses, human papilloma virus, human polyoma virus, 
adenovirus, iridovirus, hepadnavirus and poxvirus (De Clercq 1996,1998). HPMPC 
and HPMPA have been shown to selectively disrupt HCMV-induced DNA 
polymerase (Ho et al. 1990; Sullivan et al. 1993). In vitro investigations have also 
shown that HPMPA and HPMPC are more active against HSV type-1, type-2, VZV, 
HCMV, EBV and KSHV than PFA and PAA (De Clercq et al. 1987; Nyets and De 
Clercq 1997); they are superior to ACV, GCV, PCV, BCV and BVDU in activity 
against HHV-6 (Reyman et al. 1995), and more effective than ACV and BVDU 
against HHV-7 (Takahashi 1997). One final important characteristic of HPMPA and 
HPMPC is the enhanced intracellular stability of their bioactive derivatives. These 
metabolites demonstrate a particularly long duration of antiviral activity. In tissue 
culture, for example, antiviral activity persists for days after removal of these agents 
from the culture medium. Acyclic nucleoside phosphonates may, therefore, afford 
clinical advantages in allowing for reduced, more convenient dosing frequency 
(Cundy et al. 1996; Reusser 1996). 

The dose-limiting effect of both HPMPC and HPMPA, like that of PFA and 
PAA, is their nephrotoxicity. Furthermore, because of their poor bioavailability, 
these agents tend only to be administered parenterally, although a more orally-
bioavailable (and somewhat less nephrotoxic) intracellular prodrug of HPMPC 
(cyclic HPMPC) has also recently been developed (Lee and Shaw 1995). The 
effectiveness of HPMPC and HPMPA as eyedrops has been demonstrated in 
experimental (fl-positive and ffc-negative) HSV type-1 keratitis (Maudgal and De 
Clercq 1991; De Clercq 1996) and in clinical trials involving CMV retinitis (De Clercq 
1996). Intravitreal injection of liposome-encapsulated HPMPC has been shown, in 
an experimental model of HSV type-1 retinitis, to produce antiviral activity lasting 
up to 4 months (Kuppermann et al. 1996). As a topical ointment, HPMPC can 
significantly reduce the development and severity of skin lesions induced in a 
guinea pig model of HSV type-1 infection (Kern et al. 1995). In general, there has 
been much interest in developing these agents for the management of a variety of 
HSV, VZV, CMV, EBV, HPV, polyoma-virus, adenovirus and poxvirus infections. 

55 



HPMPC is currently being investigated for use in the treatment of acyclovir-resistant 
mucocutaneous HSV type-1 infection in the immunocompromised host (See 
Reusser 1996). In more recent studies, HPMPC was shown to be a highly effective 
antiherpesvirus agent in the normal host (Safrin et al. 1997; Sacks et al. 1998); 
However, it is also moderately toxic, resulting in dose-dependent genital ulceration 
(Sacks et al. 1998). 

1.8 Antiviral Resistance: 

As the use of antiviral agents becomes ever more widespread, the potential 
for the selection and distribution of antiviral resistant organisms is also realized. 
Under selective drug pressure, herpesvirus resistance to acyclovir (Sec. 1.7.2.2) was 
first demonstrated in cell culture soon after its introduction (Field et al. 1980). The 
first description of acyclovir resistance in a clinical setting followed shortly 
thereafter; this was originally demonstrated in immunosuppressed patients after 
they had been treated with this antiviral agent (Parris and Harrington 1982; 
Crumpacker et al. 1982; McLaren et al. 1985; Schinazi et al. 1986; Chatis and 
Crumpacker 1992). 

Most of the clinically relevant nucleoside analogues depend on specific, fully-
functional, virus-encoded enzymes to initiate the sequence of phosphorylations 
necessary to produce antiviral bioactivity (Sec. 1.4). Resistance to ^-dependent 
antiviral derivatives is, therefore, generally attributable to a virus which produces t k 
with reduced or abrogated capacity for phoshorylating these agents (Field 1989; Coen 
1991). Because a change in herpesvirus gene expression is necessarily a reflection of 
some change to the viral genome, antiviral resistance can usually be ascribed to a 
change which has taken place in the region encoding for the viral thymidine kinase 
(Chatis and Crumpacker 1991). In fact, any change that occurs within the 1300-base 
sequence of the herpesvirus ffc-gene (changes which generally only involve a single 
base pair) often leads to the expression of an enzyme that has little or no capacity for 
phosphorylating nucleosides or their analogues (Kimberlin et al. 1995a). 

Thymidine kinase activity in a drug resistant herpesvirus variant may range 
from partial to complete - depending on the site and the extent to which genomic 
changes have taken place. When, for example, the herpesvirus genome fosters a 
single base pair substitution (a missense mutation), the resulting enzyme, although 
intact, often exhibits little, if any, activity. If, on the other hand, a deletion or 
addition of a base pair has taken place (a nonsense mutation), the resulting shift in 
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the normal reading frame generally results in the premature interruption of 

translation, thus producing a truncated protein. Most ffc-resistant herpesvirus 

mutants produce truncated polypeptides which are largely unable to phosphorylate 

either the naturally occurring nucleosides or, likewise, many of their synthetic 

analogues (Talarico et al. 1993). Similarly, a mutation within the gene which 

expresses the 1235 amino acid herpesvirus D N A polymerase (specifically point 

mutations — known to only occur within the carboxy terminal third of the enzyme), 

has also been shown to contribute to the generation of drug-resistant herpesvirus 

variants, although such mutations are quite uncommon (Crumpaker 1993). 

Interestingly, not all fTc-directed genomic alterations necessarily result in 

abrogation of antiviral sensitivity to all anti-herpesvirus nucleoside analogues. For 

example, selected changes to the herpesvirus genome were shown, in one recent 

study, to result in the substitution of several amino acids in the viral tk polypeptide 

such that a conformational change of the enzyme took place. These alterations were 

shown to engender resistance against the antiviral agents IDU and B D U . However, 

because these changes did not compromise the nucleoside- or ATP-binding site of 

the herpesvirus tk enzyme, sensitivity to other nucleoside analogues (including, for 

example, acyclovir, B V D U and BVaraU) remained, for the most part, intact 

(Kodama et al. 1995). Despite it being generally accepted that the majority of all 

antiviral resistant herpesvirus variants are less neurovirulent than their progenitor 

strains (Sec. 1.4.3.1), such herpesviruses have been also known to produce severe 

disease. This is especially true in patients having dysfunctional or underdeveloped 

immune systems (Field 1989). 

1.8.1 Thymidine Kinase-deficient Herpesvirus Variants as Research Tools: 

The study of drug-resistant herpesvirus variants has fostered a better 

understanding of the pharmacological properties of antiviral agents, by helping to 

identify the viral constituents which specifically interact with these substrate 

analogues. From a clinical perspective, herpesvirus variants are perhaps most 

important because of their ability to subvert antiviral therapy. Closer examination 

of these variants, therefore, should not only provide a better understanding of the 

mechanisms involved with the generation of antiviral resistance, but should also 

contribute to the development of alternative therapeutic strategies in treating 

infection caused by drug-resistant organisms. As a phenotypic marker, drug-

resistance is useful as a selection system in marker rescue for the detailed genetic 

analysis of these viruses (See Coen 1991; Roizman 1995). Because of their distinctive 
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neurotropic properties, antiviral-resistant variants have also been used in an effort 
to correlate specific genotypic changes (particularly to the regions which code for 
thymidine kinase) to differences in herpesvirus neurovirulence. 

The apparent inability of f/c-deletion mutants to elicit a productive infection 
in normal, non-dividing tissues of the central nervous system has also presented 
researchers with an opportunity for adapting these drug-resistant variants in the 
development of a highly provocative treatment of central nervous system 
malignancies (See Andreansky et al. 1995; Marconi et al. 1995, Roizman 1995). In 
two recent studies, for example, intra-neoplastic injections of genetically engineered 
f/c-deletion mutants were shown to prolong the survival time of nude mice 
experimentally implanted with an intracranial glioma (Martuza et al. 1991; Markert 
et al. 1992). In these studies, it was shown that f/c-deletion herpesvirus strains could 
selectively replicate within, and thus destroy, a substantial portion of the rapidly 
growing tumor, while sparing any non-dividing tissues in the CNS. Although 
there exists the possibility that a latent herpesvirus infection may reactivate as the 
result of having introduced a ffc-deficient herpes-virus strain into the CNS, 
evidence thus far suggests that such an uncertainty can be avoided with the use of 
specific recombinant herpesvirus strains (Wang and Jia 1996). 

The ability to unambiguously identify, select and more closely examine drug-
resistant herpesvirus variants should serve to better define the diversity and 
neuropathogenicity of these organisms. Their study will not only facilitate a better 
understanding of the events that contribute to the generation of drug resistant 
organisms, but will also be consequential in promoting the development of more 
effective strategies for treating and possibly even circumventing antiviral resistance. 

1.8.2 Nucleoside Analogues as Herpesvirus fic-specific Probes: 

The extraordinary level of herpesvirus-directed selectivity demonstrated by a 
number of nucleoside analogues (agents which, in themselves, are neither 
sequestrated by uninfected cells, nor possess intrinsic antiviral activity) makes their 
use ideal for determining the herpesvirus ffc-activity of virus-infected cells 
(Summers and Summers 1977; Fong and Scriba 1980; Laskin et al. 1981; Cheng et al. 
1982; Martin et al. 1985; Iwashina et al. 1988; Tovell et al. 1988; Tjuvajev et al. 1995). 
By incorporating a radionuclide into the physical constitution of these agents, 
several nucleoside analogues have been implemented in the design of 
radiobiochemical assays, in plaque autoradiography and as radiotracing agents to 
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detect and even visualize ffc-competent herpesviruses in vitro and in vivo, 

respectively. Moreover, when tfc-dependent radioimaging is combined with antigen 

detection methodologies, these radiolabeled antiviral probes can also be used to 

rapidly and accurately identify drug-resistant herpesvirus variants in a mixed virus 

population. Finally, there has also been considerable effort directed to the 

development of several of these compounds as non-invasive radiodiagnostic 

imaging agents of herpesvirus infection or for use in gene therapy of the C N S (See 

below). The techniques most commonly used to determine the thymidine kinase 

activity of a herpesvirus are based primarily on biochemical or immunological 

characterization. However, the uniqueness of the thymidine kinase encoded by the 

herpesviruses has also allowed radiolabeled nucleoside analogues to be used to 

make such determinations as well. 

1.8.2.1 Radiolabeled Nucleoside Analogues in Plaque Autoradiography: 

As nucleoside analogues demonstrating even greater herpesvirus-specific 

uptake are developed, their implementation as tools for detecting (and even 

discriminating between) the various species and strains of these viruses becomes 

even more attractive. For example, the specific uptake of [125l]-radiolabeled 

iododeoxycytidine ([125I]-IDC; Sec. 1.7.1.1.2) by herpesvirus-infected cells (Fong and 

Scriba 1980; Laskin et al. 1981) has been used in the design of a method of plaque 

autoradiography (PA) to visualize thymidine kinase activity of H S V type 1-infected 

cells in tissue culture (Summers and Summers 1980). [125I]-J_DC P A has also been 

used in combination with [l 4C]-thymidine uptake to detect thymidine kinase-

deficient and thymidine kinase-altered H S V mutants in clinical isolates, and i n 

reconstructed populations of mixed herpesviruses (Martin et al. 1985). 

Nearly any nucleoside analogue which demonstrates a capacity for selective 

uptake by herpesvirus-infected cells can be developed into an in vitro radio-

diagnostic indicator of herpesvirus infection. However, only a select few of these 

agents possess the requisite cytotoxic profile, or the physico-chemical properties, to 

make their development as in vivo radiodiagnostic probes practicable. 

1.8.2.2 Radiolabeled Nucleoside Analogues as Radiodiagnostic Indicators of HSE: 

The highly specific sequestration of nucleoside analogues by herpesvirus-

infected cells in vitro would appear to make these herpesvirus-fJc specific substrate 
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markers ideal for visualizing a herpesvirus infection in vivo. However, the 

development of such agents as radiodiagnostic probes has greatly lagged behind 

their use in tissue culture, mostly because of the delimiting criteria which must be 

met prior to being adopted as a radiopharmaceutical (Radiopharmaceuticals Drafting 

Group 1991). Having a well-established safety profile, in vivo stability, appropriate 

lipophilicity, some affinity for the nucleoside transporter and expression of a readily 

substitutable halogen moiety as a part of the physical constitution of the nucleoside 

analogue are all important considerations in the development of such agents as 

radiodiagnostic indicators of HSE. 

1.8.2.2.1 The 2'-Fluoro-5-Substituted Arabinofuranosylpyrimidines: 

The first (Saito et al. 1982, 1984) — and surprisingly the most recent (Tjuvajev 

et al. 1995, 1996) class of nucleoside analogues to be promoted as potential non

invasive radiodiagnostic indicators of H S E are the 2'-fluoro-5-substituted arabino

furanosylpyrimidines, compounds that were originally introduced in the late 1970's 

(Wanatabe et al. 1979, 1980). [l4C]-2'-fluoro-5-methyl-l-j5-D-arabinosyluracil ([14C]-

F M A U ) , a nucleoside analogue structurally cognate of the halogenated pyrimidine 

IDU (yet, possessing a 2'-fluoro substitution in the ara/up configuration within the 

sugar group), was used to demonstrate that drug uptake corresponded to H S V -

specific antigens in autoradiographs of immunohistologically stained thin sections 

of rat H S E brain (Saito et al. 1982,1984). In a subsequent investigation, a panel of 

radiolabeled 2'-fluoro 5-substituted arabinofuranosylpyrimidines were used to 

demonstrate that, not only were these agents taken up specifically by herpesvirus 

infected cells in tissue culture, but that these agents, by virtue of the N-glycosyl 

linkage of the 2-fluoro substituent, were much more resistant to deglycosylation by 

endogenous thymidine phosphorylases (Tovell et al. 1988). That some of these 

agents may have potential for use as non-invasive radiodiagnostic indicators of 

herpesvirus C N S infection is further supported by the demonstration that several 

radioiodinated congeners of F M A U (particularly [131IJ-FIAU) not only possess 

sufficient lipophilicity to penetrate the blood-brain-barrier (as suggested by their 

octanol/water partition coefficients), but that they also have an affinity for the 

mouse-erythrocyte nucleoside transporter (Tovell et al. 1988). 

[l4C]-labeled F I A U (2'-fluoro-2'deoxy-l-)3-D-arabinofuranosyl-5-iodouracil; 

Fialuridine) has recently been used as a substrate marker to demonstrate 

herpesvirus thymidine kinase activity in an animal model of C N S disease. Gl ioma 

cells of a rat C N S tumor, having first been transduced by a recombinant retrovirus 
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(to express herpesvirus thymidine kinase), and then treated with [14Q-FIAU, could 
be readily detected by means of quantitative autoradiography. However, the [14C]-
radionuclide, apart from being inappropriate for use in in vivo human studies, is of 
insufficient energy (as a beta-emitter) for external radiological detection (Cleator et 
al. 1987,1988). Substituting a gamma-ray or positron emitting isotope of iodine into 
the native structure of this (or other) halogenovinyl nucleoside analogues (see 
below) has been shown to provide an energetics-profile which is much more 
appropriate for external scintigraphic determination of such a probe. This was 
illustrated in a recent study in which HSV ffc-specific uptake of [I3ll]-labeled FIAU 
(again, by retrovirus transduced glioma cells) was accurately monitored in intact 
animals using external gamma camera imaging and single-photon emission 
tomography (Tjuvajev et al. 1996). Finally, the no-carrier-added synthesis of 9-[3-
[18F]-fluoro-l-hydroxy-2-propoxy)methyl]guanine ([18F]-FHPG) has been reported. 
This agent has also been described as having the potential for being used in 
combination with PET to image viral infections or to monitor gene therapy 
(Alauddin et al. 1996) 

Despite the recent submission that radioiodinated-FIAU should be developed 
as a non-invasive radiodiagnostic agent for visualizing herpesvirus-^ activity of 
transfected tissues (Tjuvajev et al. 1996), this agent and several of its congeners are 
known to cause a pernicious delayed-onset multi-organ cytotoxicity, first recognized 
during clinical trials of fialuridine in which five people died (see Colacino 1996). It 
has since been shown that several of the 2'-fluoro-5-substituted arabinofuranosyl 
pyrimidines (and their metabolites) are anabolized into cytotoxic triphosphates by 
both viral and cellular (specifically, mitochondrial TK2) enzymes (Wang and 
Eriksson 1996). However, the precise mechanism of action of these cytotoxic 
derivatives remains somewhat unclear. While most would concur that the 
triphosphates of 2'-fluoro-5-substituted arabinofuranosylpyrimidines and their 
metabolites disrupt the energy metabolism of a cell by inducing a marked 
dysfunction of mitochondria (Klecker et al. 1994; Cui et al. 1995; Honkoop et al. 
1997), there is some disagreement as to the specific changes that effect such 
dysfunction. The suggestion that these cytotoxic derivatives disrupt the replication 
of mitochondria by interfering with the synthesis of mitochondrial DNA -
specifically by blocking the mitochondrial DNA polymerase (Lewis et al. 1996), is 
contradicted by those who have found that these triphosphates produce no adverse 
effect on mitochondrial replication -- at least in the short-term (Colacino et al. 1994; 
Klecker et al. 1994, Cui et al. 1995) and that cytotoxicity is not due to mitochondrial 
DNA chain termination, inhibition of the mitochondrial DNA polymerase or of a 
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selective mitochondrial poisoning (Klecker et al. 1994). Rather, cytotoxicity is 
thought to be due primarily to increased intracellular concentrations and 
subsequent incorporation, of FIAU-TP into mitochondrial (and even nuclear) DNA 
(Cui et al. 1995) and its cytotoxic effects are potentiated further still by a DNA repair 
process that is lacking when these elements are incorporated (Klecker et al. 1994). 
Inserting a 2'-fluoro substituted nucleoside analogue (or one of its metabolites) into 
the cellular DNA strand is very likely to be of consequence to gene expression, as 
this would interfere with the DNA-protein interactions required for normal gene 
expression (Colacino 1996). 

1.8.2.2.2 The 5-(2-Halogenovinyl)-Substituted Pyrimidines: 

All of the 5-iodo-substituted antiherpesvirus nucleoside analogues described 
have, at some point, been considered as potential candidates for radiodiagnostic 
agents for detecting herpesvirus infections in vivo. This is because these agents, by 
virtue of their iodine group, can be designed to intrinsically feature any one of a 
number of different isotopes of iodine. Substituting a gamma- or positron-emitting 
nuclide into the native structure of these agents can produce an antiviral with an 
energetics-profile amenable to, for example, external gamma camera scintigraphy, 
single-photon emission tomography (SPECT) and even positron emission 
tomography (PET). Although radioiodinated ([*I]- ) 5-iodo-2'-deoxypyrimidines 
have been successfully used to selectively identify herpesvirus-infected (ffc-positive) 
cells in tissue culture autoradiographs (Summers and Summers 1980), [*I]-IDC (and 
[*I]-IDU) are still too cytotoxic to be administered internally and are, therefore, 
inappropriate for use as radiodiagnostic indicators of invivo herpesvirus infection. 

One of the first alternatives to the use of the 5-iodo-2'-deoxypyrimidines was 
radiolabeled [*I]-IVDU (Sec. 1.7.1.2). An essential feature that IVDU has over the 5-
iodo-2'-deoxypyrimidines is in this agent's iodovinyl moiety. The properties that 
make the iodovinyl functional group so desirable in a radioiodinated 
pharmaceutical include its tendency to resist in vivo de-iodination, high-yielding 
radioiodination reaction and no-carrier-added formulations. The radioiodination 
reaction in the synthesis of ([*I]-) IVDU also tends to be comparatively gentle, rapid 
and regiospecific (Dougan et al. 1994). However, the use of [*I]-IVDU as an in vivo 

radiodiagnostic probe of HSE was quickly recognized as lacking requisite in vivo-

stability, being, instead, rapidly catabolized into the inactive metabolite (E)-5-(2-
iodovinyl)uracil (Samuel et al. 1986). [*I]-IVDU was also shown to be unable to 
penetrate the blood-brain-barrier (Klapper et al. 1988) and to be quickly cleared from 
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the peripheral circulation via renal excretion (Samuel et al. 1986). However, 

[ l3l i / l25i]-r v

7DU was used to produce radioimages of HSE in animal models -

though only when in combination with Etoposide*, an agent that can be used to 

temporarily disrupt the integrity of the blood-brain-barrier. In these studies, 

gamma-camera scintigraphy was used with some success (but only after the non-

metabolized drug was cleared from the peripheral circulation) in demonstrating 

higher levels of radioactivity in the brains of Etoposide-treated/HSE animals. 

Selective sequestration of [131I]-IVDU (and [125I]-IVDU) by herpesvirus-infected 

neural tissues was later substantiated by autoradiography and immunohisto-

chemical staining of cryostat sections of post-mortem HSE brain (Cleator et al. 1988). 

These studies, however, did not address the uncertainty of rapid clearance and 

extensive deglycosylation of IVDU, liabilities that will have to be resolved before 

IVDU, or one of it congeners, can be developed into an in vivo radiodiagnostic 

pharmaceutical. In any event, a diagnostic procedure requiring chemical disruption 

of the blood-brain-barrier is, clearly, undesirable for use in humans. 

A variety of methods that could help to facilitate the movement of IVDU (or 

related nucleoside analogues) from the peripheral circulation and into the C N S 

have been investigated. One approach has been to increase the lipophilicity of 

IVDU by introducing an N-3 methyl substituent into the molecule. A n d though it 

was demonstrated that this change produced a compound (3-methyl-IVDU) that was 

somewhat more lipophilic than IVDU (without significantly affecting the antiviral 

activity of the nucleoside analogue; Stathaki et al. 1988), such modification did not 

necessarily protecting the molecule from endogenous phosphorylase activity. 

Liposomal encapsulation was also examined — not only as a method for improving 

the delivery of [125I]-TVDU (and [1251]-3-methyl-IVDU) into the C N S of HSE animals, 

but for protecting glycosyl group of these molecules from pyrimidine nucleoside 

phosphorylase, as well. Despite producing a relative increase in lipophilicity (as 

evidenced by increased uptake by the spleen, liver and lung) and protecting the 

molecule to some extent from enzymatic degradation, liposomal encapsulation did 

not enhance brain uptake sufficiently for [125IJ-IVDU (or [l25l]-3-methyl-IVDU) to be 

detected using whole-body scintigraphy (Stathaki et al. 1988). 

In a similar effort to protect the 2'-deoxyuridine group of IVDU against in vivo 

phosphorolysis, Iwashina et al. (1988) modified the deoxyribose moiety of the 

nucleoside analogue by introducing a 2'-fluoro substituent (i.e. in both the ribo-

* Etoposide (Vepesid®; Bristol-Myers Squib) is a powerful antineoplastic semisynthetic derivative of podophyllo-
toxin. 
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[down], or ara- [up] furanosyl orientation) into IVDU, thus producing: (E)-5-(2-

iodovinyl)-l-(2-deoxy-2-fluoro-/3-D-ribofuranosyl)uracil (IVFRU), and (E)-5-(2-iodo-

vinyl)-l-(2-deoxy-2-fluoro-j3-D-arabinofuranosyl)uracil (IVFaraU), respectively. A s 

described (Sec. 1.7.1.2.1), such a change to the sugar group was shown to substantially 

increase the stability of the glycosyl bond against the effects of endogenous 

phosphorylases relative to most, if not all, of the naturally occurring ribofuranosyl 

and 2'-deoxyribofuranosyl nucleosides (Iwashina et al. 1988); the uptake of these 

compounds (by HSV-ffc transfected cells) tended to favour compounds having their 

sugar 2'-substituent in the ribo- [down] configuration (Morin et al. 1997). 

Introducing a 2'-fluoro substituent (in a ribo- configuration) into IVDU was also 

shown as tending to somewhat augment this agent's octanol/water partition 

coefficient (i.e. to increase the lipophilicity of IVFRU relative to IVDU), thus 

increasing the likelihood that IVFRU would penetrate the blood-brain-barrier 

(Iwashina et al. 1988). However, [125IJ-FVFRU undergoes an unspecified catabolism 

resulting in inordinately high levels of free radioactive iodide; as high as 30% of the 

total radioactivity injected into animals experimentally infected with a herpesvirus 

(Iwashina et al. 1988). Unfortunately, no additional information on the metabolism 

of [l25i]-rVFaraU or of its octanol/water partition coefficient was given. 

With the intention of developing a cytostatic agent that could be used against 

H S V type-l-tk gene-transfected tumors, IVFaraU (and IVFRU) was combined with 

an 3'-0-(l-methyl-l, 4-dihydropyridyl-3-carbonyl) group (the "chemical delivery 

system" [CDS] described by Balzarini et al. [1995]), in an effort to try and facilitate the 

movement of these compounds (IVFaraU-CDS and IVFRU-CDS, respectively) into 

transfected murine mammary carcinoma cells. Similarly, [ 1 2 5 l ] - r v T R U (and [125I]-

IVFaraU) have also recently been described as demonstrating promise as H S V ^ " 

specific radiodiagnostic probes that could be used to monitor gene therapy. 

However, much of the effort put into developing radioiodinated-IVFRU and -

IVFaraU for use in humans was initiated before the cytotoxic profiles of the 2'-

fluoro-5-substituted arabinofuranosylpyrimidines were better understood. It would 

appear, therefore, that the indefinite in vivo stability of [*I]-IVFRU, combined with 

the cytotoxic potential posed by [*I]-IVFaraU's and [*I]-IVFRU's 2'-fluoro 

substituents (similar, in kind, to what has already been described for the 2'-fluoro-5-

substituted arabinofuranosyl pyrimidines), suggests that further development of 

these agents as radiodiagnostic probes for use in humans may be somewhat 

inappropriate. 
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Many of the pharmacological attributes of BVaraU, including its in vivo 

stability, comparative lipophilicity and, in particular, this agent's exquisite degree of 
herpesvirus-directed selectivity — the highest of any of the VZV and even HSV type-
1 antiherpesvirus nucleoside analogues currently being used, would appear to make 
this agent an ideal candidate for development into an in vivo herpesvirus-specific 
diagnostic probe. Whereas [14C]-labeled BVaraU has been used in studies to 
determine BVaraU's metabolism in tissue culture (Kumagai et al. 1989), the [14C]-
radionuclide is not a radiolabel considered appropriate for in vivo use in humans. 
Unfortunately, incorporating a more clinically-appropriate radionuclide, such as 
one of the radioisotopes of iodine (See previous section), is problematic because 
BVaraU clearly lacks a substitutable iodine in its structure. 

IVaraU (Sec. 1.7.1.3.1), which has many of the same pharmacological 
properties of BVaraU, holds even greater radiopharmaceutical significance because 
of its iodovinyl group. Recent submissions describing the radioiodination of 
IVaraU ([l25I]-IVaraU), its antiherpesvirus-directed activity in cell culture (Robbins 
et al. 1991; Morin et al. 1997) and its biodistribution in an animal model of HSE 
(Dougan et al. 1994), indicate that this agent may, indeed, fit the criteria for further 
development as a radiodiagnostic agent of deep-seated human herpesvirus disease, 
although [*I]-IVaraU's lipophilic properties and safety profile remain somewhat of 
an uncertainty. 

Despite having been overshadowed in recent years by the enormous success 
of PCR in diagnostic virology (Sec. 1.6.2.2), the search for a radiolabeled nucleoside 
analogue that can be used to visualize deep-seated herpesvirus infection (or more 
specifically, herpesvirus-^ activity) continues - even today (Dougan et al. 1994; 
Tjuvajev et al. 1996; Morin et al. 1997). Although most recent efforts have been to 
develop a radiolabeled nucleoside analogue which can be used with external camera 
scintigraphy to demonstrate herpesvirus tk activity in transfected tumors (as a non
invasive method of monitoring therapeutic drug intervention ~ but not necessarily 
of illness attributable to herpesvirus infection), it has been suggested that a more 
reliable diagnosis of HSE in humans may best be approached with the use of 
radiolabeled nucleoside analogues in a system that would avoid the delays 
necessarily associated with conventional and even molecular diagnostic 
methodologies (Dougan et al. 1994). 
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1.9 Therapeutic Drug Monitoring: 

It is not altogether unusual to demonstrate inconsistencies in the response of 
an individual to antiviral drug therapy. Inter- and intra-subject variability in the 
absorption, distribution, metabolism and elimination of an antiviral agent are 
known to generate significant differences in the plasma and tissue concentrations of 
these compounds. It is because of first pass metabolism that such vicissitudes are 
often even more pronounced with antiviral agents that are orally administered 
(Knebel et al. 1995). 

The pharmacokinetic properties of most anti-herpesvirus agents in clinical 
use have been extensively investigated. However, many of these characterizations 
have been based on the quantitation of the unmetabolized parent compound in the 
extracellular compartment. Unfortunately, the pharmacokinetic properties of a 
nucleoside analogue in the urine, plasma and/or blood is often very much unlike 
its properties when measured intracellularly (Stretcher et al. 1992). Furthermore, in 
the rare instances where comparative determinations have been made, the 
pharmacokinetic properties of the parent compound (measured either, 
intracellularly or extracellularly) tend, also, to contrast with the pharmacokinetic 
properties of its bioactive metabolites (Slusher et al. 1992; Stretcher et al. 1992). It is 
not surprising, therefore, that defining an antiviral agent's pharmacokinetic 
properties based exclusively on the extracellular levels of the biologically inactive 
parent compound — measured at a site that is typically far removed from the site of 
action, may be considered as somewhat lacking (Slusher et al. 1992; Stretcher et al. 
1992; Knebel et al. 1995). 

A good example of the differences that can exist between a nucleoside 
analogue's intracellular and extracellular pharmacological properties are perhaps 
best illustrated by zidovudine (3'-azido-2',3'-dideoxythimidine; AZT; Retrovir®), an 
orally administered thymidine analogue which is currently used in combination 
with other anti-retroviral agents to manage HIV infection. The prime therapeutic 
range of AZT is often difficult to gauge, in part, because of this agent's relatively 
narrow toxicity profile (See below) and because of its tendency to generate plasma 
levels with considerable interpatient variability in the area under the concentration-
versus-time curve (AUC), inconsistencies that are even more pronounced when 
these determinations are made based on intracellular measurements (Stretcher et al 
1992). More importantly, the intracellular half-life of AZT's bioactive metabolites 
have been shown to differ significantly from measurements based on their half-life 
in the extracellular compartment (Stretcher et al. 1992). 
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Other factors that also tend to emphasize the importance of therapeutic drug 
monitoring are those related to antiviral cytotoxicity. The safety profile of acyclovir 
has made the use of this particular antiviral agent almost perfunctory over the past 
several years. Few, if any, of the other antivirals licensed to treat a herpesvirus 
infection have demonstrated the same high level of reliability. However, there are 
herpesvirus infections in which the use of acyclovir is clearly contraindicated, 
particularly, in situations where there is evidence of acyclovir resistance. 
Unfortunately, several of the alternative agents used to treat these types of infection 
are also known to produce a variety of untoward effects. Frequently, the cytotoxicity 
associated with the use of a particular anti-herpesvirus nucleoside analogue is a 
consequence of the agent (or, more specifically, of its metabolites) interfering, not 
only with the function of virus-induced enzymes, but with cellular enzymes as well. 
It is this tendency to disrupt the normal process of cellular DNA elongation (usually 
through a collateral inhibition of the cellular DNA polymerase) that generally 
determines an antiviral agent's cytotoxic profile. A better understanding of the 
intracellular behavior of these "cytotoxic elements" should enhance our ability to 
anticipate, manage and possibly even circumvent the events which can lead to the 
development of a cytotoxic response. 

Given the potential for interpatient variability in drug disposition, antiviral 
agents possessing relatively narrow cytotoxic profiles, and situations requiring the 
use of antivirals with poor or poorly-defined safety profiles, therapeutic drug 
monitoring should provide a significant advance in improving the pharmacological 
management of virus-induced illness. 

1.10 The Bioanalysis of Antiviral Agents and their Metabolites: 

The general pretext for determining the extracellular levels of an 
intracellularly-activated antiviral compound has much to do with the facility with 
which samples can be collected, prepared and assayed from the extracellular 
compartment — such as the plasma, blood and urine. This practice has also much to 
do with the limitations presented by the bioanalytical methods most often used to 
determine the levels of these compounds. For example, the intracellular 
concentrations of an antiviral's bioactive metabolites are considerably lower than 
that of the parent compound — often exceeding the effective range of sensitivity 
offered by most bioassay systems (See below). It is these limitations which tend to 
prohibit a reliable measurement of an antiviral's metabolites at concentrations 
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beyond trace (parts per million) amounts. Monitoring the level of only the parent 
compound, therefore, is often the only readily available alternative. When the 
intracellular levels of an antiviral's bioactive metabolites are determined, it is 
usually done in combination with techniques that involve sample concentration 
(i.e. rotary evaporation), pre- or post-extraction modification (i.e. chemical 
derivatizations) or the use of radionuclides* (Kumagai et al. 1989; Vere Hodge and 
Perkins 1989; Slusher et al. 1992; Earnshaw et al. 1992; Kong et al. 1992; Vere Hodge 
1993; Vere Hodge et al. 1993; Bebault et al. 1994, 1995a,b). In recent years, however, 
there have been several important advances made in the separation sciences that 
have significantly improved the selectivity and sensitivity of the bioassays used to 
determine the intracellular levels of an antiviral agent's bioactive metabolites, 
techniques that require little, if any, post-extraction modification of the sample. 
These improvements include, for example, new methods in liquid chromatography, 
as well as the development of new instrumentation and interfaces used for mass 
spectral analysis. 

The method best suited for measuring the levels of nucleosides, nucleotides 
and their antiviral homologues is largely determined by the physico-chemical 
profile (i.e. temperature and pH stability, polarity, volatility, and ultraviolet (UV) 
absorbing profile) of the analyte of interest. It is because several of these properties 
can be manipulated at the time of sample preparation and during analysis that the 
methods used to extract and subsequently run samples must be given careful 
consideration. 

1.10.1 Sample Preparation: 

The extractants most commonly used to release free nucleotides from in vitro 

or in vivo-derived samples are generally cold/dilute acids or cold/dilute alcohols 
(See Henderson and Patterson 1973; Lundin and Thore 1975; Karl 1978; Scoble and 
Brown 1983). Either extractant can be used to extract tissue nucleotides, as both 
extricate the intracellularly trapped analyte while at the same time effectuating the 
precipitation of any potential interfering cellular macromolecules. And while 
ultrafiltration has been advocated as a reasonable alternative to chemical 
precipitation as a method for deproteinizing plasma samples, ultrafiltration alone 

Despite a report in which [14C]-radiolabeled antiherpesvirus prodrug (famciclovir; Sec. 1.7.2.5) was used in 
healthy human subjects to determine both, the levels of unmetabolized parent compound and of its conversion to 
penciclovir (Filer et al. 1994), the use of all but a few select radionuclides is, necessarily, precluded in metabolic 
studies of such agents in virus-infected humans (Sec. 1.8.2.2). 
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will not release these intracellularly sequestered nucleosidic metabolites. 

Furthermore, unspecified deamination of agents such as vidarabine and cytarabine 

(Sec 1.7.2.1) can continue in biological ultrafiltrates if precipitation of proteins (or 

some other method of inactivating endogenous enzymes, such as with the addition 

of an appropriate enzyme inhibitor) is used in the preparation of these samples. 

When precipitates have been formed, nucleosidic agents and their metabolites can 

be easily collected using relatively simple (i.e. centrifugation-ultrafiltration) 

techniques. 

Perchloric acid (Brown 1970; Munch-Petersen et al. 1973; Plunkett et al. 1974; 

Khym 1975; Plunkett and Cohen 1975a,b; Chiu and Eccleston 1977; Hartwick and 

Brown 1977; Baybutt et al. 1982; Olivares and Verdys 1988; Bennett et al. 1990; Cerny 

et al. 1992; Ally and Park 1992), trichloroacetic acid (Brown 1970; K h y m 1975; 

Hartwick and Brown 1977; K h y m et al. 1977; Ko et al. 1977; Krstulovic et al. 1977; 

Harmenberg et al. 1987; Perrett et al. 1989a,b; Palmer and Cox 1994) and formic acid 

(Payne and Ames 1982) have been used to extricate nucleosides and nucleotides 

from a number of different sources. Similarly, cold/dilute acids have also been used 

to extract nucleoside analogues and their metabolites from drug-treated/virus-

infected tissues, as well (Plunkett et al. 1974, 1981; Plunkett and Cohen 1975b; 

Bennett et al. 1990; Cerny et al. 1992). However, even this seemingly elementary 

choice between acid- or alcohol-based extractant must also be carefully weighed, 

because some extractants may not always be appropriate for use with certain 

nucleoside analogues and/or their bioactive metabolites. For example, several 

nucleoside analogues (including the anti-retroviral agents 2',3'-dideoxyinosine [ddl] 

and 2',3'-dideoxyinosine [ddC]) have been described as acid-labile (Jajoo et al. 1992; 

Palmer and Cox 1994), tending to rapidly degrade at low p H . 

Acid extractants may also act to modify the structure of the nucleosidic agent, 

without necessarily destroying the molecule. Clearly, any change to the structure of 

a nucleosidic agent will not only greatly offset the bioactive properties of the 

molecule, but it may also make it impossible to quantify the intracellular levels of 

the original bioactive molecule. For example, the bioactive (triphosphorylated) 

metabolite of the anti-herpesvirus agent P C V (Sec. 1.7.2.5) rapidly and indeter

minately transmutates at low p H into a pharmacologically inactive cyclic 

monophosphate (A. Vere Hodge, personal communication, 1994). 

Acid conditions are also known to contribute indirectly to the decomposition 

of antiviral bioactive metabolites. For example, endogenous pyrimidine phosphor-

ylases (enzymes that can rapidly catabolize the bioactive metabolites of a nucleoside 
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analogue [ordinarily the triphosphate] back into the corresponding inactive base 
[Walker et al. 1982; Goodchild et al. 1986; Samuel et al. 1986]), is maximally active 
under temperately acidic (approximately pH 5) conditions (R. Jarvest, personal 

communication, 1994). It is for this reason that the triphosphorylated esters of most 
of fTc-dependent nucleoside analogues, such as those of the natural nucleotides, are 
generally more stable under somewhat alkaline (pH 8-9) conditions. Unfortunately, 
the methods most often used in the bioanalyses of nucleosidic agents (specifically, 
high-performance liquid chromatography [HPLC]; See below) prohibit the use of 
running conditions that are even moderately alkaline. This is because the silica-
based bonded phases of most of these preparative and analytical columns become 
unstable at ~pH 7.5 and above, and running a mobile phase that is even only slightly 
alkaline will tend to promote a more rapid deterioration of such packings, resulting 
in an ever-increasing loss of column performance over time. 

A practical alternative to the use of acids for extracting nucleosides, 
nucleotides and their antiviral homologues, is the use of cold/dilute alcohols 
(Munch-Peterson et al. 1973; Brown et al. 1976; Remmel et al. 1989; Cerny et al. 1992; 
Palmer and Cox 1994). Not only does the use of alcohol extractants avoid the 
uncertainties associated with the use of acids and low pH, but their use may also 
offer some advantage to bioanalyses that require the selective concentration of the 
sample, or for preparing samples that are completely free of the extractant. Unlike 
the use of conventional acid extractants, alcohols do not require neutralization, and 
can be removed from the sample of interest using simple evaporative techniques. 
For example, the use of acetonitrile to precipitate proteins in biological samples that 
contain nucleosidic agents has been described as superior to precipitation by acids — 
even though broad elution peaks in HPLC generally result unless the solvent is 
evaporated to dryness and the residue reconstituted with the mobile phase that is to 
be used (Brown 1984). The use of a volatile extractant is also much more compatible 
with bioanalytical devices that require desolvation of the sample (Sec 1.10.4). 

Finally, even the methods used to prepare a sample for extraction 
(particularly the composition and conditions of the pre-extraction wash) may 
(depending on the intended method of analysis) significantly impact on the 
detectability of the analyte. With mass spectrometry again serving as an example, a 
pre-extraction wash containing inorganic/non-volatile salts (such as those present 
in PBS or tissue culture media) can effectively block or mask mass spectrometric 
detection of the desired analyte. This is because residual inorganic salts carried-over 
from the pre-extraction wash and into the sample extract can suppress analyte 
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desorption and influence background ion current (McLaughlin and Henion 1992). 
The use of a pre-extraction wash that consists only of volatile constituents, 
therefore, is often a requisite in bioassays that involve the use of mass spectrometry. 

1.10.2 High-Performance Liquid Chromatography (HPLC) of Nucleobases, Nucleo
sides and Nucleotides: 

Nucleosides and nucleotides are typically highly-polar, poorly-volatile 
compounds which tend to be only moderately soluble in either aqueous or organic 
solvents. Of the various approaches used for the definitive analysis of these 
compounds, the most important have generally involved some type of liquid 
chromatography. Of the liquid chromatographic techniques used for the isolation 
and purification of nucleosides and nucleotides, reverse-phase (RP-) and ion-
exchange (IE-) high-performance liquid chromatography (HPLC) have been, by far, 
the most popular (See Plunkett 1978; Brown 1980, 1984; Scoble and Brown 1983; 
Jandera and Churacek 1985; Perrett 1986). 

The stationary phase and organic solvents that are used in HPLC are normally 
selected and then adjusted to attain the desired measure of chromatographic 
retention and/or separation of each analyte. The pH of the mobile phase, for 
example, can be easily modified to exploit any variance in the active groups of the 
molecule and, thus, be used to optimize the resolution of the applied chromato
graphy. 

It is because nucleobases, nucleosides and nucleotides tend to absorb so 
strongly in the ultraviolet (UV) region that the most common method for detecting 
these analytes, subsequent to HPLC-separation, is with on-line UV-visible spectro
photometry (Scoble and Brown 1983). Much of the UV-absorbing behavior that is 
associated with nucleosides and nucleotides (as well as with the antiviral 
homologues) comes from the heterocyclic ring system of their purine or pyrimidine 
base. Similarly, nucleosidic agents which also have additional unshared or 
unbonded electrons (i.e. >C=0, >C=S, -N-O, -N=N), or those with supplementary n-
electrons (i.e. those having one or more double bonds), will generally possess even 
greater UV absorbing properties (See Brown et al. 1980). UV spectrophotometry, 
however, is a non-specific method of detection. It is because of the likeness in 
physical structure that exists between the different nucleosides (and their 
phosphorylated derivatives) that peak identification and peak homogeneity have to 
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be substantiated whenever UV-absorbance is used to examine complex mixtures of 
these compounds. 

Although HPLC detection systems which are even more sensitive than 
conventional spectrophotometric methods are available, the use of these devices 
may not always be suitable for the bioanalysis of nucleosidic compounds. For 
example, spectrofluorometry (which has been shown to be as much as 1000-times 
more sensitive than UV absorbance) is not widely used for the bioanalysis of 
nucleobases, nucleosides and nucleotides because at physiological pH these 
compounds tend to fluoresce only very poorly — if at all (Riley et al. 1990). 
Although there exists techniques in fluorogenic derivatization which can been used 
to augment the fluorescence profiles of certain non-fluorescent analytes, such 
derivatizations have not been widely applied in the study of nucleosides or their 
antiviral homologues because most nucleosidic agents tend to be chemically 
unreactive (Riley et al. 1990). 

For many of the same reasons, mass spectrometry, which can deliver greater 
sensitivity than either UV absorption (Lawrence et al. 1994) or spectrofluorometry 
(Riley et al. 1990) has not been routinely used to study nucleosidic agents. 
Nucleosides, nucleotides and their antiviral homologues are typically poorly 
volatile and, thus, largely unsuitable for analysis by (at least), conventional mass 
spectrometric techniques. In addition, it is because these nucleosidic agents tend to 
be chemically unreactive that derivatizations, which can be used to enhance an 
analytes relative volatility (See Nelson and Foltz 1992), often produce unsatisfactory 
results (Sec 1.10.5.1.1). 

1.10.3 HPLC of Nucleoside Analogues and their Phosphorylated Metabolites: 

Over the past fifty years most analyses of the naturally occurring nucleobases, 
nucleosides and nucleotides has involved some form of HPLC. It is not surprising, 
therefore, that many of these same techniques have been extended to encompass the 
bioanalysis of nucleoside analogues as well (Brown 1975; Riley et al. 1990). Like their 
natural counterparts, nucleoside analogues are generally non-volatile/thermally-
labile molecules which frequently express several polar functional groups. HPLC in 
combination with spectrophotometric (ultraviolet absorbance) detection, therefore, 
is generally well suited for their bioanalysis - but only when the sensitivity of 
detection is sufficient. 
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The retention profile of most nucleosidic agents, like those of the endogenous 

nucleosides, is determined largely by the physico-chemical properties of the analyte. 

Furthermore, because the ionic strength, the p H and the amount and type of organic 

modifier that is used in the mobile phase can selectively alter several of these 

properties, the composition of the buffer can be used to significantly influence the 

outcome of the chromatography. For this reason, the running buffer is selectively 

formulated to produce the desired amount of retention and chromatographic 

resolution (separation/selectivity) of the nucleosidic agent (Van Haastert 1981). 

However, it is because of the many similarities that exist between nucleosidic agents 

and the naturally occurring endogenic molecules that peak identification and peak 

homogeneity must be substantiated whenever a non-specific method of detection 

(such as U V spectrophotometry) is used in bioanalyses. 

1.10.3.1 Ion-exchange (IE) H P L C : 

Ion-exchange (IE) H P L C and reverse-phase (RP) H P L C are the two most 

common methods of chromatography used for the bioanalysis of nucleobases, 

nucleosides, nucleotides, nucleoside analogues, as well as their metabolites (Brown 

1984; Riley et al. 1990). The earliest of these techniques, ion-exchange (anion-

exchange) H P L C (Cohn 1949), is well established as a method for obtaining 

chromatography of highly-charged (negatively-charged) nucleotides in complex 

mixtures (See Brown 1984). IE H P L C , however, lacks the capacity for retaining an 

uncharged nucleobase, nucleoside or, similarly, uncharged nucleoside analogues. 

Still, it is because uncharged analytes are only poorly retained by IE-HPLC that this 

chromatographic technique can be used to readily separate these molecules from 

what is often their highly-charged (phosphorylated) bioactive metabolites (Rose and 

Brockman 1977; Plunkett 1978; Grant et al. 1980; Plunkett et al. 1980; Danks 1982; 

Riley et al. 1983; Meltzer and Sternson 1984; Visor et al. 1985; Benjamin et al. 1985; 

Kelly et al. 1987; Suzutani et al. 1988). 

Unfortunately, complex mixtures consisting of several different nucleobases 

and nucleosides (and/or nucleoside analogues) all tend to co-elute in IE-HPLC, 

making the selective measurement of individual uncharged constituents difficult to 

determine (Pogolotti and Santi, 1982). A n d finally — although more of an 

inconvenience than a true liability, ion-exchange H P L C also tends to require 

extended run times relative to those used in reverse-phase separations. This is 

especially true when IE-HPLC is used in the bioanalysis of nucleosidic agents in a 

73 



complex biomatrix, and is usually due to the late-eluting endogenous components 
found in such samples (Brown et al. 1980; Miksic 1984). 

1.10.3.2 Reverse-Phase (RP) HPLC: 

It was hot until reverse-phase (RP) microparticulate/ chemically bonded 
packings were developed that complex mixtures of nucleobases and nucleosides 
(and even nucleotides — See below) could be quickly and reliably separated by HPLC 
in a single analysis (Hartwick and Brown 1976). RP HPLC is much better suited than 
IE HPLC for chromatographic separation of an uncharged base and its nucleoside 
(See Brown et al. 1976; Brown 1984). Furthermore, because most nucleoside 
analogues are moderately-to-highly polar in the buffers typically used with RP 
HPLC, this method of chromatography can also be used to separate the uncharged 
species of these agents as well. 

Interestingly, the precise mechanism of analyte retention in RP HPLC has yet 
to be clearly established (Van Haastert 1981) — although hydrophobic/solvophobic 
(and, to some extent, silanophilic) interactions are believed to be the primary 
operative processes. There is also some suggestion that other mechanisms also 
participate in reverse-phase separations, including: dispersive interaction, 
partitioning, adsorption, solubility in the mobile phase and, possibly, compulsory 
absorption (See Scoble and Brown 1983; Brown 1984). It is, in fact, very likely that 
the mechanism of analyte retention in a reverse-phase system does not originate 
from any one particular mechanism, but that it exists as more of a mixed-mode 
process. 

The amount of time that a nucleosidic agent tends to be retained on a 
hydrocarbonaceous stationary phase (typically octadecylsilane [ODS; Cis] and 
octylsilane [Cs] bonded to 3 um, 5 |0,m and 10 urn particle supports of relatively high 
[10 % to 15 %] carbon load) largely corresponds to the analyte's level of hydro
phobicity. The hydrophobic profile of most nucleosidic agents, therefore, is what 
determines the concentration of organic modifier needed to effect its elution (Miksic 
1984). For example, the antiviral arabinosides vidarabine and cytarabine (ara-A and 
ara-C, respectively; Sec 1.7.2.1) are both highly-polar/hydrophilic compounds that 
are retained on reverse-phase supports running a mobile phase containing little, if 
any, organic modifier. Antithetically, the antiviral nucleoside analogues d4T and 
CBV (See below), which are much more hydrophobic than the antiviral 
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arabinosides, require as much as 30 % organic modifier in the buffer system for 

elution (Riley et al. 1990). 

Significant differences in the hydrophobicity of a nucleoside analogue may 

result from even very subtle modifications to its structure. For example, the antir-

etroviral dideoxy nucleoside: 2',3'-dideoxy-9-)8-ribofuranosyl-9ff-purin-6-amine 

(ddA), which lacks both the 2'- and 3'-hydroxyl groups in its sugar, has been shown 

to be much more hydrophobic than either vidarabine or cytarabine (Riley et al. 

1990). Similarly, the C 2 ' - C 3 ' double bond in the sugar group of the anti-retroviral 

agents: carbocyclic 2',3'-didehydro-2',3'-dideoxyguanosine (carbovir; CBV) and l-(2,3-

didehydro-3-deoxy-j8-D-eryt/zro-pento-furanosyl)thymine (d4T; stavudine; Zerit®) , 

has been shown to augment the lipophilicity of these agents relative to the antiviral 

arabinosides further still (Remmel et al. 1989). Finally, introducing a halogenated 

functional group into the 5-position of an antiviral analogue, in such derivatives as 

the 5-halo-2'-deoxynucleosides IDU and B V D U (Sec. 1.7.1.1.1; 1.7.1.2.1), also increases 

hydrophobicity relative to the antiviral arabinosides, although not quite to the same 

extent as that of the 2',3'-dideoxynucleosides (See Riley et al. 1990). Nucleoside 

analogues that possess intermediate polarity (such as ganciclovir [GCV; Sec 1.7.2.4], 

acyclovir [ACV; Sec 1.7.2.2], penciclovir [PCV; Sec 1.7.2.5] and zidovudine [AZT; Sec. 

1.9]) are more easily analyzed using RP H P L C (Page et al. 1996; Peh and Yuen 1997; 

Boulieu et al. 1997; Svensson et al. 1997; Cociglio et al. 1998, Campanero et al. 1998) 

than are the more highly-polar derivatives, for the simple reason that these agents 

are better retained on RP supports. Unfortunately, the phosphorylated metabolites 

of most of these thymidine kinase-dependent class of nucleoside analogues (like 

many of the naturally occurring nucleotides) typically elute at the solvent front 

when reverse-phase conditions that have been optimized for the analysis of the 

corresponding nucleoside are used. 

1.10.3.2.1 Reverse-Phase Ion-Paired (RP-IP) HPLC: 

Investigating the pharmacological attributes of a nucleoside analogue by 

H P L C not only requires that the method ultimately provide appropriate 

chromatography of the uncharged parent molecule, but that it also separate what are 

often a number of highly-charged (phosphorylated) metabolites as well. As already 

discussed, IE H P L C is not particularly well suited for the separation of uncharged 

molecules. Also, RP H P L C , on its own, is largely inappropriate for the chromato

graphy of analytes/metabolites that are polar. Fortunately, by supplementing the 

mobile phase of the buffer system with an ion-pairing (IP) agent, the partitioning 
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process in reverse-phase chromatography is easily modulated to accommodate the 
simultaneous chromatography of highly-polar/ionic compounds (which includes 
the bioactive metabolites of many pharmacologically and clinically significant drugs) 
and uncharged solutes (i.e. the parent drug) in a complex biomatrix (Mahoney and 
Young 1984; Inchauspe et al. 1987; Verheij et al. 1991). Furthermore, such 
separations may be achieved without significantly impacting on the retention of 
solutes that either lack a charge or those which have the same charge as the counter-
ion being used (Van Haastert 1981; Inchauspe et al. 1987). 

It is understood that the column capacity factor (k') for a solute possessing a 
particular charge not only relates to the choice and concentration of organic 
modifier in the buffer system, but that it may be also strongly influenced by the 
nature and concentration of the ion-pairing agent added to the mobile phase (Van 
Haastert 1981; Inchauspe et al. 1987). For example, the column capacity ratio and, 
thus, the selectivity for a particular analyte having a negative charge can be 
modified considerably by adding to the buffer system a hydrophobic ion of opposite 
(cationic) charge. Yet, exactly how an ion-pairing agent effectuates change to the 
partitioning process of a reverse-phase HPLC system is, again, somewhat uncertain. 

The hydrophobicity of an ion-pairing agent is largely determined by the 
length of its alkyl chain (Perrett 1986). The longer the alkyl chain, the more 
hydrophobic the ion-pairing agent is, and the longer a particular nucleotide will 
tend to be retained on a reverse-phase column. The choice of which ion-pairing 
agent to use in a RP HPLC buffer system, therefore, is consequential to the 
development of the buffers and the running conditions needed to obtain optimal 
chromatographic separation of a nucleosidic agent and of its metabolites (Van 
Haastert 1981). 

The counterions most often used as ion-pairing agents include: 
perhydrogenated compounds (i.e. alkylsulfonates) for compounds which are strong 
bases, where as for strong acids, quaternary amines are generally used (Perrone 1984). 
Finally, perfluorinated carboxylic acids (perfluoroalkanoic acids such as trifluoro-
acetate [TFA] and its higher 3- and 4-carbon [i.e. pentafluoropropionic and 
heptafluorobutyric acid] homologues) have also been used as pairing-ion agents 
(Inchauspe et al. 1987; de Miguel et al. 1987). The use of perfluorinated carboxylic 
acids as ion-pairing agents is of special significance because of their evaporative 
properties (See below). 
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In recent years, RP-IP HPLC has supplanted even the use of IE-HPLC in the 
bioassay of the highly-charged metabolites of ^-dependent antiviral nucleoside 
analogues (Riley et al. 1990). This is clearly illustrated, appropriately enough, by the 
many descriptions of several different variations of the RP-IP HPLC used to 
investigate the anti-herpesvirus agent PCV and its metabolites (Sec. 1.7.2.5), this, 
despite PCV having only recently been introduced (Larsson et al. 1986; Boyd et al. 
1988; Fowles and Pierce 1989; Vere Hodge and Perkins 1989; Winton et al. 1990; 
Earnshaw et al. 1992; Fowles et al. 1992, 1994; McMeekin et al. 1992; Boike et al. 1993; 
Sutton and Boyd 1993; Vere Hodge et al. 1993; Filer et al. 1994; Sacks et al. 1994; 
Bebault et al. 1995a,b; Hamzeh et al. 1995a,b; Hsu et al. 1995; Shaw et al. 1996). 

There are a number of advantages to using RP-IP HPLC to study nucleosidic 
agents not afforded by alternative chromatographic techniques, although these 
benefits tend to be somewhat more removed. Reverse-phase buffers, for example, 
do not contain the same high concentration of salts commonly used in alternative 
(particularly ion-exchange) HPLC methodologies (Brown 1994; Munholland et al. 
1989). These salts have been shown to interfere with any number of procedures 
subsequent to preparative chromatography, including the enzymatic synthesis of 
oligonucleotides (Huber et al. 1993), the purification of chemically synthesized 
oligonucleotide fragments (Munholland et al. 1989), as well as in the analyses of 
proteins (Johansson et al. 1991; Jeno et al. 1993), nucleic acids (Huber et al. 1993) and 
nucleic acid digests (Munholland et al. 1989). The use of RP-IP HPLC, therefore, may 
benefit studies where low salt concentrations are required. However, in most 
studies designed to measure the levels of an antiviral agent's bioactive metabolites, 
the amount of solute in the eluent following HPLC separation is generally, and at 
best, particularly low. It often becomes necessary to concentrate collected fractions in 
order to bring the analyte of interest to a detectable level (Ayisi et al. 1985,1986; Vere 
Hodge and Perkins 1989; McLaughlin and Henion 1992; Goossens et al. 1994). 
Predictably, however, concentrating pooled fractions also concentrates even the 
relatively low levels of salt present in RP HPLC effluent, sometimes to the point 
where these salts can, again, interfere with the analyte's intended use or subsequent 
analysis. If such concentrations of salt are reached, dialysis or other de-salting 
techniques (including, for example, column switching or the use of post-column 
micromembrane suppressors) may be required in order to effect their removal 
(Conboy et al. 1990; Jeno et al. 1993; Zell et al. 1997). Unfortunately, post-column 
methods are not only difficult to implement; they also tend to augment post-
column dead volume and band broadening (See McLaughlin and Henion 1992). 
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Post-column modification of collected fractions (as with any extraneous treatment of 

samples) will also contribute to an unspecified loss of the analyte. 

1.10.3.3 The Use of Volatile Buffers (VB) in H P L C : 

One method for avoiding the limitations set with the inorganic/non-volatile 

salts used in conventional H P L C buffers has come from substituting all the non

volatile constituents in these buffers with those having evaporative properties 

(Mahoney and Yount 1984; Barnes et al. 1985; Munholland et al. 1989; Huber et al. 

1993; Goossens et al. 1994). With the use of volatile H P L C buffers ( H P L C V B ) , 

collected fractions can be easily concentrated to desired specification using relatively 

simple evaporation techniques, without significant loss of the desired analyte 

(Inchauspe et al. 1987). 

Although the development and use of these buffers in H P L C has not been 

nearly as widespread as has conventional non-volatile buffer systems, the use of 

volatile buffers has been described for both ion-exchange (Munholland et al. 1989; 

Van den Eijnden-Van Raaij et al. 1987; Guile et al. 1994) and reverse-phase H P L C 

methodologies (Van Haastert 1981; Hoffman et al. 1988; Ball et al. 1992; Chantry et al. 

1992; Gordon et al. 1992; Kurttio et al. 1992; Lewis and Sellin 1992; Mierke et al. 1992; 

Poon et al. 1992; Shaw et al. 1992; Stearns et al. 1992; Steffenrud and Maylin 1992; 

Yamane and Abe 1992; Yamane and Ishikawa 1992; Evans et al. 1993; Jeno et al. 1993; 

Kostiainen et al. 1994; Lawrence et al. 1994). Volatile buffers have also been used i n 

the bioanalyses of nucleosides, nucleotides and their antiviral homologues. 

Although IE-HPLC volatile buffer systems (IE-HPLCVB) have been described in the 

characterization of nucleotides and oligonucleotides (Barnes et al. 1985; Munho l land 

et al. 1989), the use of these buffer systems is more common in reverse-phase 

chromatography. For example, volatile buffers used with RP H P L C (i.e. R P - H P L C V B ) 

have been described in studies of naturally-occurring nucleobases (Berger et al. 1992), 

nucleosides (Blakely et al. 1980a,b; Berger et al. 1992; Serrano et al. 1993), nucleotides 

(i.e. monophosphates [Blakely et al. 1980a; Goossens et al. 1994]), oligonucleotides 

(specifically PCR amplification products) and nucleic acid restriction fragments 

(Huber et al. 1993). 

R P - H P L C V B has also been used to study modified (again, naturally-occurring) 

nucleosides (Serrano et al. 1993; Cong et al. 1994; Takeda et al. 1994a,b) and 

nucleotides of nucleic acid hydrolysates (Takeda et al. 1991), as well as several 

synthetically derived nucleobases (Berger et al. 1992; Reiser and Fogiel 1994) and 
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nucleosides (Esmans et al. 1987; Berger et al. 1992; Takeda et al. 1991, 1994a,b; Eder 
and Hoffman 1993) - including, both antiviral (Szinai et al. 1991b; Jajoo et al. 1992; 
Knebel et al. 1995) and anti-neoplastic nucleoside congeners (Blau et al. 1987; Weber 
et al. 1994; Jackson et al. 1995). 

Finally, there have been descriptions (albeit infrequently) of reverse-phase 
volatile buffer HPLC systems formulated to also contain a volatile ion-pairing agent* 
(i.e. RP-IP H P L C V B ) - RP-IP H P L C V B systems, for example, have been used for the 
chromatography of complex mixtures of nucleosides and their phosphorylated 
(charged) metabolites (Van Haastert 1981; Mahoney and Yount 1984; Hoffman et al. 
1988; Fathi et al. 1991; Verheij et al. 1991; Hotta et al. 1993; Goossens et al. 1994; Huber 
et al. 1993). Comparable RP-IP H P L C V B systems have also been used in the study of 
several antibiotics (Inchauspe et al. 1987; de Miguel et al. 1987; McLaughlin et al. 
1992; Getek et al. 1991; Schneider et al. 1993; Porter 1994), antimycotics (Hoffman et 
al. 1988), the anti-retroviral nucleoside analogue CBV (Zimmerman et al. 1993; See 
above) and the non-nucleoside trypanocidal/experimental anti-retroviral agent 
Suramin** (Verheij et al. 1991). Interestingly, a RP-IP H P L C V B system has also been 
described in the bioanalysis of a non-antiviral nucleotide analogue: [/J,y-32P]8-
N3ATP*** and its (32ppi) side products (Mahoney and Yount 1984). 

The advantage of using a volatile HPLC buffer system includes many of those 
associated with the use of volatile extractants, and with the use of a volatile pre-
extraction wash (Sec. 1.10.1). Of even more importance, however, is that the use of a 
buffer system which is largely free of inorganic salts is also much more appropriate 
for coupling liquid chromatography to some of the more recently developed 
configurations of mass spectrometer (Verheij et al. 1991; Escott et al. 1991). For 
example, mass spectral analysis of a sample can not be generally performed if that 
sample contains inorganic/non-volatile salts of conventional HPLC buffer systems 
(especially those of various phosphates and chlorides) at concentrations in excess of 
roughly 10 mM. Specifically, the process of solvent vaporization (when incipient 

f Interestingly, Escott et al. (1991), describes the use of a non-volatile ion-pairing agent in the RP-IP HPLC-mass 
spectrometric (electron impact and chemical ionization) analysis of carboxylic acids, imidazolium iodides and 
pyridinium iodides. However, the method required that the non-volatile counterion be removed with a post-column 
'counter-current micromembrane"(on-line dialysis) system (also see Conboy et al. 1990), prior to introducing the 
sample into the mass spectrometer. 

t + Suramin, first introduced as a chemotherapeutic agent in 1920, has been used as an anti-protozoal agent to treat, 
for example, African trypanosomiasis (the "sleeping sickness" that is spread by tsetse fly). This agent, which is not a 
nucleoside analogue but is, instead, more closely related to dyestuffs (such as trypan "blue, trypan red and afridol 
violet; See Webster 1990), has been recently used, albeit unsuccessfully, as a treatment for patients with HIV 
infection because of it's capacity to inhibit retroviral reverse transcriptase (De Clercq et al. 1979; Cheson et al. 
1987). 

m Despite being an analogue of ATP, [/?,y-32P]8-N3ATP was specifically synthesized to examine the suitability of 
using the described RP-IP H P L C V B system in performing chromatographic separations, and not necessarily for 
investigating this agent's antiviral potential (Mahoney and Yount 1984). 
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droplets evaporate to form the smaller/highly-charged particles necessary in such 

analyses; Sec. 1.10.4.4) can be hampered when the concentrations of the solute are 

excessively increased. Inhibiting the process of solvent vaporization, therefore, wi l l 

suppress the formation of ions; recall also that suppression of the MS ion-signal 

may result from the use of non-volatile extractants and from even the small 

amount of residual non-volatile salts carried over and into the sample from a non

volatile pre-extraction wash. Similarly, the salt adducts which tend to form also 

function to obscure the molecular peaks as well as hinder accurate determination of 

molecular mass (Hayashi et al. 1995). The use of a volatile buffer system, on the 

other hand, allows for a near complete desolvation of column eluent in on-line 

H P L C / M S analyses (See below). In fact, the majority of all studies involving the use 

of volatile H P L C buffer systems in the bioanalyses of nucleosides, nucleotides and 

nucleoside analogues are generally those that involve the use of a mass 

spectrometer. 

1.10.4 Mass Spectrometry of Nucleosides, Nucleotides and their Antiviral Homo
logues: 

For several decades now, various configurations of mass spectrometer have 

been used for the detailed structural analysis of nucleobases, nucleosides and even 

nucleotides (See McClosky 1990; McClure and Schram 1994). In particular, mass 

spectrometry has been used to substantiate the chemical syntheses of antiviral 

nucleoside analogues (Reefschlager et al. 1983; McGuigan et al. 1994), non-

nucleoside antiviral derivatives (Kane et al. 1988a; Ehlhardt et al. 1993) and for 

identifying undefined metabolic species generated from a variety of nucleosidic 

agents (Robinson et al. 1984; Blau et al. 1987; Szinai et al. 1991a,b; Zimmerman et al. 

1993; Weber et al. 1994). However, compared to H P L C / U V , the use of these detectors 

in the research of nucleosides and their antiviral homologues has been greatly 

lacking (See Riley et al. 1990). 

Despite the potential for enhanced sensitivity and selectivity, the use of mass 

spectrometry for analyzing nucleosidic compounds has been difficult to institute 

(Games 1983; Lawrence et al. 1994; Siuzdak 1994). Much of this difficulty can be 

attributed to the inconsistencies that exist between the general operating parameters 

defined by most "early" (pre-1980's) mass spectrometers, and the m i n i m a l 

conditions needed to maintain the structural integrity of nucleosidic agents during 

assay. For example, most nucleosidic compounds are unstable when subjected to 

the "energy-sudden" high-energy ionizations and high temperatures delivered by 
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conventional forms of mass spectrometer. However, it was not until the 
introduction of the most recent configuration of these instruments that routine 
mass spectral analyses of nucleosides, nucleotides and their antiviral homologues 
were done exclusively using "energy-sudden" ionization techniques. These early 
techniques (which include electron impact [EI] and chemical ionization [CI]-mass 
spectrometry) produce the free ions used in these analyses by applying local high-
energy densities to the sample (See Escott et al. 1991). 

More recent configurations of mass spectrometer have been developed which 
do not involve the use of high-energy densities but rely, instead, on the more gentle 
conditions associated with intense electric fields used to produce the necessary free 
ions. These high-field/"soft" ionization techniques can be used to generate free ions 
in either a vacuum (such as in field desorption [FD] and electrohydrodynamic 
ionization [EHDI] techniques) or, as is now more common, at atmospheric pressure 
in the presence of a nebulizing (bath) and drying gas. These succeeding atmospheric 
pressure ionization (API) techniques, also known as "spray" techniques, have been 
categorized according to how each produces its charged droplets (i.e. fast atom 
bombardment [FAB] MS, thermospray ionization [TSP] MS, and electrospray 
[ionspray] ionization [ESI] MS). 

The spray methodologies are, altogether, quite recent, having only been 
developed within the last 20 years. The first to be introduced was FAB-mass 
spectrometry, developed in the late 1970's/early 1980's by Devienne and Roustan, 
and Barber and co-workers (Devienne and Roustan 1976; Barber et al. 1981). This 
was followed closely with the development by Vestal and others of TSP MS (Blakley 
et al. 1980a). In the mid 1980's, Fenn and co-workers instituted the technique of 
electrospray ES MS (Whitehouse et al. 1985), later modified by Henion and others 
(i.e. pneumatically assisted), in a process they termed electrospray (ionspray) 
ionization (ESI) MS f (Bruins et al. 1987; Covey et al. 1988). What tends to make 
these spray techniques so remarkable relative to the energy-sudden methodologies 
of conventional MS analyses is that they can be used to analyze polar molecules 
without necessarily having to chemically derivatize the analyte. 

Because atmospheric pressure ionization techniques encompass a much 
"softer" ionization process - and do not require that the sample be in a vapour 
phase prior to analysis, its utilization has also proven to be much more effective in 

f Electrospray ionization and nebulization-assisted ESI (or ionspray) are considered to be largely equivalent 
because the instrumentation and mass spectra that they produce are nearly identical (Smith et al. 1990). There is, 
however, some improvement in the stability of the spray when the process is pneumatically-assisted, although this 
does tend to make the method somewhat less sensitive (Smith et al. 1990). 
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the study of thermally-labile and polar molecules (Siuzdak 1994). Finally, these 

spray techniques have also been shown to be exceptionally useful in efforts to 

develop methods that combine liquid chromatography with on-line mass 

spectrometric detection. 

However, even within the framework of these various spray techniques, the 

standard operating conditions associated with the use of different API interfaces can 

be wide-ranging. The choice of which spray method to use to examine a nucleoside 

or nucleotide can be critical to the success of the bioanalysis. For example, in F A B 

MS, sample ionization (as the name suggests) occurs from directing a beam of fast 

atoms (produced by collisionally neutralizing an ion beam generated by an ion gun; 

See Crow 1984) onto a liquid matrix (commonly glycerol) containing the analyte of 

interest. Impacting the liquid matrix in this manner tends to generate either the 

protonated or deprotonated quasimolecular forms of the analyte (positive [M+H]+ or 

negative [M-H]- ions), along with a quantity of structurally informative fragment 

ions, as well. A n d though controlled fragmentation of an analyte (i.e. collision-

induced dissociation [CID]; See Cooks 1995) can be of enormous benefit when 

applied in mass spectral analyses (such as in tandem mass spectrometry [i.e. 

M S / M S ] ; See Yost and Boyd 1990; Fenselau and Smith 1992), too early a 

fragmentation (such as that which can occur within the ion source) will often serve 

only to diminish the detectability of the analyte. It is because of this tendency of 

analytes to fragment in the ion source that the use of F A B MS may be not always be 

suitable for the analysis of certain nucleosidic agents. 

In similar fashion, atmospheric pressure chemical ionization (APcI) MS and 

TSP MS tend to require operating conditions that may not always be appropriate for 

analyzing certain nucleosidic compounds. For example, in APcI MS, both the 

vaporizer (nebulizer) and ionization (corona discharge) temperatures can be 

exceptionally high. Interestingly, however, the efficiency of the ionization in APcI 

(i.e. heated nebulizer mode with corona discharge) is still reportedly 1000 to 10,000-

times greater than that of conventional EI ionization techniques (See Knebel et al. 

1995). Nebulization in TSP MS also requires considerable resistive heating of the 

analyte, although the desolvation temperature that is used with TSP MS is typically 

much lower than that used in APcI MS. It is because APcI- and TSP MS involve the 

use of such high temperatures that their use to study nucleosidic compounds (at 

least above the level of nucleoside) may be somewhat questionable. 
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1.10.4.1 Electron Impact (EI) and Chemical Ionization (CI) Mass Spectrometry: 

A l l of the nucleosides naturally present in R N A and D N A have been 

characterized with the combined use of appropriate derivatization procedures and 

EI- or Cl-mass spectrometry (See Sindona 1992; O'Donoghue et al. 1994). W h e n 

thermal vaporization of the analyte has been used, many simple pyrimidine 

nucleosides and some purine nucleosides have also been examined using this 

technique (Crow et al. 1984; Esmans et al. 1985; Alvarez and Brodbelt 1995). 

Modified nucleobases have also been characterized by EI MS and CI MS, including a 

panel of 2-alkyl (i.e. Cio to Ci8)-thio-substituted derivatives of uracil and 6-methyl 

uracil (Wyrzykiewicz and Barthowiak 1992) and several 5-substituted (i.e. fluoro-, 

bromo-, chloro- and methyl) uracils, as well (Robinson et al. 1984; Favretto et al. 

1993). Similarly, EI MS and CI MS have been used to identify and characterize 

acroline-modified pyrimidines (Eder and Hoffman 1993), as well as 5- and/or 6-

substituted uridines (Sochacki 1994). 

EI M S and CI M S have also been used for detailed structural analysis of 

nucleoside analogues. These have included, for example, a group of 

fluorosubstituted acyclic nucleoside analogues (Favretto et al. 1991), the nucleoside 

antibiotics A Z T (Sec 1.9), ara-A (Sec 1.7.2.1), cordycepin (3'-deoxyadenosine) and 

tubercidin (7-deaza-adenosine) (Alvarez and Brodbelt 1995), the anti-herpesvirus 

nucleoside analogues BVaraU (Sec 1.7.1.3.1) and VaraU (Reefschlager et al. 1983), 

B V D U (Sec 1.7.1.2.1) (Szinai et al. 1991a) and its metabolite 5-[2-bromo-E-ethenyl] 

uracil (BVU) (Robinson et al. 1984). Finally, EI MS has been used in studies of the 

investigational anti-herpesvirus 5-substituted pyrimidine derivative 5-(2-

chloroethyl)-2'-deoxyuridine (CEDU; Szinai et al. 1991b), and of the non-nucleoside 

analogue: methyl gallate (methyl-3,4,5-trihydroxy-benzoate) (Kane et al. 1988a,b). 

However, despite these many reports, the energy-sudden ionizations used in EI M S 

and CI MS are still considered largely unsuitable for the routine analyses of 

nucleosidic compounds. 

The conditions used in EI MS and CI MS are relatively harsh and often 

produce excessive fragmentation of these molecules within the ion source (McClure 

and Schram 1994). Similarly, all nucleotides (and their antiviral correlates), as well 

as many of the complex natural "hypermodified" nucleosides (such as those that can 

occur in transfer R N A ) , cannot be heat-vaporized without also destroying most of 

the analyte of interest (Crow et al. 1984). 
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1.10.4.2 Thermospray Ionization (TSP) Mass Spectrometry: 

Thermospray ionization mass spectrometry (TSP MS) does not involve the 

use of intense electrical fields to nebulize the sample, but rather uses resistive 

heating of the sample as it passes through a small diameter tube, and on into the ion 

source of the mass spectrometer. Because TSP ionizations occur at near ambient 

pressure, the problem of maintaining a high-vacuum in the ion source (as is 

necessary in CI MS and EI MS) is avoided. This is particularly relevant in view of 

the large volume of solvent vapour that tends to be generated by the TSP process. It 

is also for this reason that the TSP interface is frequently used to combine M S 

detection on-line with H P L C (Sec 1.10.5.1.2). 

TSP MS has been described in investigations of the naturally occurring 

nucleobases (Berger et al. 1992), nucleosides (Blakely et al. 1980a; Edmonds et al. 1985; 

Berger et al. 1992; Serrano et al. 1993) and nucleotides (Fathi et al. 1991), in studies of 

(again, naturally occurring) modified nucleobases (Cong et al. 1994), nucleosides 

(Esmans et al. 1987; Serrano et al. 1993) and nucleotides (Blakely et al. 1980a; Takeda 

et al. 1991) and finally in studies of chemically modified nucleobases (Berger et al. 

1992) and nucleosides (Berger et al. 1992; Eder and Hoffman 1993). TSP MS has also 

been used to characterize the anti-neoplastic nucleoside analogue cladribine (2-

chloro-2'-deoxy-j3-adenosine) (Weber et al. 1994), the anti-HIV dideoxynucleosides, 

ddl (Blau et al. 1987) and ddC (Jajoo et al. 1992) (Sec 1.10.1) and the anti-herpesvirus 

agents, penciclovir (Fowles and Pierce 1989; Filer et al. 1994) (Sec 1.7.2.5) and B V D U 

(specifically, the plasma metabolite BVU) (Sec. 1.7.1.2.1). Unfortunately, it is because 

of the resistive heating that is used in TSP MS that this technique is generally 

unsuitable for the bioanalysis of thermally labile molecules — particularly 

nucleotides and their bioactive (phosphorylated) antiviral homologues. 

1.10.4.3 Fast Atom Bombardment/Liquid-Secondary Ionization Mass Spectrometry: 

In fast atom bombardment (FAB)-mass spectrometry (also known as liquid-

secondary ionization mass spectrometry [1-SIMS; See McClure and Schram 1994]), 

the sample is maintained at or near ambient temperature (and pressure) prior to 

ionization (Reiser and Fogiel). Compared to EI-, CI-, APcI- and TSP MS, the use of 

FAB-mass spectrometry is much better suited to the analysis of thermally labile 

compounds, and as a result, has been used to study many different nucleobases, 

nucleosides and nucleotides. 
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FAB MS, and a recent modification of this technique, continuous-flow (cf)-
FAB MS (See Caprioli 1990), has been used to determine the structural and 
fragmentation profiles (i.e. FAB MS/MS; CID [collision-induced dissociation]) of 
several major (Crow et al. 1984; Claerebouldt et al. 1993; Takeda et al. 1994a) and 
minor nucleosides (Crow et al. 1984; Takeda et al. 1994a,b), of several substituted 
purine (guanosine and adenosine, tubercidin and nebularine) derivatives (Crow et 
al. 1984), and of several halogenated (8-chloro- and 8-bromo-) nucleosides (Langridge 
et al. 1993b). Parenthetically, FAB MS and FAB MS/MS have also been used to 
characterize several cytokinins+ as well (Greco et al. 1992; Imbault et al. 1993). 

There have also been descriptions of FAB MS being used to characterize 
antiviral nucleosides, including: the 5-substituted anti-herpesvirus pyrimidine 
analogue CEDU (Sec 1.10.4.1) and its metabolites (Szinai et al. 1991b), the anti-
retroviral agent: 2',3'-dideoxyuridine (ddU; See 1.10.1), several of its phosphor-
amidate derivatives (McGuigan et al. 1994), as well as a number of different 
fluorosubstituted acyclic nucleoside analogues (Favretto et al. 1991). 

Both the FAB MS (Newton et al. 1995; Verheij et al. 1991) as well as the CID 
(fragmentation) profiles (Mallis et al. 1987) of most of the major nucleotides have 
been determined. FAB MS has also been used to identify several novel nucleotides 
(i.e. aminoacylnucleotides and trisnucleotides [Newton et al. 1995]), modified 
nucleotide- (and nucleoside-) pyrrolizidine alkaloid adducts (Tomer et al. 1986), 
halogenated nucleotides and their metabolites (Langridge et al. 1993a,b), and to 
characterize various major (Newton et al. 1995), minor (i.e. methylated) (Takeda et 
al. 1994a) and synthetically halogenated (Langridge et al. 1993b) cyclic nucleotide 
derivatives. In addition, several important bioactive dinucleotides (Crow et al. 1984; 
Moser and Wood 1988; Hotta et al. 1993) and oligonucleotide-carbamate analogues 
(Laramee et al. 1989) have been examined using FAB MS. Finally, FAB MS has been 
used to characterize sugar-nucleotides (Li et al. 1993) and to confirm the structure of 
a number of biologically active (i.e. immunomodulatory, antitumor) oxysterol-
nucleoside and oxysterol-nucleoside analogue derivatives as well (Pannecoucke et 
al. 1992). 

Again, despite these numerous examples, there still exists a level of 
incertitude associated with FAB MS in the study of nucleosidic compounds. At 
issue in particular, and as previously discussed, is the tendency for FAB ionizations 

f Cytokinins, which generally occur as free bases, ribosides, ribotides or glucosides in plants, are largely N6-
substituted derivatives of adenine (See Imbault et al. 1993). The methods used to generate mass spectral profiles of 
these agents therefore are relevant to the development of similar techniques that can be used to study antiviral 
nucleosidic agents. 

85 



to induce unspecified fragmentation of structurally labile analytes within the ion 
source. As a consequence, relatively large quantities (mid-nanogram/ul) of sample 
are generally required in order to produce an informative FAB MS spectrum 
(McClure and Schram 1994). The need for such amounts of sample has, therefore, 
tended to hinder the development of this technique for the routine bioanalysis of 
nucleosidic molecules, particularly when sample quantities are limited. 

1.10.4.4 Electrospray (Ionspray) Mass Spectrometry: 

Electrospray (ionspray; ESI) MS is arguably the "softest" of all the MS-
ionization techniques (Smith et al. 1992; Siuzdak 1994). An unprecedented example 
of, both, the versatility and the relative mildness of the ionization process in ESI 
was illustrated in a recent study in which preparations of whole/live virus (tobacco 
mosaic virus and rice yellow mottle virus) were characterized (i.e. mass-analyzed, 
ion filtered and then collected) using ESI MS (Siuzdak et al. 1996). The "viral ions" 
generated in the gas phase by the electrospray process were seen to not only 
maintain their native bio-molecular structure (as confirmed by transmission 
electron microscopy), but of also to survive the ESI MS characterization, as well. 

The major characteristic of ESI MS of biomolecules is the abundance of 
multiply charged molecular ions and the lack of analyte fragmentation* (Smith et al. 
1990). In fact, the relative mildness of the ionization process is such that ESI MS can 
preserve, both, specific and non-specific non-covalent associations between 
(bio)molecules (Smith et al. 1992; Jaquinod et al. 1993; Smith and Light-Wahl 1993; 
Bayer et al. 1994; Loo et al. 1994; Ding and Anderegg 1995; Przybylski et al. 1995), 
surprisingly, even into the gas phase (See Rockwood et al. 1991). It is because ESI MS 
is non-fragmentary that the limits of detection (See Boyd 1993; Boumans 1994) can 
extend to as low as the subfentomole to attomole range for some compounds 
(Ikonomou et al. 1990), including large nucleotides (>10 kDa), proteins (McLafferty 
and Senko 1994; Valaskovic et al. 1995), nucleosides (Banks et al. 1994) and modified 
nucleotides in DNA hydrolysates (Barry et al. 1996; Leclercq et al. 1997). 

As part of the ESI process, samples are passed through a high-voltage capillary 
tube and into a strong electrostatic field. As the sample emerges from the capillary 
tube and into this field, a fine spray of small, effectively and highly (often multiply) 

* It is because ESI produces highly charged ions which fall into a moderate mass-to-charge (ir/z) range (regardless of 
molecular weight), that quadrupole mass filters have been used for nearly all the early ESI-MS work. Generally 
speaking, quadrupole mass analyzer(s) used in combination with an ionspray interface, are reasonably 
accommodating, comparatively inexpensive, and often provide excellent mass accuracy. 
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charged droplets is formed. Aerosolization of the sample is facilitated with a 
countercurrent high-velocity stream of warm (typically) nitrogen gas which also 
serves to further promote the evaporation/desolvation of each droplet. Droplets 
travel along electric field lines towards the mass analyzer(s). As each droplet 
continues to evaporate, its liquid surface becomes increasingly unstable, eventually 
fragmenting to produce microdroplets. It is with the desolvation of these 
microdroplets that ion desorption is believed to take place* (See Bruins 1991). 
Ionization in ESI MS, therefore, tends to differ considerably from the process 
involved in TSP, where the droplets generated in TSP MS are only "presumably" 
charged, and that the charge that is carried tends to be variable (Jackson et al. 1995), 
and usually much lower than what is observed in ESI (Arpino 1992). More 
importantly, however, is the fact that the nebulization and ionization that occurs in 
ESI, takes place at or near ambient temperature, a feature which clearly contrasts to 
both TSP and APcI methodologies. Although the amount of time that samples 
actually spend in the "hot zones" in moving-belt, particle beam and LC/TSP MS 
interfaces is generally rather short, limitations are necessarily imposed on the 
analysis of thermolabile samples (Bruins 1991). 

Because ESI MS uses high-field ionization, and is performed at ambient 
pressure and temperature, it would seem ideally suited for the bioanalysis of 
thermally labile compounds. However, compared to FAB MS, the use of ESI MS to 
study the monomeric constituents of nucleic acids (i.e. nucleobases, nucleosides, 
nucleotides or their many antiviral and anti-neoplastic derivatives) has been rather 
limited. For example, in a recent review on the use of mass spectrometry to study 
nucleotides and oligonucleotides (See McClure and Schram 1994) only two reports 
were cited in which selected nucleotides (AMP and ADP [Whitehouse et al. 1985] 
and ATP [Hiraoka and Kudata 1990]) had been characterized using an electrospray 
interface. 

More recently, ESI has been used in characterizations (m/z determinations) of 
the naturally occurring nucleobases: cytosine, adenine and guanine (Ikonomou et al. 
1990) and to determine the fragmentation profiles of several deoxymononucleoside 
(3'- and 5'-) monophosphates and deoxydinucleoside monophosphates (Habibi-
Goudarzi and McLuckey 1994; Janning et al. 1994). Similarly, ESI MS (and ESI 
MS/MS) has also been used in the study of synthetic analogues of nucleobases and 

In one recent study, the evaporation of solvent from charged droplets was described as being unessential to the 
process of ion desorption. It was suggested, instead, that ion desorption in ESI can take place directly at the 
'Taylor Cone" (the short liquid stem at the solution/air interface) as the sample emerges from the high-voltaee 
capillary tube (Siu et al. 1993). 6 5 6 
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nucleosides and their metabolites, including the antiretroviral agents ddC (Sec 

1.10.1; Chadwick et al. 1995), and C B V (Sec 1.10.3.2; Zimmerman et al. 1993), to 

characterize the substituted uracil herbicide: bromacil (Reiser and Fogiel 1994), to 

confirm the chemical structure of a number of antiproliferative nucleoside-

phospholipids (Brachwitz et al. 1997), and to investigate the biotransformation of an 

experimental anti-influenza virus nucleoside (nucleobase) analogue 1, LY217896, as 

well (Ehlhardt et al. 1993). 

Understandably, the relative paucity of reports describing the use of ESI M S to 

research nucleosides, nucleotides and their antiviral homologues can be attributed, 

in large part, to the newness of the technology. However, it may also stem from the 

fact that ESI MS has, instead, found great utility for the analysis of high molecular-

weight biomolecules (McClure and Schram 1994). For example, the use of ESI M S 

has been described in studies of gangliosides (Ghardashkhani et al. 1995), 

polypeptides (Smith et al. 1990, 1992; Johansson et al. 1991; Mierke et al. 1992; 

Lawrence et al. 1994), proteins (Smith et al. 1990; Kelly et al. 1992; Huitema et al. 

1993; Jaquinod et al. 1993; Smith and Light-Wahl 1993; Bourell et al. 1994), protein 

dimers (Smith et al. 1992) and, as mentioned, even of whole virus preparations 

(Siuzdak et al. 1996). 

ESI MS has also been widely used in nucleic acid research to produce mass 

spectral profiles of high molecular-weight oligonucleotides, and used to characterize 

a number of different common and minor (naturally-occurring and synthetically 

derived) oligonucleotides of various lengths and composition (Matray et al. 1997; 

Singh et al. 1997). For example, determination of the base composition, as well as 

verification of the nucleotide sequence, of a wide range (i.e. dimeric to 132-mer) of 

natural and chemically modified D N A and R N A oligonucleotides has been 

achieved using ESI MS (Smith et al. 1990; Kowalak et al. 1993; Janning et al. 1994; 

Little et al. 1994, 1995; Potier et al. 1994; Barry et al. 1995; Deroussent et al. 1995; 

Schrader and Linschied 1995; Wickham et al. 1995; Boschenok and Sheil 1996; 

Deforce et al. 1996; Lowe et al. 1996; N i et al. 1996; Leclercq et al. 1997). ESI MS has 

also been used to determine the mass spectral profile of a synthetic dodecameric 

(d[pT]i2) oligonucleotide sequence (Cheng et al. 1995) to determine the incorporation 

and fragmentation profiles of several different linear hexameric oligodeoxy-

LY217896 (l,3,4-thiadiazol-2-ylcyanamide) has been described as having structural analogy to nicotinamide and 
guanosine, although it resembles more the modified base of the broad-spectrum antiviral purine analogues 
ribaravin (l-)3-D-ribofuranosyl-lH-l,2,4-triazole-3-carboxamide; Virazole®) and tiazofurin (2-,3-D-ribofurano-
syl-imidazole-4-carboxamide), both of which are IMP dehydrogenase inhibitors (See De Clercq 1993; Wang et al. 
1996). Interestingly, ribaravin markedly potentiates the anti-retroviral properties of ddl (Balzarini et al. 1990), 
whereas tiazofurin has been shown to possess anti-neoplastic properties (See Ehlhardt et al. 1993). 
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nucleotides — each synthesized to contain the pyrimidine analogue IDU (Sec 
1.7.1.1.1), BVDU (Sec 1.7.1.2.1), ethyldeoxyuridine (EDU), or trifluorodeoxy-
thymidine (TFT) (Barry et al. 1995) and has been used to characterize both a number 
of different synthetically derived anti-HIV antisense phosphorothioate oligodeoxy-
nucleotides+ (Potier et al. 1994; Deroussent et al. 1995; Fearon et al. 1995 Griffey et al. 
1997; Gaus et al. 1997) and antisense oligonucleotide-peptide conjugates as well (Loo 
et al. 1994; Soukchareun et al. 1995). Finally, ESI MS has been used to determine the 
length and base composition of PCR-amplified nucleic acids (Wunschel et al. 1996; 
Muddiman et al. 1997), to characterize several double-stranded oligonucleotide (20-
mer/20-mer) duplexes comprised of two (including modified) oligonucleotide 
sequences (Bayer et al. 1994) and has been used for sequencing DNA, in general 
(Murray 1996). 

1.10.5 On-Line Mass Spectrometric Analysis of Nucleosides, Nucleotides and their 
Antiviral Homologues: 

Mass spectrometric analysis of nucleosides, nucleotides, and their antiviral 
homologues is performed with instruments used as stand-alone/off-line detectors 
(direct-injection/flow injection [FI MS]; See Ruzicka 1994) or, alternatively, in 
combination with any number of different chromatographic techniques including: 
gas chromatography/mass spectrometry (GC/MS); high-performance liquid 
chromatography/MS (HPLC/MS), capillary (C)-, nano (N)-, and microbore (|i)-
LC/MS, capillary zone electrophoresis (CZE)/MS and thin-layer chromatography 
(TLQ/MS (See McCloskey 1990). 

One of the earliest and most widely used methods of on-line mass spectral 
analysis is gas chromatography/mass spectrometry (GC/MS). Not surprisingly, 
GC/MS offers significant improvements in sensitivity and selectivity compared to 
most conventional bioanalytical HPLC/UV methodologies. Unfortunately, the high 
polarity/poor volatility of nucleoside analogues (and of their phosphorylated 
metabolites) has made routine GC/MS analysis of such molecules largely 
impracticable (See below). Although most nucleosidic agents can be more 
appropriately examined by liquid chromatography, it is, again, because the gas phase 
ionizations used with conventional mass spectrometric methods (such as EI- and CI 

Antisense oligodeoxynucleotides are complementary to a specific RNA sequence and have been shown to inhibit the 
expression of a targeted gene or, similarly, block the synthesis of a specific protein (Stein and Chen (1993). It is 
because these compounds have demonstrated the ability to inhibit the growth of certain types of viruses (such as, 
for example, HIV) that their development as potentially new chemotherapeutic agents has attracted so much recent 
interest. 
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MS) require the sample to be in the vapour phase (which involves high heat input) 
that the routine on-line LC/MS determination of nucleosidic agents has, until quite 
recently, been generally unworkable. 

1.10.5.1 Gas Chromatography Mass Spectrometry: 

Nucleosides, nucleotides and their antiviral homologues are considered 
much too polar and, inadequately volatile for direct bioanalysis by gas chromato
graphy mass spectrometry (GC MS), even though several derivitization techniques 
have been developed to augment the relative vapor pressure of these agents. N, O-
permethylation, acylation, silylation and alkylation have all been used to chemically 
mask the polar functional groups of nucleosides and nucleotides, and thus increase 
their relative volatility (Brown 1984; Sindona 1994). However, the overall prospect 
of having to derivatize nucleosides, nucleotides and antiviral analogues in order to 
facilitate an GC MS analysis has not been particularly alluring. For example, the 
polarity of the sugar moiety of a nucleoside can be reduced by trimetylsilylation 
(TMS) of its hydroxy groups. However, trimethylsilyl and trifluoroacetyl 
conversions tend to hydrolyze instantaneously in water and, therefore, may not be 
combined with most chromatographic techniques. Alternative derivatization 
techniques, such as permethylation, are stable in an aqueous environment, but the 
preparation of the necessary reagents and the procedures used to effect these 
conversions can be both time consuming and unreliable (Imbault et al. 1993). 
Similarly, acylation of nucleosides provides an alternative to the use of TMS, except 
that this particular derivatization technique often leads to a poorer quality of the 
chromatography. 

Pre- and post-column derivatizations of nucleosidic agents are difficult to 
institute, not only because of their previously mentioned unreactiveness, but also 
because most nucleosidic agents generally possess more than just one functional 
group, each with the potential for taking part in the conversion. As a result, 
derivatizations of nucleosides having a primary amino group (such as adenosine, 
guanosine and cytosine) require multiple reaction steps and are, therefore, 
somewhat less reliably achieved. In brief, therefore, derivatizations of nucleosidic 
agents not only generate molecules that are sometimes incompletely converted, but 
this may also result in molecules being multiply-derivatized as well (Riley et al. 
1990). In addition to having a tendency for introducing chemical artifacts, 
derivatization may also result in some masking of the analyte (Brown 1984; Crow et 
al. 1984). No less important, however, is that chemical derivatizations always 
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unduly prolong the time required for sample preparation, and often consumes a 
significant proportion of the sample, a concern, particularly if the yield of the 
derivatization reaction is unexpectedly low (Crow et al. 1984). Nevertheless, gas 
chromatography combined with mass spectrometric detection has been described in 
the bioanalysis of derivatized nucleobases (O'Donoghue et al. 1994), nucleosides 
(Esmans et al. 1985), nucleotides (Takeda et al. 1991), and has also been used to verify 
the presence of modified pyrimidines (06-alkylguanines) in nucleic acid extracts 
(Airoldi et al. 1994). It has also been used to quantify the incorporation of 5-
fluorouracil (5-FU; Sec 1.7.1.2.1) into the RNA of human and murine tumor cells 
(Peters et al. 1995). With respect to antiviral research, GC/MS has been used to 
identify an antiherpesvirus derivative of castanospermine (an alpha-glucosidase-1-
inhibitor) in cultures of herpesvirus-infected cells (Ahmed et al. 1995), and has been 
used to demonstrate increased levels of quinolinic acid in the CNS of mice with 
HSV type-l-induced encephalomyelitis, as well (Reinhard and Flanagan 1996). 

1.10.5.2 High-Performance Liquid Chromatography Mass Spectrometry: 

Traditionally, the method most often used for the definitive determination of 
nucleosides, nucleotides and their antiviral homologues in complex biological 
mixtures has been to use HPLC (Sec 1.10.2). Unfortunately, much of what is needed 
to perform liquid chromatography (particularly the composition and the flow rate of 
buffers used in conventional HPLC) is largely incompatible within the general 
operating framework of most mass spectrometer configurations (Bruins et al. 1987; 
Ikonomou et al. 1990; Iwabuchi et al. 1994). Furthermore, the physico-chemical 
properties exhibited by most nucleosidic agents, as previously discussed, serve only 
to compound the difficulties in attempting to develop a method that combines 
HPLC with mass spectrometric detection. 

Development of an on-line HPLC MS bioanalytical system for any analyte 
requires that the mobile phase that is used be completely volatile. Furthermore for 
many of the same reasons, the rate at which the mobile phase is introduced into the 
mass spectrometer tends, also, to be an important consideration. However, even 
with an appropriate volatile buffer system in place, certain mass spectrometer 
configurations (particularly EI- and CI-MS) are necessarily excluded from being 
combined with HPLC because of the problem of maintaining a high vacuum in the 
presence of excessive amounts of solvent vapour (Games 1984). 
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The development of atmospheric pressure ionization (API) techniques have 
made it much easier to combine HPLC with mass spectrometry, in large part because 
API interfaces do not require high vacuum to be maintained within the ion source. 
In TSP MS, for example, large volumes of solvent vapour are produced as resistive 
heating is used to evaporate most of the mobile phase before it enters the mass 
analyzers. For this reason, the TSP interface can accommodate flow rates as high as 
1 to 5 ml/min, well within the range of flow rates used with conventionally 
dimensioned R P - H P L C ( V B ) systems. 

It is because a TSP interface can accommodate these relatively high flow rates 
that HPLC has been so frequently combined with TSP MS detection. For example, 
H P L C V B / T S P MS has been used to characterize several nucleobases (Berger et al. 

1992), nucleosides (Blakley et al. 1980a; Edmonds et al. 1985; Esmans et al. 1987; 
Berger et al. 1992), nucleotides (Blakley et al. 1980a; Fathi et al. 1991), nucleoside 
analogues (Blau et al. 1987; Jajoo et al. 1992; Filer et al. 1994; Weber et al. 1994) and 
nucleic acid enzyme-hydrolysates (Edmonds et al. 1985; Takeda et al. 1991; Serrano et 
al. 1993; Cong et al. 1994). Interestingly, Knebel et al. (1995) used H P L C V B / A P C I MS to 
monitor the plasma levels of the anti-retroviral agent saquinavir* in an effort to 
develop a method for maintaining this agent's prime therapeutic concentration in 
human volunteers (Sec 1.9). Overall, however, it is because of the necessary use of 
high temperatures in TSP (and APcI) that H P L C V B / T S P MS (and H P L C V B / A P C I MS) 
may not always be suitable for the bioanalysis of thermally labile molecules. 

Likewise, combining H P L C V B to FAB-mass spectrometry (HPLCvB/cfFAB MS) 
for use as a technique to study nucleosidic compounds and their metabolites has 
also been relatively difficult to institute. cfFAB MS, as already mentioned, does not 
require excessive input of thermal energy and would appear, therefore, to be much 
better suited for the bioanalysis of thermally labile molecules. H P L C V B / F A B MS 
has, in fact, been used to study various nucleosides (Verheij et al. 1991), substituted 
nucleoside derivatives (Imbault et al. 1993), several nucleotides (Verheij et al. 1991) 
and for the characterization of some nucleic acid hydrolysates (Takeda et al. 1994a,b). 

Unfortunately, FAB MS is much more flow-sensitive than is, for example, 
TSP MS, restricting maximum allowable flow rates (i.e. 5 to 15 ul/min) to those 
clearly below the flow rates delivered by the majority of conventionally 

Saquinavir (ris-N-ter^butyldecahydro-2-(2(]<)-hydroxy-4-pta 
arruno}butyl)-(4aS,8aS)-isoquinoline-3(S)-carboxamide methylsulphonate) is an orally-administered/poorly-
bioavailable antiretroviraf agent whose pharmacokinetic properties have been described as demonstrating 
substantial inter- and intra-subject variability (Knebel et al. 1995). 
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dimensioned HPLC systems* (Verheij et al. 1991). In addition, and as already 
discussed, the FAB ionization process is, in itself, comparatively fragmentary. 

Unlike the energy-sudden ionizations that are used in EI- and Cl-mass 
spectrometry, sample ionization in ESI is considerably milder and is performed at or 
near ambient temperature and pressure. Also, when compared with the other 
available API interfaces, ESI does not require the application of high heat to the 
sample (such as with TSP- and APcI MS techniques), nor is the ionization process 
necessarily fragmentary (such as with FAB MS). Interestingly, the maximum 
allowable flow rate that can be used with an electrospray interface without 
pneumatic assist is roughly the same as that of H P L C V B / F A B MS. However, when 
the nebulizing activity of the electric field is augmented with the mechanical energy 
introduced by a bath gas/drying gas, flow rates as high as 100 |il/min or more 
(depending on the percentage of water in the eluate) can be introduced into the mass 
spectrometer — flow rates well within the normal operating bounds of most 
microbore (1 mm ID) and even narrow-bore/mini-bore (1.5 to 2 mm ID) HPLC 
systems. 

It is because the ESI process is amenable to at least a moderate input of mobile 
phase from a given HPLC stage that H P L C V B / E S I MS arguably represents the 
method foremost suited to the mass spectral bioanalysis of temperature-
sensitive /non-volatile molecules such as nucleosidic agents and their metabolites. 
Furthermore, as suggested by Siuzdak (1994) and Gelpi (1995), H P L C V B / E S I MS 
should soon overtake H P L C V B / T S P MS as the method of choice for combining LC 
and MS methodologies. 

* A fundamental uncertainty that has tended to hinder efforts to interface liquid chromatography to mass 
spectrometry has been the flow rates used in conventional HPLC. Interestingly, several methods have been devised 
to effectively reduce the amount of mobile phase that passes into the mass spectrometer. The first of these has been 
to simply split the column effluent such that the volume of fluid entering the mass spectrometer is reduced to that 
which is more appropriate for the instrument. The use of a splitter, however, obviously wastes much of the sample, 
and can also lead to some degree of band broadening produced by the T-connector and its associated fittings. A n 
alternative to splitting the column effluent has been the development of small-format HPLC microcolumns. By 
decreasing the internal diameter of the column, efficient high-pressure separations can still be achieved whilst 
substantially reducing the flow of mobile phase though the column. For example, the typical flow rates of a 
microbore column [~ 1 mm ID] range from 10-100 ^1/rnin, for a capillary column [-0.32 mm ID] 1-10 (il/min, and for 
a nanobore column [-0.18 mm ID] 0.1-1 |il/min. However, the selection of commercially available miniature HPLC 
columns is still comparatively limited and surprisingly expensive (See Phase Separations 1980; Micro LC Packings, 
1994), particularly in view of their relatively short shelf-life. Because the choice of stationary phase available in 
these commercial microcolumns is still limited, special purpose columns (such as those that would be more suitable 
for performing high pH separations) must be constructed and packed in-house. Fortunately, there have been several 
excellent papers describing a variety of different methods that can be used in the manufacture of these columns (Coq 
et al. 1975; Webber and McKerreli 1976; Takeuchi and Ishii 1981, 1982; Meyer and Hartwick 1984; Andreolini et 
al. 1987; Borra et al. 1987; Crescentini et al. 1988; Karlsson 1988; Southan l989;Wahl et al. 1992). Parenthetically, 
the commercial availability of appropriately sized (3-30 nl) spectrophotometric flow-cells has also lagged with 
that of microcolumns. However, the in-house manufacture of such a device is largely impractical, although a 
laboratory-made micro flow cell detector (100 nl) was described in a study by Takeda et al. (1994a). 
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H P L C V B / E S I MS has proven to be an exceptionally powerful bioanalytical 
technique used to study the disposition (Lanting et al. 1993; Porter 1994; Dodds et al. 
1997), metabolism (Subramanyam et al. 1991; Weidolf and Covey 1993; Silvestro et 
al. 1993; Iwabuchi et al. 1994; Jackson et al. 1995; Pacifici et al. 1995; Bowers et al. 1994; 
Wu et al. 1996; Anderson et al. 1997; Tracqui et al. 1997b) and toxicological properties 
(Lawrence et al. 1994; Careri et al. 1996; Tracqui et al. 1997a,c; Zuccaro et al. 1997) of a 
wide range of naturally-occurring and synthetically derived pharmacological agents. 
H P L C V B / E S I MS has also been used to characterize several antiviral and anti
neoplastic compounds as well — although not necessarily nucleoside analogues. For 
example, F T P L C V B / E S I MS has been used in the assay of several non-
nucleoside/anti-neoplastic analogues and their metabolites (Blanz et al. 1993; Davis 
et al. 1993; Kerns et al. 1994; Lui et al. 1997), and in one report which describes the 
use of this specific bioanalytical technique to characterize an anti-HIV protease, 
inhibitor (Jemal and Hawthorne 1995). Although there have been some reports' 
describing the use of H P L C V B / E S I MS for identifying the presence of adducts in 
DNA hydrolysates (Lowe et al. 1996; Leclercq et al. 1997) and in the characterization 
and metabolism of several anti-retro viral antisense oligonucleotides (Gaus et al. 
1977; Griffey et al. 1997), there have, interestingly enough, been relatively few 
descriptions of H P L C V B / E S I MS used to investigate the naturally-occurring 
oligonucleotides (Kowalak et al. 1993; Hayashi et al. 1995), or those that describe its 
use to study a nucleoside (Ooi et al. 1993). Remarkably, there appear to be virtually 
no reports describing the use of this highly-sophisticated combination of 
bioanalytical techniques in the characterization of a nucleoside analogue or, more 
importantly, of any of their bioactive anabolites. ESI MS that has, instead, been 
combined with capillary zone electrophoresis (CZE/ESI MS), or capillary gel 
electrophoresis (CGE/ESI MS), has demonstrated utility in the field of nucleic acid 
research. For example, CZE/ESI MS has been used to separate complex mixtures 
comprised of monophosphate nucleosides, pyridine and flavin dinucleotides and 
monophosphate dinucleosides (Zhao et al. 1995). CZE/ESI MS has been also been 
advanced as an extremely sensitive on-line method for detecting and identifying 
natural modifications in DNA (Janning et al. 1994), and for detecting and identifying 
DNA adducts in both synthetic oligonucleotides (Schrader and Linscheid 1995) and 
DNA hydrolysates (Barry et al. 1996; Deforce et al. 1996). Similarly, CGE/ESI MS has 
been used to investigate the metabolism of several antisense oligonucleotides as 
well (Gaus et al. 1997). However, this highly sophisticated combination of 
bioanalytical techniques, again, does not appear to have been used in the study of 
nucleoside analogues or of their bioactive metabolites. 
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1.11 Concluding Remarks: 

The human herpesviruses were among the first viral pathogens to have been 
recognized and, understandably, represent some of the most intensely investigated 
of all viruses. Efforts to advance the development of more effective antiherpesvirus 
chemotherapeutic derivatives was initially slow, but with the advent of the 
nucleoside analogue-class of antiviral agent, this field appears to have finally come 
of age. The vast improvement in the herpesvirus-directed selectivity of many of 
these nucleoside analogues has not only provided enormous benefits from a 
pharmacotherapeutic perspective, but has also brought with it the opportunity to 
exploit these agents as definitive molecular determinants of the herpesvirus itself. 
The use of such agents for the expeditious and unambiguous detection of the 
herpesviruses can only serve to advance our understanding of these viral 
pathogens, and may also lead to the development of newer, and even more 
efficacious antiviral compounds and treatment strategies. 

We undertook the present study in the setting of developing techniques 
which we could use to determine intracellular (i.e. trace and then ultratrace) levels 
of a nucleoside analogue's bioactive derivatives in herpesvirus-infected tissues. 

At the time that this study was initiated, there was still no definitive non
invasive method of demonstrating a deep-seated herpesvirus infection in the 
human CNS. Even with the success of recently introduced molecular diagnostic 
techniques, it is believed that a more rational approach to diagnosing HSE in 
humans may exist in the use of a radiolabeled nucleoside analogue as an imaging 
agent, in a technique that could avoid the delays necessarily associated with 
conventional -- and even molecular, diagnostic methodologies. With the 
understanding that the sugar-modified 5-substituted (radio-iodinated) pyrimidine 
analogue l-j3-D-arabinofuranosyl-E-5-(2-iodovinyl)uracil (i.e. [*I]-IVaraU) appeared 
to fit many of the criteria needed to make this a viable agent for radioimaging HSE, 
we began to examine how we could use this antiviral agent to discriminate 
herpesvirus-infected cells from uninfected cells in tissue culture. We then 
examined if these same techniques could be used to demonstrate herpesvirus 
infection in primary cultures of mammalian neural cells, and then, lastly, injected 
this agent into herpesvirus-infected animals in an attempt to visualize the virus in 
the CNS of these HSE animal models - first, using thin-section autoradiography of 
samples taken from dissected brain tissues, and then, finally, in intact animals using 
external gamma camera scintigraphy. 
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The ability to accurately detect and quantitate trace, and even ultratrace 

amounts of a nucleoside analogue, constitutes a fundamental goal in anti-

herpesvirus pharmacology. It is evident that, as antiviral nucleoside analogues 

demonstrating even greater clinical efficacy are developed, a corresponding 

advancement in the sensitivity and selectivity of the methods used to effect their 

analyses will also be required. The need for enhanced assay selectivity and 

sensitivity is compounded by the fact that almost all antiviral agents are extensively 

metabolized, and that it is these metabolites which generally possess the bulk of a 

nucleoside analogue's antiviral activity. The techniques ultimately used to 

determine the pharmacokinetic properties of these agents must, therefore, 

demonstrate a capacity for discriminating and accurately quantitating not only the 

parent compound, but its bioactive metabolites as well. Developing a technique 

with the capacity to discriminate a nucleoside analogue and its metabolites from the 

many structurally-cognate/endogenic substances found in a biological matrix 

presents a formidable challenge for the bioanalytical pharmacologist — particularly if 

the technique is to go beyond the use of radiolabels. However, many have come to 

recognize that the ability to quantitate these agents at the ultratrace level will help to 

determine an antiviral agent's intracellular pharmacotherapeutic properties, and 

that the development of a method that can be used to more accurately determine 

the optimal therapeutic range of drug concentration (particularly as it relates to the 

intracellular levels of an agent's bioactive metabolites) is central to optimizing 

antiviral dosing regimes, as well as for helping to better define the cytotoxic profiles 

of newly developed or alternative "second-line" antiviral agents. 

In a final series of experiments, we examine the development and use of a 

mass spectrometric-based assay (i.e. direct-injection MS as well as on-line 

[HPLC]/MS) that would be both sensitive and selective enough for the purpose of 

determining the intracellular pharmacokinetics of the non-radiolabeled — more 

clinically relevant nucleoside analogue, 9-(4-hydroxy-3-hydroxymethylbut-l-yl)-

guanine (i.e. PCV; penciclovir). We began by reproducing H P L C / U V 2 5 4 conditions 

used by others in previous metabolic studies of this agent, and then formulating a 

volatile H P L C buffer system conducive to the use of atmospheric pressure 

ionization (API)/electrospray (ionspray) MS. Finally, it is because herpes virus-

infected cells in patient samples (such as zosteriform blister fluid from FCV-treated 

patients) would probably require enrichment prior to H P L C / M S analysis that we 

examined the possibility of using flow cytometry as a method of immunoselection. 

This was pursued in the hope that the assay could, at some point, be used for the 

therapeutic monitoring of this, and possibly other, related, antiviral derivatives. 
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2 Materials and Methods: 

2.1 Tissue Culture Methods: 

2.1.1 Culture Conditions: 

The culture media used to maintain most of the primary cultures and cell 

lines used in these studies consisted of Eagle's minimal essential medium (MEM) 

supplemented with 14 m M N-hydroxyethyl piperazine-N'-2-ethanesulfonic acid 

(HEPES) buffer solution, 0.15% (w/v) Na2(CC»3), 5% heat-inactivated fetal bovine 

serum (FBS), 2 m M L-glutamine, 10 U / m l penicillin G , 10 ug /ml streptomycin and 

0.25 M-g/ml amphotericin (antibiotic/antimycotic solution; Sigma Chem., MO): 

M E M + . Culture media and media supplements were purchased from GIBCO (Grand 

Island Biologicals Co., NY), unless otherwise noted. The Culture medium used to 

maintain the Schwannoma cell (SW) line consisted of RPMIi640 (StemCell 

Technologies, Canada) supplemented with 10% heat-inactivated (HI) FBS, 0.15% 

(w/v) Na2(C03), 3 m M HEPES, 2 m M L-glutamine and antibiotic/antimycotic 

solution: RPMI+. 

Stock cultures were grown in 75 cc and 175 cc culture flasks (Falcon, C A ) using 

a tissue culture incubator with a humidified atmosphere of 5% CO2 and a 

temperature of 37°C. 

2.1.2 Preparation and Maintenance of Cell lines and Primary Cultures: 

2.1.2.1 Somatic and Neural Cell Cultures: 

The cell lines used in these studies included: African green monkey kidney 

(VERO) cells of passage number (-P)i8(+) (American Type Tissue Collection; A T C C , 

MD), Primary rabbit kidney (PRK) cells -P3+, Human foreskin fibroblasts (HFF)-P3+ 

(Clonetics, MD) and the Human embryonic lung fibroblast (HELF)-P6+ (ATCC) . 

The neural cell line used in these studies (the human Schwannoma [SW] cell 

line ST88-14-P5-2o) was derived from a soft-tissue neoplasm of a patient with 

neurofibromatosis type-1 (as described by Fletcher et al. [1991]), and subsequently 

adapted to tissue culture by Reynolds et al. (1992). The SW cell line was generously 

provided to us by Dr. S. Straus (NIH, MD). 
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2.1.2.2 Preparation of Mixed Primary Glial Cell Cultures: 

Mixed and enriched primary glial cell cultures used in these studies were 

prepared from porcine, bovine and lapine brain tissue (Fig. 2.1). Whole porcine and 

bovine brains were purchased from a local slaughterhouse. Rabbit brains were 

dissected from laboratory animals that had been euthanized with S o m n o t o l ® ( M T C 

Pharm., Canada). Brain tissue was transported to our laboratory in a sterile air-tight 

receptacle containing 50 ml to 200 ml of ice-cold Hank's balanced salt solution 

(HBSS) which was purchased as calcium/magnesium-free: HBSS(civr)/ then 

supplemented with 10 U / m l penicillin G , 10 ug/ml streptomycin and 0.25 ug /ml 

amphotericin: HBSS+(CM - ) - Tissues were handled using aseptic technique, with 

somewhat higher concentrations of antibiotics used to suppress bacterial growth i n 

suspect tissue samples. Tissues were washed in 3 to 5 changes of HBSS+(C]vr) (4°C) 

and transferred to glass petri dishes for subsequent processing. The methods used 

for the preparation of glial cultures from brain tissue have been previously 

described (Smyrnis et al. 1986). Briefly, all meninges and larger blood vessels were 

first removed from tissue samples. Brain material was then exhaustively minced 

using a scalpel and curved scissors to prepare tissues for enzymatic digestion. W h e n 

adequately minced, tissues were transferred by large-bore 10 ml plastic pipette 

(Falcon) to a flask containing 300 ml of HBSS(CJVT)/ 20 ug /ml DNAse (Sigma) and 

0.25% trypsin (v/v). Tissues were then enzymatically digested with trypsin and 

DNAse for 60 min at 37°C. Tissue disruption was facilitated with use of a magnetic 

stirrer operated at a medium setting. Trypsinization was terminated with the 

addition of FCS (to 1%) to the tissue digest mixture. Tissue digests were then 

processed into single-cell suspensions using gentle trituration with a narrow-bore 10 

ml plastic pipette (Falcon), followed by passage through a custom-modified 

Buchner-funnel assembly fitted with a pre-wetted nylon mesh (100 urn opening). 

Filtration was assisted with the use of mild vacuum and gentle stirring. The 

cellular filtrate was then centrifuged at low speed (1,500 rpm) for 10 min at 20°C, to 

form a loose pellet. Loose pellets were resuspended in 3 volumes of H B S S + , added 

to a mixture of Percoll® (polyvinylpirroladone-coated silica gel; Pharmacia, Sweden) 

and XlO-concentrated HBSS (in a ratio of 20:9:1, respectively), before being 

transferred to 35 ml Oakridge® centrifuge tubes (Falcon). 

A Beckman high-speed refrigerated centrifuge equipped with a JA-17 fixed-

angle rotor (operated at a speed of 15,000 rpm for 30 min, and 4°C) produced the 

spontaneous/continuous density gradients that would separate the glial-cell fraction 

from the side-products of the tissue preparation. Following centrifugation, a myel in 
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Figure 2 . 1 : Preparation of Percol®-enriched mixed neural (glial) primary 
cell cultures. r . l L L. 
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"cap" and erythrocyte pellet could be readily identified. The floating layer of myelin 
was removed by careful aspiration, allowing access to a cloudy neuroglia-containing 
intermediate layer. Intermediate fractions were then pooled, diluted in three 
volumes of HBSS+ and centrifuged (1,800 rpm) for 10 min using a table-top 
centrifuge. Resulting pellets were then washed X2 with HBSS+ (in sequential 
centrifugations of 1,800 rpm for 10 min) before finally being resuspended in feeding 
medium (MEM+) to produce cell suspensions of approximately lxlO 6 cells/ml. 

Glial cell preparations were seeded onto 25 cc plastic tissue culture plates at a 
density of approximately lxlO6 to 5xl06 cells/plate and maintained at 37°C in a 
humidified 5% CO atmosphere for at least 24 hours. 

2.1.2.2.1 Astrocyte and Oligodendrocyte-Enriched Cultures: 

The methods used to further enrich the various glial-cell constituents from 
freshly prepared Percoll-isolated mixed primary cultures, are based on the property 
of oligodendrocytes and astrocytes to differentially adhere to the plastic surface of the 
growth receptacle, as has been previously described (McCarthy and de Vellis 1980). 

Percoll-enriched glial cells were maintained in plastic tissue culture flasks for 
at least 24 hours to allow sufficient time for the plastic-adherent astrocytes to attach 
onto the surface of the culture flask. The oligodendrocytes, which remained only 
loosely associated with the flask's surface and with the surface of the forming 
astrocyte monolayer, could then be easily removed using the mild shear-force 
generated by the gentle swirling of the culture flask. This was repeated over several 
days. From between lxlO6 to 3xl06 harvested cells were then transferred into each 
well of a fresh 6-well tissue culture plate for subsequent characterization or, 
alternatively, seeded directly onto custom-made 9 mm diameter Aclar® plastic 
covers lips (Allied Chem., NY) at approximately 10,000 cells per coverslip. 

To facilitate the attachment and subsequent growth of cell preparations on 
plastic coverslips, the Aclar was coated prior to use with a solution of 10 ug/ml poly-
L-lysine (Sigma), washed once with distilled water and then air-dried under a 
bactericidal lamp for several hours (Yavin and Yavin 1984). Mixed primary glial 
cultures prepared in this manner have been shown to possess cellular homogeneity 
approaching 98% (Smyrnis et al 1986). Cultures of both oligodendrocytes and 
astrocytes were maintained in vitro for periods of a few days to several months. 
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2.1.3 Herpesviruses Stocks: 

2.1.3.1 Herpes Simplex Virus type-1 (HSV type-1): 

The HSV type-1 strains used in the present study included the laboratory 
strains KOS and F-strain (from Dr B. Roizman; University of Chicago, IL), and the 
Maclntyre strain (purchased from ATCC). 

The thymidine kinase-negative (£/r)/acyclovir-resistant (ACVr) HSV type-1 
mutants ACGr4 and SCI6R5C1 were a gift from Dr D. Coen (Harvard Medical School, 
MA). The laboratory-constructed KOS thymidine kinase-deletion mutant KOS-SB 
was a gift from Dr W. Jia (Dept Surgery/Ophthalmology, University of British 
Columbia (UBC) Health Sciences Center Hospital (HSCH) ~ VGH site. 

The HSV type-1 clinical isolate (CI) NK 615.8 was immunocytochemically 
defined and subsequently characterized as an ACV r /DNA polymerase (pol~) mutant 
strain (tk+/pol'). CI's were collected by the HSCH Herpes Clinic ~ UBC site. 

2.1.3.2 Herpes Simplex Virus type-2 (HSV type-2): 

The HSV type-2 strains used in the present study included the laboratory G-
strain and 150/A-strain, both purchased from ATCC. 

2.1.3.3 Varicella-Zoster Virus (VZV): 

VZV used in the present study included the wild-type strain pplla (and its tk~ 
mutants: 40a2 and 44a2), as well as strain 101 (an A C V r mutant of the Ellen 
laboratory strain, a gift from Dr S. Straus; NIH, MA) and the laboratory strains: Ellen 
and Oka (a gift from Dr K. Biron; Glaxo-Welcome, NC). 

The VZV CI's, CI-1205 and CI-wt-1, were collected by the HSCH-Herpes Clinic 
~ UBC site and confirmed as being VZV using conventional immunocytochemical 
characterization. 

2.1.4 Virus Growth and Propagation: 

HSV type-1 and HSV type-2 stocks were propagated in HFF cells. In studies 
involving SW cell cultures, HSV type-1 was first passaged in SW cells prior to use. 
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High titer virus stock was prepared by first infecting just-confluent cell 
monolayers at a relatively low (0.01) multiplicity of infection (moi), and then 
incubating at 37°C until approximately 75% of the cell monolayer demonstrated 
some sign cytopathic effect (CPE). Adherent cells were then removed using a rubber 
policeman and re-passaged onto fresh monolayers. 

At 48 h to 72 h post-infection (PI), adherent cells were scraped off the culture 
vessel using a rubber policeman and centrifuged (1,500 rpm) for 10 min at 20°C. 
Infected cell pellets were then resuspended in a small volume of MEM, placed on ice 
and then sonicated with three 10 sec bursts to disrupt any remaining intact cells. 
Samples were then centrifuged (5,000 rpm) for 10 min at 20°C, to clarify the 
preparation. Virus-containing supernatants were aliquoted and stored at -70°C 
until needed. Virus suspensions were titrated to determine plaque forming units 
(PFU's)/ml using conventional plaque assay techniques. 

VZV stocks were propagated in both HFF cells or SW cells. Highest possible 
viral titers were obtained by infecting cell monolayers at a moi of -0.1. Cultures 
were then incubated at 37°C until approximately 60% to 70% of the cells in the 
monolayer demonstrated the morphological changes indicative of VZV-infection. 
Adherent cells were then removed using a rubber policeman, and the suspensions 
aliquoted and stored in liquid nitrogen until use. Virus stocks were titrated to 
determine plaque forming cells (PFC's)/ml using standard plaque assay on sub-
confluent SW cell monolayers. 

2.1.5 Herpes Simplex Encephalitis Model: 

The animals used to model human HSE in the present study were rabbits that 
had been infected intranasally with HSV type-1, using a technique previously 
described by Stroop and Schaefer (1986). 

4-week to 6-week old female New Zealand White rabbits (1,600-2,500 gm) 
were obtained from the University of British Columbia's animal facility. 
Anesthesia was induced in rabbits, before they were intranasally inoculated with the 
selected virus, using an intramuscular injection of a mixture (1:1 v/v) of Ketamine 
(30 mg/kg) and Rompun (5 mg/kg) (MTC, Pharmaceuticals, Canada). A #3.5-french 
tom-cat catheter (Sherwood Medical Supplies, MO) was used to deliver 100 LLI of 
HSV type-1 (strain F or ACGr4; and in one experiment KOS-SB) virus stock (3.7xl05 

to 3.7xl06 total PFU, respectively) directly onto the left-side cribiform plate. Sham 
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inoculum (one not containing virus), of 100 LLI of "virus transport medium" ( V T M ; 

199 medium, 2% FCS, 0.15% (w/v) Na 2 (C0 3 ) , 200 j ig/ml gentamycin and 5 ug /ml 

amphotericin B), was used in one animal as an additional control. 

The herpesvirus infection was allowed to continue for a period of from 5 to 6 

days, after which animals were injected with radioiodinated IVaraU (Sec. 2.2.2.1.1; 

2.2.2.4) and then sacrificed, or, in studies used to determine the neuropathology 

associated with intranasal infection, sacrificed directly, without prior antiviral drug-

treatment. Following sacrifice, brain tissues were removed from each animal and 

then thin-sectioned for subsequent analysis (Sec. 2.2.2.4.1) 

2.2 Herpesvirus Detection Methods: 

2.2.1 Immunological Techniques: 

2.2.1.1 Antisera: 

Cell type-specific monoclonal antibodies were purchased from Sigma (MO) 

including: 11-5B antibody (anti-2',3'-cyclic nucleotide 3'-phosphodiesterase; 

aCNPase), GA5 antibody (anti-Glial Fibrillary Acidic Protein; aGFAP) , NR4 antibody 

(anti-Neurofilament68; ocNF6s), FN-3E2 antibody (anti-Fibronectin; aFN) and a 

rabbit a G F A P polyclonal antibody (G-9269). 

The rabbit anti-HSV type-1/type-2 (strain Maclntyre) polyclonal antibody 

(B114) was purchased from Dimension Labs (Mississauga, Ont). The mouse anti-

HSV type-1 monoclonal antibody (Mh-HSVI-01 PI) and mouse anti-HSV type-2 

monoclonal antibody (Mh-HSVII-01 PI) were purchased from PharMingen, 

(Mississauga, Ont). The fluorescein isothiocyanate (FITC)-coupled mouse ant i -VZV 

monoclonal antibody (3B3) was purchased from Ortho Diagnostic Systems (Raritan, 

NJ). 

FITC- and rhodamine isothiocyanate (RITC)-coupled goat anti-rabbit or goat 

anti-mouse immunoglobulin F(ab')2 fragments were purchased from Cappel 

Laboratories (PA). 

2.2.1.2 Immunoperoxidase Staining: 

Cell type-specific and herpesvirus-specific antigen expression in virus-

infected cell monolayers was determined using a commercially available 
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immunostaining kit (Vectastain® ABC kit; Vector Labs, CA). The kit was used 
according to the manufacturers instructions with only minor modification (See 
Barnard et al. 1985). Cell monolayers were re-hydrated by briefly immersing into 
ddH20 followed with 2 to 3 rinses in HBSS+. Monolayers were then fixed in either 
ice-cold acid/alcohol (5% glacial acetic acid/95% absolute ethanol) or with a 4%-
paraformaldehyde/0.2%-picric acid (in 0.1M phosphate buffer, pH 7.4) fixative for 10 
min at -20°C. Fixed cultures were washed X3 in PBS (pH 7.4) for 5 min each, and 
then incubated with a blocking agent to prevent non-specific binding of primary 
antibody to possible Fc receptors (Traugott et al. 1979; Ma et al. 1981; Oger et al. 1982). 
Blocking solution used in ABC-staining generally consisted of 1%-normal goat 
serum (NGS), 1%-bovine serum albumin (BSA) and 0.1%-Triton-X in HBSS+. 
Cultures were blocked from 30 min to 60 min at 20°C. The blocking agent was then 
decanted off, and the primary antibody (i.e. 1:100 in HBSS for HSV-IP, undiluted for 
VZV-IP) added for 30 min at 20°C. Samples were then washed X3 in HBSS+ prior to 
being treated with a biotinylated (goat anti-rabbit, or goat anti-mouse) IgG secondary 
antibody (diluted 1:400 to 800), as supplied in the Vectastain® ABC kit. Monolayers 
were incubated in the biotinylated secondary antibody for 30 min at 20°C. Cultures, 
were washed once and subsequently incubated in ABC reagent solution (1 drop of 
reagent "A" mixed with 1 drop of reagent "B" in 10 ml of 100 mM phosphate buffer, 
pH 7.4), for 1 hour at 20°C. Monolayers were washed before finally being incubated 
in a diaminobenzidine (DAB) substrate solution (See below). 

The Vectastain® ABC kit was also used to determine the presence of HSV 
type-1 antigens in fresh-frozen air-dried unfixed cryostat thin-sections prepared 
from adult rabbit brain (Sec. 2.2.2.4.1). When an adequate autoradiographic image 
had been obtained, glass-mounted sections were post-fixed in either acetone or 
acid/alcohol for 10 to 15 min at -20°C, and then washed prior to being used to 
determine the distribution of virus, or to identify specific neural cell-types. 

The "brown"-peroxidase reaction product was generated by reacting ABC-
treated sample materials in a solution consisting of a 1:1 mixture of 0.02% H 2 O 2 with 
0.1% 3,3'-DAB (Sigma) in a 1 mM imidazole/100 mM Tris-buffer (pH 7.2) solution. 
Samples were incubated in the DAB substrate solution until a satisfactory density of 
colour developed (approximately 8 to 10 min). On occasion, the alternative "blue"-
peroxidase reaction, as described by Hsu and Soban (1982), was used to provide a 
modest increase in the contrast of the colour developed. In such instances, 60 mg of 
nickel sulphate (Fisher), 50 mg of DAB and 50 ul of a 30% hydrogen peroxide stock 
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solution were mixed together in 100 ml of 500 mM Tris-buffer (pH 7.6), and then 
added to the ABC-treated sample material. 

When an appropriate colour density had been developed, cell monolayers 
were counter-stained with hematoxylin/eosin, mounted in a drop of polyvinyl 
alcohol solution (PVA; See Valnes and Brandtzaeg 1985) and covered with a 
coverglass. PVA mounting media was prepared using PVA (type II; Sigma) mixed 
1:4 (w/v) with a 1:8 (v/v) solution of glycerol in 25 mM Tris buffer (pH 9.0). 
Samples were then allowed to set by cooling to 4°C for 20 min to 30 min. 
Alternatively, immunohistologically treated brain sections were counterstained 
with hematoxylin/eosin before being dehydrated in sequential ethanol and xylene 
washes, mounted in permount, and then placed under a coverslip for subsequent 
image analysis (Sec. 2.3). 

2.2.1.3 Direct Immunofluorescence: 

VZV-infected SW cells growing on Aclar® coverslips were directly 
immunolabeled in a solution containing the FTTC-conjugated 3B3 monoclonal 
antibody and Evans Blue counterstain as supplied by the manufacturer. Briefly, 
cultures were fixed in acid/alcohol (5% glacial acetic acid/95% ethanol v/v) for 10 
min at -20°C. Samples were then washed X3 (30 sec each) in PBS, and then blocked 
against non-specific staining by incubating in a solution of 1% (v/v) NGS in HBSS+ 
for 30 min. Samples were then overlaid with 50 ul to 75 ul of 3B3 (undiluted) for 30 
to 60 min at room temperature. After three washes in PBS or HBSS+, samples were 
then mounted in PVA and allowed to set. Cultures were viewed and photographed 
using a Nikon Microflex AFX camera mounted on an Optiphot® fluorescence 
microscope. Incubations involving the use of fluorochrome-coupled primary or 
secondary antibodies were performed in reduced light to avoid photobleaching 
(Giloh et al. 1982). 

2.2.1.4 Indirect Immunofluorescence: 

« Indirect immunofluorescence staining, based on Raff's modification of 
Coons' classical methodology (Coons 1941), was used to discriminate herpesvirus-
infected cells from uninfected cells (Kennedy 1988), and for the unambiguous 
determination of the different neural cell-types in our primary neuroglial 
preparations (Raff et al. 1979). Because the cell-type specific antiserum used in the 
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present study was directed against intracytoplasmic constituents, fixation of glial 
cultures was required prior to most immunostainings. Alternatively, the antiserum 
used to immunolabel/FACS-enriched herpesvirus-infected cells (with the target 
analyte being a surface antigen) permitted fixation of the sample either before or 
after immunostaining, an important consideration in analyses where cellular 
viability (or integrity of plasmalemma) was to be maintained. 

Cultures were fixed, whenever necessary, by incubating in acid/alcohol for 10 
min at -20°C. Samples were then washed X3 (30 sec each) in PBS, blocked for 30 min 
in a solution of 1% (v/v) NGS in HBSS+, and then treated with 50 ul to 75 ul of 
primary antibody diluted in HBSS+ (1:100) for 30 to 60 min at room temperature. 
Cultures were again washed in HBSS+ followed by incubation (30 min at 20°C) in 50 
ul to 75 ul of the secondary (fluorescein- or rhodamine-coupled) goat anti-rabbit, or 
goat anti-mouse F(ab')2 immunoglobulin, also diluted 1:100 in HBSS+. In double-
labeling experiments, equal volumes of both the primary, or of the secondary 
(fluorochrome-coupled) antibodies were added simultaneously at double their 
typical working concentration. Following washing, samples were mounted in PVA, 
as before, and then viewed and photographed with the fluorescence microscope. 

2.2.1.4.1 Fluorescence-Activated Cell Sorter (FACS) Analysis: 

We thought it feasible that electrospray mass spectrometry (ESI) may be a 
useful method for monitoring the therapeutic efficacy of antiviral agents during the 
treatment of certain herpesvirus infections of humans. For example, cells obtained 
from the blister fluid of herpesvirus lesions could be analyzed directly to determine 
PCV-TP levels during antiviral therapy. This, however, would require a method for 
isolating sufficient numbers of herpesvirus-infected cells from these lesions for such 
analyses. Unfortunately, patient samples (cells from the blister fluid of FCV-treated 
herpes zoster patients) were not yet available at the time of this study. It was for this 
reason that we decided, instead, to attempt to demonstrate PCV-TP in fluorescence-
activated cell sorter (FACS)-enriched (HSV-infected)/PCV-treated SW cell 
suspensions. FACS analysis and cell sorting was used to enrich immunolabeled 
(HSV-infected) cells from a mixed (infected and uninfected) SW cell population. 

FACS was performed using a Becton Dickinson model IV (Becton Dickinson 
FACS Systems, Mountainview, CA), located in the UBC Dept of Medicine. Forward 
(narrow) angle light scatter as well as the excitations of fluorescein emission were 
generated from the 180-200 mW power output of an argon (488 nm wavelength) 
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laser. Glutaraldehyde-fixed chicken red blood cells (CRBC) and green-fluorescent 
(1.84 urn) polystyrene microspheres (Polysciences, Warrington, PA) were used as size 
and fluorescence-intensity standards in calibrating the instrument. Forward angle 
light scatter, used to estimate event (cell) size, was detected using a photodiode in 
series with a 1 OD neutral density filter. The histograms generated on cell-size 
frequency distributions were used to determine the appropriate gate settings for 
discriminating the HSV 1-infected SW cells from cellular debris, so as to exclude the 
latter material from further fluorometric analysis. Light scatter signals were linearly 
amplified using a gain setting of between 1.0 and 2.0. FITC-emissions were 
measured at PMTi following passage through a 3-69 530 nm coloured-glass optical 
filter (Corning, NY). Fluorescence signals were linearly amplified, also using a gain 
of between 1.0 and 2.0, with PMTi voltages (723-756) adjusted to correspond to the 
CRBC reference peak in channel 180. For each frequency histogram approximately 
10,000 to 20,000 cells were counted, appropriately gated, and then analyzed for 
fluorescence. 

HSV type 1-infected SW cells were defined as those events demonstrating a 
previously determined light scatter (size) profile concurrent with FITC-fluorescence 
above that exhibited by uninfected cells. Positive fluorescence (FITC+) was defined 
as the cross-over or overlap point between simultaneously displayed histograms of 
unlabeled (uninfected/control) and immunolabeled (infected/positive) cell 
preparations, with the number of positive cells in each "window" being subtracted 
from the corresponding control (uninfected SW cell) histogram. During FACS 
analysis, small aliquots of cell suspensions were examined directly using 
fluorescence microscopy to visually confirm flow cytometric data. 40-minute cell 
sorts, allowing for approximately lxlO5 deflections to take place, were performed 
based on light scatter and fluorescence profiles chosen to correspond to only HSV 
type 1-infected SW cells. Sorted cells were subsequently assayed for the bioactive 
metabolite of the antiviral agent, by electrospray mass spectrometry (Sec. 2.5.2.1.2.1; 
2.6.2.3). 

The integrity of the sheath fluid filter (0.22 um, Millipore) and a chemical 
sterilization of the sample delivery system was ensured both prior and subsequent 
to each sort. In order to help to maintain viability of sorted cells, samples were 
collected in sterile pre-wetted 13 mm x 100 mm glass test tubes containing a small 
volume of feeding medium supplemented with additional FCS. 
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2.2.2 Radiological Techniques: 

2.2.2.1 Radiochemicals: 

Radiolabeled iododeoxycytidine ([l̂ IJ-IdC), specific activity 81.4 TBq/mmol, 
and [8-3H]-Guanosine 5'-triphosphate (tetrasodium salt; specific activity of 520 
GBq/mmol) were purchased from ICN Biochemicals (Costa Mesa, CA) and used, as 
supplied, without added unlabeled compound. 

[4'-3H]-9-(4-hydroxy-3-hydroxymethylbut-l-yl) guanine ([4'-3H]-Penciclovir; 
[4'-3H]-PCV, specific activity of 48.8 GBq/mmol), and deuterated PCV-(D5) were 
prepared in the laboratories of Beecham Pharmaceuticals Research Division and 
supplied to us by Dr Gilbart (SmithKline Beecham Pharmaceuticals, UK). 

[2'-3H]-9-[(2-hydroxyethoxy)methyl]-guanine ([2'-3H]-Acyclovir; [2'-3H]-ACV) 
(specific activity of 1295 GBq/mmol) was purchased from Sigma. 

2.2.2.1.1 Synthesis and Purification of [l25j.]-iVaraU: 

The no-carrier-added synthesis (also see Samuel et al. 1984) of the [125l]-labeled 
nucleoside analogue l-/3-D-arabinofuranosyl-E-5-(2-iodovinyl)uracil ([125I]-IVaraU) 
was based on an exchange labeling process (also see Verbruggen et al. 1986) 
incorporating [l25I]-NaI (specific activity of 2,200 |iCi/mmol; Nordion Int., Canada) 
as the radioiodine source (Fig. 2.2). The initial steps of the synthesis of [125I]-IVaraU, 
using the methods described by Dougan et al. (1993), were performed at the 
University of British Columbia's nuclear facility (TRIUMF). Briefly, 1 mg of the 
pseudocarrier l-)3-D-arabinofuranosyl-E-(2-bromovinyl)uracil (BVaraU, Yamasa 
Shoyu Co., Japan) was mixed with 1 ml of 100 mM H2SO4 and warmed to 90°C. The 
reaction mixture was allowed to cool to room temperature prior to being added to 10 
mg of ascorbic acid, 150 ug CUSO4.5H2O and 500 ug SnSC>4. This mixture was then 
mixed with 16 ul of [l25l]-NaI and heated to 90°C for 60 min to produce a 
rudimentary [125l]-IVaraU reaction product. Following cooling, the mixture was 
transferred to our laboratory, where it was purified using solid-phase extraction 
(SPE) followed by reverse-phase high-performance liquid chromatography (HPLC). 

The separation of [l25I]-IVaraU from the salts and other side products of the 
original reaction mixture was performed using solid phase extraction (SPE), in 
which the [l25l]-IVaraU-containing mixture was passed through a Sepak® (Waters 
Sci., Canada) octadecyl-bonded (Cis) assembly, followed by a 10 ml ddH20 wash and 
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Figure 2.2: Synthesis of no-carrier-added [ I]-IVaraU. 
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then elution with a 1.5 ml aliquot of acetonitrile. The Sepak was prepared for, and 
used, according to the manufacturer's instructions. The [125I]-IVaraU-containing 
eluent was then evaporated down to a volume of approximately 200 ul under a 
direct stream of nitrogen gas (~3 hours). The sample volume was then made up to 
700 ul to 800 ul using ddH 20 (a volume within the limit set by the 1000 ul capacity of 
the HPLC sample loop) and then purified using reverse-phase ion-pair HPLC, as 
described in Sec. 2.4.4.1. 

2.2.2.2 Autoradiography Standards: 

Commercially available [i4C]-carbon and [3H]-standards were purchased from 
American Radiolabeled Chem. (St. Louis, MO) and used when exposing X-ray film 
during autoradiography of drug-treated/herpesvirus-infected monolayers and drug-
treated/HSE tissue sections. 

Brain paste standards were prepared from frozen porcine and lapine brain 
tissues. Approximately 30 cc of brain tissue was thawed and placed into a large glass 
sterile petri dish for mincing. Minced tissues were then transferred to a glass 
homogenizer (Radnoti Glass Co., CA) and homogenized with XlO complete up-and-
down strokes of a frosted tight-fitting pestle. The tissue homogenate was then 
separated into 2 ml aliquots and transferred into small plastic weigh-boats at which 
point a given amount of [l25I]-IVaraU (Sec. 2.4.4.1) was added to each sample. 
Samples were mixed with the radiolabeled nucleoside analogue until 
homogeneous. The radioactive brain paste was then transferred into 1.5 ml 
Eppendorf centrifuge tubes and microfuged in order to remove air trapped in the 
samples. Samples were then snap-frozen by immersing in liquid nitrogen for 20 sec, 
after which the Eppendorf tubes were cut away leaving a frozen radioactive brain-
paste "pellet". Pellets were then mounted on-end into a layer of OCT cooling on a 
ice-layered cryostat tissue holder/chuck. 

7 um to 14 um-thick sections were then made and thaw mounted onto 
chrome alum-coated slides. Brain paste sections were allowed to dry at room 
temperature prior to exposing to X-ray film. Films were exposed for a variety of 
times and the optical densities of the images subsequently measured (Sec. 2.3). 
When X-ray images had been generated, the corresponding thin section was wiped 
completely off of the slide and gamma-counted. 
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2.2.2.3 Plaque Autoradiography: 

2.2.2.3.1 [!25i]-iVaraU Plaque Autoradiography: 

The plaque autoradiography (PA) that was used to demonstrate herpesvirus 
thymidine kinase activity in herpesvirus-infected cell monolayers was based on a 
combination of the methods described by Tenser et al. (1983) and Martin et al. (1985) 
and used here with some modification (Fig. 2.3). Monolayers of the various cell 
lines* were grown to confluence in 6-well (35 mm) tissue culture plates (Falcon). 
When confluent, cultures were overlaid with 1.0 ml of VTM (Sec. 2.1.5) containing 5 
to 100 PFU's (or PFC's) of the desired herpesvirus strain. Control monolayers were 
overlaid with VTM that did not contain virus. Inoculated cultures were then 
incubated in 5% C O 2 for 1 h at 37°C to allow for adsorption of the virus onto the cell 
monolayer. Overlays were then removed and (in HSV-infected cultures) 2 ml of 
HSV-neutralizing antibody (rabbit immune serum globulin, Dimension Labs, 
Canada) diluted 1:750 in MEM+ or RPMI+ was added to each well and incubated 
(approximately 4 days, depending on virus strain), until the formation of plaques 
was observed. Cultures were examined daily under the low-power objective of an 
inverted microscope for any evidence of cytopathic changes in the cell monolayer. 
In VZV-infected monolayers, no neutralizing antibody was added (or needed) and 
cultures generally took 3 to 4 days longer than HSV-infected cultures to demonstrate 
the first signs of CPE. 

When plaques became apparent, the culture medium was removed and each 
monolayer incubated with fresh medium containing 0.5 uCi of either [125i]-idC or 
[l25i]-iVaraU (Sec. 2.2.2.1), for 6 h at 37°C. Monolayers were then washed a 
minimum of 4-times in HBSS+/supplemented with 2% FBS to remove residual 
drug. The final wash was aspirated off, and the culture plates overturned and struck 
against an absorbent pad. Culture plates were then placed, uncovered, into a fume 
hood for approximately 2 hours to allow monolayers to completely air-dry. When 
adequately dry, well-bottoms were removed, labeled and attached face-up onto a 
paper template using double-sided tape. Under a safelight, a sheet of X-OMAT-AR® 
scientific imaging film (Eastman Kodak, NY) was tightly secured against cell 
monolayers, placed in a light-tight autoradiography cassette (Bio-Rad, CA) and 
exposed (at 20°C) for a period of time that ranged from 4 hours to 36 hours. When 
the films were developed, well-bottoms were detached from each template and the 
cell monolayers immunologically (IP) and histochemically stained to determine the 

f Plaque autoradiography of V Z V strains was necessarily restricted to the use of cell cultures of human origin. 
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Figure 2.3: [*I]-IVaraU plaque autordiography of thymidine kinase 
positive herpesvirus infected cells 
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presence and distribution of herpesvirus-specific antigens. X-ray film images, as 
well as IP-stained cell monolayers, were subsequently analyzed using computer-
assisted image densitometry (Sec. 2.3). 

2.2.2.3.2 [4'-3H]-Penciclovir Plaque Autoradiography: 

The techniques used to generate [4'-3H]-Penciclovir plaque autoradiographs 
were essentially the same as those described for [125l]-IVaraU-PA, with only minor 
modification (Fig. 2.4). Briefly, 85% confluent monolayers of Schwannoma cells, 
grown in 25 cc tissue culture flasks (Falcon), were overlaid with 1.5 ml of V T M 
containing 0.02 moi (approximately 20,000 PFC's) of the VZV: Ellen strain. S W 
cultures were then incubated in a humidified 5% CO2/370C chamber to allow for 
"adsorption" of the PFC's onto the cell monolayer to take place. VTM was then 
removed and 5 ml fresh medium (RPMI+/10% FBS) was then added to each culture 
flask. When cytopathic changes in the monolayer became evident, the culture 
medium was removed and cell monolayer incubated with fresh medium 
containing 0.5 uCi of [4'-3H]-PCV, for 6 hours (and up to 18 hours), at 37°C. 
Monolayers were then washed X4 (over a period of 15 min) in RPMI+/2% FBS to 
remove background counts and unmetabolized nucleoside analogue. When the 
RPMI+ was aspirated off, the cultures were exposed briefly (3 sec) to one final wash of 
10 ml ddH20 to remove residual salts. Cultures were then allowed to air-dry for 
several hours, after which flask bottoms were removed, labeled and then attached 
face-up to a paper template. Under a safelight, a sheet of either Kodak X-OMAT-AR 
or 3H-Hyperfilm scientific imaging film was secured against the dried cell 
monolayers, placed in a light-tight autoradiography cassette and exposed for up to 5 
days. Again, X-ray film images, as well as histologically stained cell monolayers, 
were analyzed and compared using computer-assisted image densitometry (Sec. 2.3). 

2.2.2.4 Tissue Autoradiography: [!25l]-lVaraU Uptake as a Herpesvirus rfc-Specific 
Radiotracing Agent: 

Tissue autoradiography was used in combination with IP immunolabeling to 
demonstrate regional Herpesvirus ffc-specific uptake of [125i]-IVaraU in our HSV 
type-1 intranasally-infected HSE rabbits model (described in Sec. 2.1.5). 

Five days after intranasal-infection, HSE rabbits were re-anesthetized with 
Ketamine/Rompun and [125l]-lVaraU injected directly (intrathecally) into the 
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Figure 2.4: Ultratrace determination of nucleoside analogues and their meta
bolites in neural-cell extracts using electrospray ionization tandem 
mass spectrometry 
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cerebrospinal fluid (CSF) of these animals. 15 to 20 ul of [l25T]-rVaraU (0.2 mCi to 0.5 
mCi total, Sec. 2.2.2.1.1) was injected into the CSF through the Cisterna Magna (CM). 
The radioactivity of the disposable syringe/needle, used to deliver the [125I]-iVaraU 
was counted (Dept Nuclear Medicine, UBC) before and after the injection to 
determine total amount of drug (radioactivity) delivered. 

The uptake of [i25I]-IVaraU into the CNS was allowed to take place over the 
next 22 to 24 hours, after which the were animals anesthetized with Ketamine-
Rompun and then sacrificed using an overdose of 3 ml to 4 ml Somnotol®. Tissue 
sections were then prepared from the brains of each animal. 

2.2.2.4.1 Preparation of HSE Brain Thin-Sections: 

Following euthanization, the ventral surface of the rabbits was rinsed with 
70% ethanol and the thorax opened. The pericardium was cut to expose the heart. 
The ventricle was then cut and a stainless-steel cannula, which was connected to a 
reservoir of sterile PBS, was inserted through the left ventricle and into the root of 
the aorta. The cannula was then clamped into place with a hemostat and the 
animal perfused with approximately 300 ml of PBS over a period of several (3 to 4) 
minutes. The animal was then positioned onto its ventral surface so that the skull 
could be exposed and the cranial vault opened, thus allowing access to the brain. 

The brain was carefully removed, keeping the olfactory bulbs, both, intact and 
attached (Fig. 2.5). Following removal, the brain was washed twice in fresh PBS and 
then once, briefly, in sterile/distilled ice-cold water, placed onto a cutting board and 
cut into 2 to 3 one-cm-thick coronal sections. These tissue blocks were then frozen 
by covering each for approximately 5 min in powdered CO2. When frozen, each 
tissue block was mounted in a layer of setting/cooling OCT compound (TISSUE 
TEK®, Miles Inc., IN), and 7 um- to 14 um-thick sections made from each tissue 
block. A Harris cryostat model CTD (International Equipment Co. [IEC], Boston, 
MA) incorporating a Minot rotary microtome (IEC) were used to prepare thin 
sections. 

As serial sections were cut, approximately every 10th section was thaw-
mounted onto a warm (room temperature) chrome/alum-coated microscope glass 
slide, with as many as 10 sections mounted per slide. In some cases, intermediate 
sections (divided into left-side or right-side) were saved for gamma-counting. Slide-
mounted sections were then allowed to air-dry overnight, before being used to 
produce autoradiographs. 
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Figure 2.5: [*I]-lVaraU uptake in a rabbit model of herpes simplex 
encephalitis. 
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2.2.2.4.2 Thin-Section Autoradiography: 

Slides of thaw-mounted air-dried fresh/frozen serial thin sections of rabbit 
brain were placed, unfixed, into a 8-inch x 10-inch autoradiography cassette (Bio-
Rad). Samples were then overlaid with a sheet of X-OMAT-AR® film and exposed 
at 20°C for periods ranging from 2 hours to 21 days. Films, following adequate 
exposure, were developed using an automatic X-ray film processing unit. Thin-
sections were then immunolabeled and histochemically counterstained. X-ray film 
images and IP-stained tissue sections were then analyzed by computer-assisted 
image densitometry (See below). 

Higher resolution radioimages were produced using apposition of tissue 
sections to NTB3-coated (77 mm x 25 mm #l-type) coverglasses (PGC Scientifics, 
Gaithersburg, MD). Following exposure, development of images on the emulsion-
dipped coverslips was achieved by incubating in D19 developer for 2.5 min at an 
ambient temperature, followed by a ddH20 wash for 30 to 60 seconds. NTB3-coated 
coverslips were then fixed in Kodak rapid fixer (with hardener) for 5 min, followed 
by 5X changes of ddH20 for 5 min each prior to drying. Chemical reagents used in 
developing the emulsion-coated coverslips were purchased from Eastman Kodak 
(NY). 

2.3 Computer-Assisted Digital Image Densitometry: 

Digital images used to determine the density profiles and regional 
distribution of both the radioiodinated nucleoside analogue and virus-specific 
antigens in plaque autoradiographs as well as from our rabbit HSE model were 
obtained directly from a Sony video camera used in combination with either a 
Nikon Micro-Nikkor f2.8/55 mm lens (Image Research Inc., Canada) or the low 
power objective (X10) of a Nikon light microscope. A QuickCapture frame grabber 
card (Data Translation Inc., MA) was used to digitize the video images used in image 
analyses. 

The computer software used for image densitometry was the public domain 
program: Image V. 1.61 (ftp://zippy.nimh.nih.gov/pub/nih-image/). The mini
computer used to do image analysis was a Macintosh LC with a floating-point co
processor. 
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Digitized images produced of X-ray films, immunostained cell monolayers, 
emulsion-coated coverslips or immunohistologically treated brain sections were 
outlined and a reference point established. Images were then used to determine the 
distribution of radioiodinated drug relative to immunoperoxidase staining in each 
sample. Using a reference sample, areas of both positive and negative peroxidase 
staining and silver-grain density/intensities were selected. These were then used to 
choose those regions in subsequent digitized images possessing an image density (IP 
staining or radioactivity) above predetermined background levels. 

2.4 High Performance Liquid Chromatography: 

2.4.1 HPLC Buffer Reagents: 

HPLC-grade water was prepared in-house using a Milli-Q® water filter system 
(Millipore, Canada). Ammonium formate (CH5NO2, microselect grade) and the 
volatile ion-pairing agent, N,N-Dimethylhexylamine (DMHA, purum grade) were 
purchased from Fluka BioChemika (Switzerland). HPLC-grade acetonitrile (MeCN), 
methanol (MeOH), isopropanol (IPA) and reagent ethanol (EtOHr: 91% ethanol, 
4.5% MeOH, and 4.9% IP A), as well as analytical-grade formic acid (CH202), 
ammonium hydroxide (H5NO) and potassium phosphate (KH2PO4), were 
purchased from Fisher Scientific (Canada). The non-volatile ion-pairing cocktail, 
heptyltriethylammonium phosphate (Q7), was purchased from Phase Separations 
(CA). Following preparation, all buffers were filtered/degassed by passage, under 
moderate vacuum, through a 0.2 um nylon filter (Nalgene, NY) and refrigerated at 
4°C prior to use. Buffers were also degassed with helium sparging prior to and 
during HPLC. In the preparation and testing of capillary and nano-reverse phase 
HPLC columns (Sec. 2.4.3.4), buffers were degassed using 10 min sonication. 

2.4.2 HPLC Standards: 

2.4.2.1 Nucleotides, Nucleosides and Bases 

A group of purine and pyrimidine model compounds (as well as their 
corresponding nucleosides and nucleotides) were used to develop the HPLC and 
mass spectrometric assays used to determine the nucleoside analogues of interest. 
Stocks of model compounds were made up to a concentration of 1 mg/ml in ddH20, 
passed through a 0.2 um syringe-tip nylon filter, aliquoted and then stored at -70°C 
until needed. All model compounds were purchased from Sigma. 
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2.4.2.1.1 Purine HPLC Standards: 

The purine bases used in the present study included: adenine (6-
aminopurine; A) and guanine (2-amino-6-hydroxypurine; G), the purine 
nucleosides: adenosine (9-/J-D-ribofuranosyladenine; Ado) and guanosine (9-/J-D-
ribofuranosylguanine; Guo), and their corresponding nucleotides: adenosine 5'-
mono- (adenylic acid; AMP), -5'-di- (ADP) and -5'-triphosphate (ATP), as well as 
guanosine 5'-mono- (guanylic acid; GMP) and -5'-diphosphate (GDP). Both the 
purine nucleosides and nucleotides were purchased in the form of sodium salts as 
supplied by the manufacturer, with the exception of guanosine -5'-triphosphate 
(GTP), which was, instead, purchased in the form of a lithium salt. 

2.4.2.1.2 Pyrimidine HPLC Standards: 

The pyrimidine bases used in the present study included: cytosine (4-amino-2-
hydroxypyrimidine; C), uracil (2,4-dihydroxypyrimidine; U) and thymine (2,4-
dihydroxy-5-methylpyrimidine; 5-methyluracil; T), the sodium salt of the 
pyrimidine nucleosides: cytidine (cytosine /?-D-riboside; Cyd), uridine (9-/J-D-
ribofuranosyluracil; Urd) and thymidine (l-[2-deoxy-/3-D-ribofuranosyl]-5-methyl-
uracil; dThd), as well as their corresponding nucleotides: cytidine 5'-mono- (cytidylic 
acid; CMP), -5'-di- (CDP) and -5'-triphosphate (CTP), uridine 5'-mono- (uridylic acid; 
UMP), -5'-di- (UDP) and -5'-triphosphate (UTP) and finally thymidine 5'-mono-
(thymidylic acid; TMP), -5'-di- (TDP) and -5'-triphosphate (dThd; dTTP). 

2.4.2.1.3 Nucleoside Analogue HPLC Standards: 

The nucleoside analogue standards: PCV and PCV-TP were produced in the 
laboratories of the Beecham Pharmaceuticals Research Division, and kindly 
supplied to us by Dr. A. Vere Hodge (SmithKline Beecham Pharmaceuticals, UK). 
PCV and PCV-TP were made up to 0.8 mg/ml and 1 mg/ml (in ddH20), respectively. 
PCV-TP was supplied to us as both a sodium salt (PCV-TP]sja) and as a salt of 
triethylamine (PCV-TPTEA)-

ACV and ACV-TP standards, provided to us by Dr K. Biron (Glaxo-Welcome, 
N C ) , were made up to 0.224 mg/ml and 1 mg/ml (in ddH20), respectively. ACV-TP 
was supplied to us in the form of a sodium salt. 
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2.4.3 Microflow-LC Columns: 

2.4.3.1 Manufacture of Capillary-LC Columns: 

Capillary columns were manufactured in-house, based largely on the 
methods described by Karlsson and Novotny (1988), with some modification (Fig. 
2.6). Capillary (C)-LC columns were prepared using three different sizes of capillary 
tubing. The main cartridges of the columns were constructed from a 10 cm to 20 cm 
length of Ultra-1® cross-linked methyl silicone gum capillary tubing having an 
internal diameter (ID) of 320 um (Hewlett Packard, Canada). A 5 mm to 10 mm plug 
of silanized glass wool was inserted approximately 2 cm into one end of the cartridge 
to function as the column frit. Transfer lines used to connect the cartridges to the 
mass spectrometer were fashioned out of 60 cm to 100 cm lengths of 50 um ID x 142 
um-outer diameter (OD)/12 um film-coated quartz glass tubing (Polymicrotech Inc., 
CA). An intermediate (4 cm) section of fused silica tubing (180 um ID x 290 um 
OD/15 um coating) was then used to attach transfer lines to the "fritted" end of the 
cartridges. Occasionally, a 5 cm to 10 cm section of glass micropipette (25 ul volume 
size) was used to reinforce areas on the C-LC columns where connections had to be 
made. Connections were secured with #8-Accu-flow® epoxy superglue (Lepage). 

2.4.3.2 Manufacture of Nano-LC Columns: 

Nano (N)-LC columns were constructed as described above with the exception 
that intermediate (180 um ID x 290 um OD/15 um coating) fused silica tubing served 
as the main cartridge. Transfer lines were connected directly to the main cartridges. 
A 2 cm to 4 cm piece of Ultra-1® was attached to the opposite end of these cartridges 
to facilitate a proper fit into the injector assembly. 

2.4.3.3 Packing Materials: 

Three different reverse phase materials were used to pack C-LC and N-LC 
columns, including: Spherisorb® (Phase Separations) ODS2 — particle size of 3 um 
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Figure 2.6: Preparation of reverse-phase microbore capillary HPLC columns. 
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Spherisorb® (Phase Separations) ODS2 5 am particle size, and alkaline-resistant 
Asahipak® (Hewlett Packard) ODP50 5 um particle size. 

2.4.3.4 Slurry Composition/Packing Methods: 

A variety of slurry compositions, concentrations and packing techniques were 
examined to achieve optimal theoretical plate numbers of our C-LC and N-LC 
columns (Table 2.1). 

Slurries were prepared by adding a volume of either 95:5 (v/v) MeOH/CCU or 
absolute acetone (Fisher Scientific) to glass vials containing a given amount of 
reverse-phase packing materials. Slurry concentrations ranged from 40 mg/ml to 83 
mg/ml. Slurries were mixed completely by placing each vial in an ultrasonic water 
bath (20°C), for 5 min. Slurries were then added drop-wise to the slurry reservoir, 
with the opposite end of the reservoir assembly being connected directly to the 
empty C-LC cartridge by means of a 1/16" stainless steel coupling and a 40% 
graphitized Vespel® ferrule. 

Each column was packed by pumping slurry out of the slurry reservoir with 
60% MeCN into each cartridge at a flow rate of -200 ul/min until a maximum 
pressure of just under 6,000 psi was attained. Pressure was then maintained at 5,000 
psi to 5,800 psi by pumping 60% MeCN through the column at flow rates that were 
reduced to as little as 10 ul/min to 30 ul/min, for the length of time required to pack 
a given column. Flow rates of <100 ul/min could be achieved using Waters Model 
510 reciprocating HPLC pumps via a Waters Automated Gradient Controller 
(Waters Assoc.). 

C-LC and N-LC columns were packed vertically (i.e. "upward" or 
"downward" or with a combination of both directions), the direction of packing 
being defined by the position of the slurry reservoir and the attached microcolumn. 
Columns were also packed in an "up-direction" using a "U"-shaped slurry reservoir 
(Fig. 2.6). A minimum of 10 column volumes of 60% MeCN was passed through 
each packed column prior to column evaluation. The time required to completely 
pack an C-LC and N-LC column varied from several minutes to several hours. 
Packing pressures were recorded with a Varian chart recorder (Model A-25), running 
at a chart speed of 0.025 to 0.1 in/hour and a span of 50 mV. 
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2.4.3.5 Capillary Column Efficiencies: 

Nominal efficiencies* (nominal theoretical plate number: N1/2) of our C-LC 
and N-LC columns were determined from peak widths at half-the-height running a 
test mixture of varying concentrations of 500 nl toluene (glass distilled; Burdick and 
Jackson Labs, Inc.), ethylbenzene and phenol (Fisher Scientific). 

Samples were introduced into the flow system through a 500 nl loop injector 
(Rheodyne Model 7413 — equipped with a Model 7012 loop filler port, Rheodyne), 
attached directly to our C-LC and N-LC columns by a section of 0.20 inch-ID x 1/16 
inch-OD Teflon tubing (Upchurch). The Teflon tubing was, in turn, held in position 
with a 1/16 in x 0.4 mm stainless steel Rheodyne ferrule (Supelco). A dual syringe 
pump (Applied Biosystems Inc.; Model 140B) in combination with a Lambda-Max 
Model 480 series LC UV-spectrophotometer (Waters), and a Waters Data Module 
(Model 703) was used to deliver, and subsequently detect and record, elution profiles 
of each analyte, respectively. The use of a syringe pump was necessary for pulseless 
delivery of mobile phase to the detector. Elution of the analytes was achieved using 
an isocratic gradient of 80% MeOH in ddH20, with a flow rate of approximately 10 
ul/min and operating pressures ranging from 3,000 to 4,700 psi, at 20°C. The 
spectrophotometer was used with its autoparameter function enabled (peak width 
5.0; noise rejection 50.0; area rejection 100), at a chart speed of 0.5 cm/min to 1.0 
cm/min, a response time of 1 sec and a range of 0.1 to 0.002 AUFS. 

2.4.4 Preparative HPLC: 

2.4.4.1 Purification of [l25I]-lVaraU: 

Final purification of the radioiodinated nucleoside analogue, [125l]-IVaraU, 
was performed prior to its use in the development of a technique of plaque 
autoradiography (Sec. 2.2.2.3.1) and as an in vivo herpesvirus tk-specific radio-tracing 
agent (Sec. 2.2.2.4.2). A Bondclone® (7.8 mm x 300 mm) RP Cis preparative HPLC 
column (Phenomenex, CA) was used to separate [l25I]-IVaraU from the degradation 
and side products of its synthesis (See Sec. 2.2.2.1.1). 

A Gilson (Series 4000 system 40 XL Plus) HPLC equipped with dual model 302-
solvent delivery pumps, a model 802C-manometric module, a model 811-solvent 

* Because of the band-broadening associated with the use of the Lambda-Max UV detector (particularly the large 
volume [>1 Ul] of the instrument's integrated flow-cell), determination of C-LC and N-LC column efficiencies was 
largely unreliable". 
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mixer, a model 201-fraction collector and 201/202-controller, a model 116-UV 
detector (Gilson Instruments, WI) and a Beckman model 170 radioisotope detector 
were used for the subfractionation and purification of [125l]-lVaraU from free iodide 
and the pseudo-carrier of the reaction. 

The flow conditions used to produce chromatographic separation of the 
pseudo-carrier and side products from [l25I]-IVaraU consisted of a MeCN/ddH 20 
(20% to 80%) linear gradient system, using a flow rate of 2.5 ml/min and a cycle time 
of 30 min (Fig. 2.7). The UV detector was set at 292 nm to detect the pseudo-carrier. 
The fraction collector was adjusted to dispense 1 ml aliquots of the chromato-
graphed sample into 1.5 ml Eppendorf tubes. The tubes containing the highest 
levels of radioactivity were pooled (with an approximate volume of 10 ml) and then 
counted to determine total radioactivity. 10 mg/ml benzyl alcohol was added to 
pooled fractions to stabilize the [l25I]-rVaraU for storage. [l25I]-IVaraU was kept 
refrigerated in a lead-shielded container until use, and was used up to a maximum 
of 21 days after its original preparation date. 

2.4.5 Qualitative HPLC: 

2.4.5.1 RP-IP HPLC of Nucleosides, Nucleoside Analogues and Nucleotides Using 
Non-Volatile (Phosphate) Buffers: 

A non-volatile HPLC buffer system was developed on the same equipment as 
described in the preparative HPLC of [125I]-IVaraU (See above). 

The reverse-phase ion-pair HPLC of nucleosides, nucleoside analogues and 
their phosphorylated derivatives, using non-volatile inorganic phosphate buffers, 
was based largely on the HPLC conditions and buffer composition described by Vere 
Hodge and Perkins (1989) and used here with only minor modification. Briefly, A 
Bondclone® (7.8 mm x 300 mm) RP Cis preparative HPLC column (Phenomenex, 
CA) was used for these separations. 

Using a flow rate of 1 ml/min, elution of the analytes was achieved with a 
linear gradient of organic solvent. For the most part, the gradient profile consisted 
of 100% non-volatile buffer (NVB) "Buffer ANVB" (5 mM KH 2 P0 4 , 1 mM Q 7 , pH 5.0 
to pH 6.5) and 0% "Buffer BNVB" (15 mM KH 2 P0 4 , 1 mM Q 7 , pH 6.5, in 70% 
methanol) to 50% A N V B / 50% BNVB over 19 min, holding for 1 min and cycling every 
29 min. 
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Figure 2.7: Preparative reverse-phase high-performance liquid chromato
graphy and the separation of radiolabeled IVaraU from 
unlabeled BVaraU. 
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2.4.5.2 Development of a Volatile Buffer System for the RP-IP HPLC of Nucleosides, 
Nucleoside Analogues and their Derivatives. 

A volatile buffer (VB) system for separating nucleosides, nucleotides and 
their analogues was developed on a Spectra Physics model SP 80006 B liquid 
chromatograph (Spectra-Physics, San Jose, CA), equipped with a pneumatically-
assisted Rheodyne sample injector and a 100 ul sample loop. Analyte detection was 
made with an integrated UV/VIS detector (Spectra-Physics model SP8400), set for 
peak detection (width: 12; threshold: 120; and minimum area: 1000 uV/s]), typically 
at a setting of 0.02 to 0.08 absorbance units full scale (AUFS) — and as high as 0.32 
AUFS when collecting high-concentration nucleoside analogue fractions, a chart 
speed of 0.25 to 0.5 cm/sec, and a signal attenuation of 5 mV. Automatic parameters, 
when enabled, were set to 3 (1:10 peak width to peak threshold). 

A conventional-sized (3.9 mm x 150 mm) Nova-Pak® RP Cis analytical HPLC 
column (Waters Associates, MA) was used to develop the method for separating 
PCV and its model nucleosides from their phosphorylated metabolites. Elution of 
each analyte was obtained by running solvent gradients (linear and non-linear) at 
flow rates ranging from 0.5 ml/min to 1 ml/min 

Elution profiles were the same as those used in separations involving non
volatile buffers and consisted of a gradient of 100% "Buffer A V B " (5 mM ammonium 
formate [CH5NO2], 1 mM N,N-dimethylhexylamine [DMHA] at pH 6.5) and 0% 
Buffer B V B (15 mM CH5NO2, 1 mM DMHA at pH 6.5, in 70% MeOH) to 50% 
AVB /50% B V B over 19 min, holding for 1 min, returning to original conditions over 
1 min, re-equilibrating the system for 9 min, and cycling injections every 30 min. 
The LC was operated at pressures of 1,200 to 1,700 psi, at flow rates of from 0.5 to 1 
ml/min and at a column/solvent temperature of 37°C. 

2.5 Mass Spectrometry: 

Before any attempt to interface an HPLC to a mass spectrometer was made, 
direct quantitative determination (i.e. no chromatographic separation) of the model 
compound guanosine, its nucleotides and the nucleoside analogues ACV, PCV, and 
their phosphorylated derivatives, using different configurations of (stand-alone) 
mass spectrometer were evaluated. 
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2.5.1 Kratos Concept IIHQ EBqQ® Mass Spectrometer Operating Parameters* using a 
Liquid-Secondary Ion Monitoring System (L-SIMS) Interface: 

Because the Kratos Concept IIHQ EBqQ® hybrid mass spectrometer, originally 
chosen to analyze the model nucleotides and antiviral nucleoside analogues, was 
operated exclusively by the personnel at the British Columbia Regional Mass 
Spectrometry Center, descriptions of the running conditions and operating 
parameters of the instrument tend to be (as provided to us) only general. 

2.5.1.1 Static L-SIMS Mass Spectrometry: 

Direct quantitative MS probe determinations of model nucleosides, 
nucleotides and of the nucleoside analogues ACV and PCV (and their 
phosphorylated derivatives) by static liquid-secondary ion monitoring system (sL-
SIMS = Fast atom bombardment; FAB) probe analysis was attempted using the 
Kratos Concept ITHQ EBqQ® instrument at the British Columbia Regional Mass 
Spectrometry Center (UBC Dept of Chemistry). The suitability of detecting each 
analyte by sL-SIMS was determined in both the positive-ion (sL-SIMS+) and 
negative-ion (sL-SIMS") modes. 

2.5.1.1.1 L-SIMS Sample Preparation: 

Samples were prepared for direct sL-SIMS analysis by reconstituting standards 
to a concentration of ~1 mg/ml in ddH20. Thioglycerol was used as the sample 
matrix. Organic solvent, when used, was methanol in water (of unspecified 
proportion). In a series of experiments directed towards investigating suspicions 
that high-mass clusters were being formed by our model nucleotides in the aqueous 
medium used in sL-SIMS, dried thioglycerol was used as matrix avoiding, as much 
as possible, the addition of ddH20. 

In making preparations to interface the mass spectrometer to an HPLC, the 
analysis of an HPLC-fractionated nucleoside analogue using direct quantitative MS 
probe determinations was also investigated. Towards this end, several consecutive 
HPLC runs were performed to separate, collect and then combine enough similarly 
HPLC-fractionated sample to provide sufficient material for direct quantitative MS 

f The use of direct L-SIMS probe analysis was described, by Dr Eigendorf (director of the British Columbia Regional 
Mass Spectrometry Center), as unsuitable for the quantitative evaluation of PCV and its phosphate mixtures. 
Efforts to provide a more comprehensive description of this instrument's operating parameters were, therefore, 
deemed as unwarranted. 
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probe analysis. Serial injections (of up to 100 ul each) consisting of 5 ul of the 
nucleoside analogue, PCV (4 ug to 5 ug), as much as 90 ul of the PCV "triphosphate"-
standard (PCV-TP>ja, supplied to us as sodium salt -reconstituted in ddH 20 to a 
concentration of 1 mg/ml), and 5 ul ddH20 were run using similar HPLC conditions 
as those described in Sec. 2.4.5.2. The PCV-TP^a standard consisted of all three 
(mono-, di- and tri-) phosphate derivatives at a ratio of approximately 20:70:10, 
respectively. Each peak, representing the nucleoside and each of the three 
phosphorylated derivatives, was then collected drop-wise, and similar fractions 
pooled. Pooled fractions were then made up to equivalent volumes in ddH 20 (to 10 
ml) and the pH adjusted with a few drops of dilute NH4OH to ~pH 9.0 (as estimated 
using pH paper). Samples were then briefly vortexed and passed through a 0.45 uM 
nylon filter before being transferred to graduated conical glass centrifuge tubes. 
Samples were then placed into an in-house assembled rotary evaporator and 
concentrated to near dryness under strong vacuum and centrifugation over several 
hours. Sample volumes were monitored over the period of concentration through 
the evaporator's Plexiglass chamber using a variable-frequency strobe light. Samples 
were finally made up to a volume of 100 ul with ddH20, and stored at -20°C until 
they could be re-analyzed by H P L C T J V 2 5 4 (S e c- 2.4.5.2) and/or until sL-SIMS (and 
MALDI-TOF) analyses could be made. 

2.5.2 Fisons VG-Quattro® Triple Quadrupole Mass Spectrometry using an Electro
spray (Ionspray) Interface: 

Because efforts to procure suitable sL-SIMS (and MALDI-TOF) determinations 
of our model compounds (and of the nucleoside analogues) were largely unsatis
factory, use of an alternative configuration of mass spectrometer to that of the 
magnetic sector instrument (described above) was examined. 

A Fisons VG Quattro® triple quadrupole mass spectrometer (UBC Dept of 
Pharmaceutical Sciences) was chosen as a reasonable alternative to performing sL-
SIMS on a magnetic sector mass spectrometer, as the triple quadrupole instrument 
(particularly when operated in electrospray [ionspray] or atmospheric pressure 
chemical ionization [APcI] mode) engenders conditions that are considerably less 
harsh (i.e. fragmentary) to nucleotides (Fig. 2.8). The triple quadrupole mass 
spectrometer was operated using a number of different inlet systems, under a 
variety of ionization conditions. 
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2.5.2.1 Preparation of Samples for E S I Analysis: 

2.5.2.1.1 Nucleoside and Nucleoside Analogue Standards used in E S I Analysis: 

For the most part, the working standards of the model nucleosides, 
nucleoside analogues and their phosphorylated derivatives were prepared for 
electrospray ionization mass spectrometric (ESI) analysis, in 20% to 50% organic 
solvent (MeOH-, IPA-, or MeCN -ddH 20, with added concentrated NH4OH (to a ~pH 
8), or by mixing in the volatile buffers: A V B / B V B (described in Sec. 2.4.5.2). Standards 
were filtered and aliquoted through a nylon 0.2 am syringe-tip filter, stored at -20°C 
to -70°C and mixed thoroughly prior to analysis. 

2.5.2.1.2 Preparation of Cell Extracts for E S I Analysis: 

The cell extracts to be analyzed by ESI mass spectrometry were prepared from 
the neurofibromatosis type-1 (Schwannoma; SW) cell line described in Sec. 2.1.2.1. 
The SW adapted-KOS (HSV type-1 strain) and -VZV species (Sec. 2.1.3.3) were the 
herpesviruses used in these determinations. SW cells were grown in batch culture 
using 175 cc tissue culture flasks at 37°C/5% C O 2 to required quantities. The media 
and growth conditions used for these cultures are as described (Sec. 2.1.1). SW cells 
were seeded and grown in 75 cc small tissue culture flasks (~lxl06 cells /flask) at 
37°C/5% C O 2 until slightly sub-confluent. Cultures were then washed with 
RPMI1640 and virus added to each flask. The moi varied according to the species of 
virus used. VZV was used at an moi of 0.02 to 0.2 PFC/cell and HSV type-1 (tk+ and 
tk-) at an moi of 0.1 to 10 PFU/cell. Virus was added to cultures in VTM and 
allowed to adsorb to cultures for at least lh (for HSV type-1) and up to 4 h (for VZV), 
in an incubator at 37°C/5% C O 2 . Inoculum was then removed by aspiration and 
fresh feeding medium (3 ml) added to each culture. Cultures were then incubated 
for an additional 4 to 8 h at 37°C/5% C0 2 . Feeding medium was removed using 
aspiration, and 2 ml fresh medium containing 1 uM to 10 uM nucleoside analogue 
was added to select cultures. Cultures were then incubated at 37°C/5% C Q 2 with the 
nucleoside analogue (generally, for 6 hours — although in monitoring the rate of 
nucleoside analogue triphosphate synthesis this period ranged from 1 min to 7 
hours). In determining the half-life of nucleoside analogue's bioactive metabolites, 
cultures were treated with the nucleoside analogue for a period of 9 hours, after 
which the culture medium was replaced with fresh medium, devoid of the 
antiviral. The drug metabolites were then extracted from selected cultures 
intermittently, over a period of 12 hours. 
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In experiments conducted to determine the method best suited for extracting 
nucleotides for mass spectrometric analysis, a variety of different pre-extraction 
washes (PBS, culture media, Buffer AyB/ at 4°C for 10 sec) which were used in 
varying combination with several organic extractants (including: IP A, EtOHr, 
MeOH, [ranging in concentration from 10% to 100% -in ddH20], as well as Buffer 
BVB) were evaluated. For most studies, however, nucleotides were harvested from 
cell monolayers by washing the monolayer briefly (10 sec) with 10 ml of Buffer A V B 
(at 4°C; Sec. 2.4.5.2) and then extracting with 2 to 3 ml of Buffer B V B or 60% 
MeOH/0.2% N H 4 O H for 1 min (at 4°C). In some instances, nucleotide extraction 
was repeated several times (as many as X4) and extracts analyzed in order to 
substantiate that the nucleotides had been extracted. 

Harvested extracts were clarified by passage through a nylon 0.2 um syringe-
tip filter and then transferred into auto-sampler vials, sealed and stored (-20°C) 
until they could be analyzed. Cell monolayers were, in some instances, air-dried 
and then immunostained (using IP techniques; Sec. 2.2.1.2) to substantiate 
herpesvirus infection. 

2.5.2.1.2.1 Preparation of FACS-Enriched HSV-Infected/Drug-Treated Cell Extracts 
for ESP (MRM) Analysis: 

Over a 40 min period, a fluorescence-activated cell sorter (FACS; Sec. 2.2.1.4.1) 
was used to collect approximately 1x10s herpesvirus-infected/drug-treated SW cells 
(Fig. 2.9). HSV type-l-infected (FITC+) SW cells were sorted from a mixed cell 
population of infected and uninfected cells (1:10; moi 0.1), based on fluorescence 
intensity and light scatter characteristics previously determined to correspond to 
those exhibited by HSV type 1-infected cells. Following sorting, a 500 ul (~5xl03 cells) 
aliquot of FACS-enriched HSV type 1-infected cells was test-sorted and examined 
under a fluorescence microscope to determine sorting efficiency. Collection 
receptacles were briefly centrifuged (5 min at 1200 rpm) to form loose pellets of the 
desired (FITC-positive/HSV 1-infected SW) cell type. Supernatants were then 
aspirated off and the cell pellet gently resuspended in 100 ul of ice-cold 60% MeOH 
for 1 min at 4°C to extract its nucleotides. Extracts were then centrifuged (5 min at 
1200 rpm) and then filtered through a nylon 0.2 um syringe-tip filter to remove any 
cell debris. Cell pellets were resuspended in a small volume of PBS and then 
transferred to glass slides where they were mounted and viewed under a 
fluorescence microscope to substantiate fluorocytometric data. 
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Figure 2.9: PCV-TP in FACS-enriched HSV 1-infected neural-cells determined 
using RP-IP HPLC/ESI-MSMS 
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Extracts were stored at -20°C until they could be analyzed by electrospray mass 
spectrometry (Sec. 2.5.2.2.2.1; 2.6.2.3). 

2.5.2.2 Triple Quadrupole Electrospray Mass Spectrometry. General Operating 
Parameters: 

Operating the ESI MS in the negative-ion mode (EST MS) was found to be the 
most suitable method for detecting the highly charged nucleotide standards. Prior to 
using the triple quadrupole mass spectrometer in the electrospray ionization mode, 
however, it was necessary to pump 30% AVB /70% B V B (pH > 7.0; Sec. 2.4.5.2) through 
the sample delivery system (overnight), to facilitate the generation and detection of 
negative-ions. Whenever the sample delivery system had been recently exposed to 
TFA-containing solutions (which strongly interferes with the formation of negative-
ions), cleaning the source as well as use of extended conditioning of the flow system 
was necessary to restore appropriate ion signals. 

The operating parameters of the source and of each mass analyzer (MSi and 
MS 2 — even if only MSi was being used) were tuned to optimize peak shape and 
intensity at unit mass resolution of a fairly consistent background signal (m/z 212) 
thought to originate from our water source. Although some tuning parameters 
remained relatively constant, some required intermittent re-adjustment. For most 
analyses, the source was adjusted accordingly: capillary voltage 2.50 eV; high voltage 
(HV) lens 0.24; lens3 20; cone voltage (CV) 25; skimmer offset 5; and a source 
temperature, optimized, and then used at 120°C (and as low 80°C). MSi settings 
were usually set at: low mass (LM) resolution 5.0; high mass (HM) resolution 5.0; 
ion energy (IE) 2.0; IE ramp 0.0; lenss 242; lens6 9; and photomultipliers (PMT)i and 
PMT 2 at 650 each. MS 2 was set at: LM 5.0; HM 5.0; IEi 2.0; IE ramp 0.0; lens7 269; lens8 

26; and lenso. 74; and a collision energy (CE) which was optimized to, and then used, 
in the range of 40 eV to 100 eV. Finally, gas pressure settings were: source vacuum 
5.7x10-4; analyzer vacuum 2.8x10-5; inlet 2.0x10-3; gas cell 3.5x10-4; source backing: 
3.9x10-4; and analyzer backing 9.7x10-5. The collision gas (argon; Ar) was used in the 
range of 1.8xl0"4 to 3.0xl0"4 mbar. Nitrogen was used as both the drying and 
nebulizing gas. 

Passivation of suspected non-specific nucleotide binding sites associated with 
internal components of the liquid chromatograph's (LC's) flow system (also see 
Hasinoff 1994) was attained, to some extent, by introducing a single injection of 
standard nucleotide (20 ppm of working standard in ddH2O/0.2% N H 4 O H ) prior to 
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running low-level nucleotide standards or cell extracts. It was also of some benefit 
to pump TEA- or DMHA-containing mobile phase of moderate alkalinity through 
the LC flow system as this, too, seemed to help to suppress non-specific binding of 
the desired analyte to the internal surfaces of the LC flow system. 

2.5.2.2.1 ESI- MS Analyses using a Single Mass Analyzer: 

2.5.2.2.1.1 Scanning ESI" MS Operating Mode: 

As with the magnetic sector instrument, direct-injection (flow-injection) 
quantitative electrospray ionization mass spectrometric determinations were 
conducted first on the phosphorylated derivatives of guanosine and then on the 
nucleoside analogues: PCV, ACV and their phosphorylated nucleotides (using the 
conditions described above), prior to any attempt to interface the mass spectrometer 
to the HPLC. 

Full scan ESI"-MS function of our samples was made using recording rates of 
100 mass units/sec generally with an inter-scan delay of 0.10 sec. Values for Start 
Mass (SM) and End Mass (EM) were set based on the molecular weight of the 
compound being examined with approximately 50 mass units to allow identification 
of the presence of adducts. 

Direct injection (flow-injection; FI) of the model nucleosides, nucleotides and 
selected nucleoside analogues (and their phosphorylated derivatives) were scanned 
in positive-ion (ESI+) and negative (EST)-ion modes to determine both method 
suitability and to provide information on the composition of each of the working 
standards -- particularly PCV-TP N a and PCV-TPTEA - Finally, 10 ul (to 20 ul) aliquots 
of cell extract (from a total volume of 3 ml) prepared from lxlO 6 herpesvirus (tk+/tk-

)-infected (uninfected)/drug (ACV/PCV)-treated (untreated) SW cells (Sec. 2.5.2.1.2) 
were analyzed by scanning EST. 

For scanning ESI, 10 ul to 25 ul of working standard was delivered directly to 
the electrospray interface in a mobile phase consisting of 20% to 50% MeOH (with 
added [to 0.2%] concentrated NH4OH), or 50% Buffer Avis/Buffer B V B , using a flow 
rate of from 20 to 100 ul/min. Samples were delivered using a Hewlett-Packard 
(Model 1090) liquid chromatograph (Hewlett-Packard, Canada), equipped with a 
Rheodyne (model 7010-082) injector, connected to the mass spectrometer's 
electrospray interface through a section of PEEK® transfer line. 
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In order to improve instrument precision, MSi was dynamically calibrated 
(for non-linearities) over the range of the acquired scan. Recordings were not 
adjusted for baseline fluctuations, but were, in most cases, subtracted from 
background. Traces were typically smoothed (based on mean) X2 to X3. In one series 
of scans, the range of EM was slightly more than doubled to look for and record the 
presence of non-covalent concentration-dependent P C V - T P T E A dimers. 

2.5.2.2.1.2 Single Ion Recording (SIR) Operating Mode: 

The first quadrupole (MSi) of the triple quadrupole mass spectrometer was 
used to mass-filter selected ions (of desired mass-to-charge [m/z] ratio) on through to 
the intermediate detector (Di) where they were monitored by single ion recording 
(SIR). Because direct-injection SIR at MSi represents the simplest and most 
sensitive method of performing mass spectrometric analyses, this was the method 
used to determine the limits of detection of the instrument. 

20 ul injections of a serial dilution of the working standard of the model 
nucleotide ATP (ranging from 1 pg to 1 ug [+] in mobile phase) was delivered by the 
LC directly to the electrospray interface at a flow rate of 20 ul/min, in a mobile phase 
of 50% MeOH with added (to 0.2%) concentrated NH4OH. Similar conditions were 
also used to determine the maximum sensitivity of ESP to serial dilutions of the 
working standard of the nucleoside analogue P C V - T P T E A - In other assays, SIR was 
also used to monitor adenosine and guanosine (and its nucleotides using 4 separate 
channels) in the development of an RP-IP HPLC/EST MSi method (Sec. 2.6.1) and, 
finally, in testing capillary (and nano) -LC columns; C-LC/ESI+ MSi. 

For SIR at MSi, the first mass analyzer was statically calibrated (to compensate 
for offset mass scale), rather than dynamically, because of the small "scan range" 
being monitored (i.e. 1 mass unit). Traces were usually smoothed (based on mean) 
X2 to X3. 

2.5.2.2.2 ESI- MS Analyses Using Mass Analyzers in Tandem (MS/MS): 

The most readily available option for selectively quantitating the very low 
levels of the given nucleoside analogue (and its phosphorylated metabolites) in the 
highly complex cellular matrix of herpesvirus-infected/drug-treated SW cell extracts 
was to use the tandem mass spectrometric capabilities of the triple quadrupole 
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instrument (MS/MS) and then to monitor, at the second mass analyzer (MS2), the 
products of collision-induced dissociation (CID) of each desired analyte. 

In the present study, three of the most common MS/MS scan functions were 
investigated, including multiple reaction monitoring (MRM), parent ion spectrum 
and daughter ion spectrum. 

2.5.2.2.2.1 Multiple Reaction Monitoring (MRM) Operating Mode: 

MRM is the tandem mass spectrometric equivalent of performing SIR using a 
single mass analyzer in which each mass analyzer remains static, offering a higher 
order of sensitivity than when compared to scanning MS/MS. Prior to the use of 
MRM, however, the CID profile of each of the desired analytes had to be determined 
(See below). 

MS2 and MSi (as described above) were basically tuned to optimize a 
background signal peak (m/z 212) inherent in our mobile phase. In order to achieve 
maximum sensitivity in daughter-ion analysis, the centroid of the parent ion was 
determined by scanning standards (20 ul injection of 1 mg/ml standard diluted lxlO4 

in 50% IPA/0.05% N H 4 O H ) . 

2.5.2.2.2.1.1 Collision-Induced Dissociation (CID): 

The second quadrupole of the triple quadrupole mass spectrometer is a 
hexapole RF-only device used to effect the CID of each sample. Transition particles 
generated in the collision cell were then monitored using the third quadrupole. 
The collision cell contained the inert gas, argon, which was turned on and used at a 
pressure of 1.8x10-4 to 2.0x10-4 mbar. 

In the collisional activation of ACV-TP, P C V - T P ( N A & TEA)/ as well as a 
number of different purine and pyrimidine nucleotides, it was determined that the 
most abundant transition particle of the triphosphates had a mass-to-charge ratio 
(m/z) of 158 and (to a lesser extent) m/z 78. The most abundant transition fragment 
generated by the CID of the nucleotide mono- and diphosphates was m/z 78. 
Therefore, either (and sometimes both) transition(s) were measured during MRM 
analysis of nucleotide standards and then of the cell extracts (See above). 
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2.5.2.2.2.2 Daughter-Ion and Parent-Ion ESI- Mass Spectra: 

Daughter-ion spectra (in which MSi is static and MS2 is scanning), were 
generated in order to select which ions (transition fragments) would best be suited 
for carrying out MRM analyses. Daughter ions spectra were, therefore, produced 
from the model nucleotides and then from the triphosphates of ACV and PCV. 
Parent ion spectra (in which MSi is scanning and MS2 is static) was used in an effort 
to determine from which ion(s) a particular transition originated. Most 
importantly, parent ion spectra were produced in order to determine which 
transitions gave rise to m/z 158 and m/z 78 (i.e. [P2O6]" and [PO3] " , respectively). 

2.6 High Performance Liquid Chromatography/Mass Spectrometry (HPLC/MS): 

Concurrent with our efforts to quantitate nucleoside (nucleotide) analogues 
and their model compounds in standards and then cell extracts using direct-
injection (DI) tandem mass spectrometry, we also investigated methods that could 
be used to combine HPLC separation techniques (under a variety of running 
conditions) with in-line ESI mass spectrometric detection. This was particularly 
important as extracts of FACS-enriched HSV type 1-infected SW cells contained 
inordinate amounts of residual inorganic salts which prevented stand-alone MRM 
determination of PCV-TP in these samples. 

2.6.1 RP-IP HPLC/ESI- MS (SIR) Mass Spectrometry: 

Initial efforts to develop an HPLC/EST MSi technique to separate/detect a 
model nucleoside from their phosphorylated derivatives were initially focused on 
the use of a conventionally-sized (3.9 mm x 150 mm) Nova-Pak® analytical Cis 
HPLC column (Waters, MA), running the previously described volatile buffers (Sec. 
2.4.5.2), connected, on-line, to the electrospray interface of the triple-quadrupole 
mass spectrometer operating in non-fragmentary (single ion recording)/negative-
ion mode. 

In order to make the chromatography (specifically, the use of a 
conventionally-sized HPLC column) more amenable to flow rate restrictions 
normally associated with ESI mass spectrometry, the use of both a sample splitter (a 
10 to 1 split between the spectrophotometer and the electrospray probe) and a 50% 
reduction of the previously described flow rate (to 500 ul/min) was used. A 10:1 
sample split was achieved using a zero-volume "T" fitting (Rheodyne) and 
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appropriate length of PEEK® tubing. The LC-Model 1090, pumping volatile buffer, 
was used to deliver from 2 ul to 25 ul of test mixture to the electrospray interface of 
the mass spectrometer. 

The separation and elution of the each analyte was achieved using a linear 
gradient of the volatile buffers consisting of 100% A V B / 0 % B V B to 70% AVB /30% B V B 
over a period of 13 min, holding for 7 min, returning to 70% AVB /30% B V B to 100% 
A V B / 0 % BVB over a period of 1 min, allowing the system to equilibrate for 6 min, and 
cycling injections every 27 min. The buffers used in these analyses were adjusted to 
pH 6.0. The mobile phase and column were used at room temperature. UV-
spectrophotometric profiles of our samples were determined at a wavelength of 254 
(UV254), using a Hewlett-Packard (model HP3386A) LC integrator set for peak 
detection with an area rejection setting of 10,000; peak width of 0.40; peak threshold 
of 6, a signal attenuation of 27 and a chart speed of 1 cm/min. Placing the 
spectrophotometer in series (upstream) with the mass spectrometer also allowed a 
comparison of the capacity of each detector to discriminate the analytes in the test 
solution. The operating parameters of the electrospray mass spectrometer were as 
described in Sec. 2.5.2.2. 

20 ul of a test solution containing the model nucleoside (adenosine or 
guanosine) mixed in approximately equimolar proportions with their 
corresponding mono- di- and triphosphate nucleotides (having a final 
concentration of either 0.2 ug or 2 ug, total) were analysed using RP-IP 
HPLCUV254 /ESI- (SIR) MSi. 4 channels corresponding to the [M-H-] of adenosine 
(and its mono- di- and triphosphate derivatives; m/z 266.0, 425.5, 425.7, 505.9) or 
guanosine (and its phosphorylated derivatives; m/z 282.0, 361.2, 441.7, 521.9) were 
monitored, respectively. Adjustments to the elution gradient were made to obtain 
as close to a base-line separation of each analyte, as possible. 

2.6.2 RP-IP rnHPLC/ESI" MS/MS (MRM) Mass Spectrometry: 

A Prodigy® (150 mm x 2.0 mm) minibore RP-Cs column (m-LC; 
Phenomenex, CA) was used to develop a method of combining mHPLC to 
fragmentary (MRM)/negative-ion mode EST in order to separate and then detect 
each of the nucleotides comprising our PCV-TPNa standard (Sec. 2.5.1.1.1). Flow 
rates of 50 ul to 100 ul/min (made possible with the use of the minibore mHPLC 
column) eliminated the need for sample splitting. 
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RP-IP mHPLC/ESr MS/MS was also used in the subsequent determination of 
PCV-TP in HSV type-l-infected/PCV-treated cell extracts. Finally, RP-IP 
mHPLC/EST MS/MS was also used to discriminate the presence of PCV-TP in the 
extracts of FACS-enriched HSV type-l-infected (PCV-treated) SW cells. 

The Hewlett-Packard 1090 LC used for RP-IP mHPLC/EST MS/MS was as 
described in the previous section with some modifications to the flow system; most 
notably that the Vespel® components (specifically the rotor and needle seat) were 
substituted with pH resistant Tefzel®. The operating pressures used in mHPLC/EST 
MS/MS was generally in the range of 1,000 to 1,200 psi at 20°C. 

2.6.2.1 RP-IP mHPLC/ESI" MS/MS of a PCV-TP Standard Solution: 

The separation and elution of each of PCV's nucleotides was accomplished 
using the minibore RP-Cs column (described above), the volatile buffers (prepared at 
pH 8; otherwise, as described in Sec. 2.4.5.2) and an elution profile consisting of a 
linear gradient: 92.5% AVB /7 .5% B V B to 40% AVB /60% B V B over a period of 10 min, 
holding for 1 min, returning to 92.5% AVB /7 .5% B V B over 0.1 min, allowing the 
system to re-equilibrate for 18.9 min and cycling injections every 30 min. 
Adjustments to the elution gradient were made in order to achieve as close to a 
base-line separation of each analyte, as possible. 

20 ul of the 1 ug/ml PC V-TP]\ja standard in ddH 20 (which was determined to 
consist of a -20:70:10 mixture of PCV-MP, PCV-DP and PCV-TP, respectively) was 
injected onto the column, while eluent coming off of the column was introduced 
into the source using a flow rate of 100 ul/min. MRM of 3 channels (used to detect 
the transitions: 331.10"*78.10, 411.10»*78.10 and 492.10̂ 158.10), corresponding to the 
[M-H-] of PCV-MP, PCV-DP, and PCV-TP, respectively were monitored. A CE of 100 
eV, CV of 25 eV, Ar of 3xl0"4 mBar and source temperature of 120°C were used in 
these determinations; otherwise the operating parameters of the mass spectrometer 
were as described in Sec. 2.5.2.2. 

2.6.2.2 RP-IP mHPLC/ESI" MS/MS of PCV-TP in HSV type 1-Infected/PCV-Treated 
Cell Extracts: 

The presence of the bioactive metabolite, PCV-TP, was demonstrated using 
RP-IP mHPLC/EST MS/MS of cell extracts prepared from HSV type 1-infected/PCV-
treated SW cell monolayers. Elution of PCV-TP off of the minibore RP-Cs column 
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(described above) was performed using the volatile buffers (prepared at pH 8 and pH 
9.0, — with other MS settings as described in Sec. 2.4.5.2) and an elution profile 
consisting of an isocratic gradient of 70% AVB /30% BVB-

The operating parameters of the mass spectrometer used in making these 
determinations included a CE of 100 eV, CV of 25 eV, Ar of 3x10-4 mBar, with a 
source temperature of 120°C ~ with other MS settings as described in Sec. 2.4.5.2). 20 
(0.1 of extract was injected onto the minibore RP-Cs column (described above), 
whereas the eluent off of the column was introduced into the source at a flow rate of 
50 ul/min. The MRM of 1 channel was used to monitor the PCV TP-specific 
transition: m/z492.10lll*m/zl58.10 which corresponded to its fragmentation to P2O6". 

2.6.2.3 RP-IP mHPLC/ESI" MS/MS of PCV-TP in FACS-Enriched/Herpesvirus-
Infected (PCV-Treated) SW Cell Extracts: 

Extracts from approximately 1x10s HSV type 1-infected (FITC+)/PCV-treated 
SW cells (originally sorted [FACS-enriched; Sec. 2.2.1.4.1] from a mixed population 
of infected and uninfected cells) were prepared by centrifuging harvested cells (5 
min at 1200 rpm) and then resuspending the loose cell pellets in 100 ul of ice-cold 
60% MeOH for 1 min at 4°C. 

The detection of the PCV TP-specific transition in clarified (filtered) extracts 
was first attempted using DI-EST MS/MS and then with RP-IP mHPLC/EST 
MS/MS. In these latter determinations, 20 ul of extract was introduced onto the 
minibore RP-Cs column (described above), which was then delivered to the ESI 
interface in an isocratic gradient of 2 mM triethylammonium acetate/50% MeOH 
(pH 7.0) at a flow rate of 50 ul/min. The mass spectrometer's operating parameters 
included a CE of 40 eV, CV of 27 eV, Ar of 3x10-4 mBar and a source temperature of 
120°C — with other MS settings as described in Sec. 2.4.5.2. 
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3 Results: 

3.1 Vims Growth in Somatic Cell Cultures: 

Prior to introducing nucleoside analogues into the various tissue culture 
systems used in these investigations, we laboured to verify that each cell line would, 
in fact, support a productive infection of the species and strain of herpesvirus 
examined. The methods used to tentatively identify a productive infection of these 
cells was the appearance of cytopathic changes (CPE) indicative of herpesvirus 
infection. Confirmation of infection by herpesviruses was accomplished with the 
use of immunocytochemical (immunoperoxidase or immunofluorescence) staining 
techniques as described elsewhere (Gronowitz and Kallander 1981, Sever and Jacob 
1983, Landry et al. 1989). The growth kinetics of each virus in these culture systems 
were not determined. 

Herpes simplex virus (HSV) type-1 and HSV type-2 demonstrated a capacity 
for growing well in all of the cell lines tested, including: African green monkey 
kidney (VERO) cells, primary rabbit kidney (PRK) cells, human foreskin fibroblasts 
(HFF), human embryonic lung fibroblasts (HELF) and a human Schwannoma* (SW) 
cell line (Fig. 3.1). Alternatively, the growth of VZV in these culture systems was 
limited to cells of human (HFF, HELF, and then later, SW cell) origin. Infection of 
cell monolayers with HSV resulted in the appearance of CPE 3 to 4 days sooner (~3 
DPI) than cultures that had been infected with VZV. Plaque morphology also 
appeared to be distinctive between these virus species. 

3.2 Demonstration of the Bioactive Metabolites of Radiolabeled Anti-Herpesvirus 
Nucleoside Analogues: 

3.2.1 In Vitro Determination of Nucleoside Analogues using Plaque Autoradio
graphy: 

In our earliest use of nucleoside analogues, a technique of plaque 
autoradiography (PA) was developed which could rapidly and accurately 
demonstrate the specific uptake and phosphorylation of the [l25I]-labeled 5-
halogenated-2'-substituted thymidine derivative, [l25I]-IVaraU, in somatic cell 
monolayers infected with fl-competent herpesvirus. In subsequent experiments the 
uptake and metabolism of [3H]-PCV was also examined using similar techniques. 

* The human SW cell line used to develop our HPLC/ESI" M S / M S assay for nucleotides was not used to grow HSV 
type-2. 

142 





3.2.1.1 [!25l]-lVaraU-PA of Somatic Cell Monolayers: 

3.2.1.1.1 Preparation of Cell Monolayers for [l25I]-IVaraU-Plaque Autoradiography: 

Because [l25I]-IVaraU-TP is "metabolically trapped" within infected cells 
rather than incorporated into the viral DNA, it may be lost if the integrity of the 
cellular membrane is compromised. Efforts were made, therefore, to determine the 

t 

method best suited for preparing these monolayers for autoradiography. 

As demonstrated by the counts released into the fixatives used to prepare cell 
monolayers for autoradiography, use of any of the chemical fixatives we tested 
resulted in a significant loss (45% to 87%) of intracellular [l25I]-IVaraU-TP, compared 
to the radioactivity released by similarly fixed [l̂ lJ-IdC-treated samples (7% to 14%). 
Air drying or freeze-drying herpesvirus-infected/[125I]-IVaraU-treated cell 
monolayers prior to autoradiography was found to be superior to the use of 
chemical fixatives, as this did not result in a consequential loss of [l25I]-IVaraU-TP. 
Finally, because freeze-drying monolayers was much more labour intensive than 
simply air-drying these samples, and because freeze-drying did not seem to improve 
the quality of the radioimages that were produced on X-ray film, air-drying 
monolayers was used for subsequent [125I]-IVaraU-PA. 

3.2.1.1.2 [l25i]-iVaraU-PA Image Densitometry: 

This novel use of [l25I]-IVaraU issued well, not only for generating X-ray film 
images of this diffusible thymidine analogue in unfixed/air-dried (and freeze-dried) 
cultures of thymidine kinase-competent (tk+) HSV-infected and VZV-infected 
somatic cell monolayers, but for doing so in substantially less time than other, 
previously described, PA methodologies. 

Discernible X-ray film images of [l25I]-IVaraU-TP in herpesvirus-infected 
(tfc+)/[125l]-IVaraU-treated somatic cell monolayers were produced using film 
exposures of as little as 1 to 2 hours; compared to as long as 7 days in [125I]-
Iododeoxycytidine ([l̂ IJ-IdC) autoradiography described by Martin et al. (1985). In 
the plaque autoradiography of a drug-treated/virus-infected VERO cell monolayer, 
HSV type-1 plaques (-50) demonstrate dark rims indicative of the uptake and 
metabolism of [125I]-IVaraU (Fig. 3.3). The film image of plaques in this 
autoradiograph accounts for all of the plaques present in the cell monolayer. 
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Figure 3.3: [1 2 5I]-IVaraU Plaque autoradiography of thymidine kinase 
positive herpesvirus-infected cells. 
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Semi-quantitative computer image densitometry (mean integrated densities) 
of digitized X-ray film images of herpesvirus-infected/IVaraU-treated cell 
monolayers demonstrated that, regardless of the type of virus or of the cell used to 
generate plaque autoradiographs, the signal-to-noise ratio of digitized film images of 
[l25i]-rVaraU-TP were slightly higher than those produced by [l25l]-IdC. In other 
words, autoradiographic film images generated by [l25l]-rvTaraU-treated monolayers, 
although somewhat less intense than those generated using [l25I]-IdC, suggested that 
there was greater selectivity in the uptake and metabolism of [125I]-IVaraU by tk+ 

herpesvirus-infected cells. 

3.2.1.1.3 [l25l]-lVaraU-PA/Immunocytochemisrty: 

In order to confirm the selectivity of our [125I]-IVaraU-PA assay, we compared 
the X-ray film images produced from drug-treated/herpesvirus-infected monolayers 
to their immunocytochemical pattern of staining. 

When considered against the immunocytochemically-defined distribution of 
herpesvirus in cell culture, [125I]-IVaralJ-PA film images were found to correspond 
specifically to only those regions of the cell monolayer which had been infected with 
a tk+ herpesvirus. Several different tk+ VZV strains were used to demonstrate this 
in [125I]-IVaraU-treated/VZV-infected HFF cell monolayers (Fig. 3.4). Conversely, 
HFF monolayers infected with -100 PFC's of the 40a2 tk-deficient (tic) strain of VZV, 
later treated with [125I]-IVaraU, failed to produce any discernible X-ray film image 
using comparable exposure times (Fig. 3.5). These findings would seem to indicate 
that the understanding that the uptake and metabolism of this radiolabeled tk-
dependent thymidine analogue by ^-deficient herpesvirus mutants does not take 
place. Differentiating tk+ from tk~ herpesvirus plaques using [125I]-IVaraU-PA/IP 
was, therefore, relatively straightforward. 

It was also determined that nearly equivalent PA image densities were 
generated by autoradiographs of 4 H film exposures as those produced from digitized 
images of immunoperoxidase stained VZV-infected monolayers (Fig. 3.4; Table 
3.1a). However, the signal-to-noise ratio from the digitized images of 
immunolabeled samples was lower than what was obtained from [125I]-IVaralJ-PA. 
This was most evident when PA image densities were considered against the 
digitized images of autoradiographs having exposure times of 48 H, image densities 
that approached the saturation density of the imaging film (Fig. 3.6). With the 
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Figure 3.4: Immunocytochemistry and [1 2 5I]-IVaraU plaque autoradio
graphy of Varicella-Zoster Virus-infected cells. 
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Figure 3.5: [1 2 5I]-IVaraU plaque autoradiography and Immunocytochem
istry of Varicella-Zoster Virus-infected cell monolayers. 
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Table 3.1a: Discrimination of thymidine-kinase deficient HSV type-1 by 
[125I]-IVaraU (PA) uptake in combination with HSV type-1-
specific (IP) antigen expression. 

VZV PFC PFC IP Imagem a x OD (mean) PA Imagem a x OD (mean) 

(strain) (IP) (PA) 4hours 48hours 

CI1205 (tk+) 7 7 117.7 113.1 244.9 

CIwt-1 (tk+) 5 5 130.6 nd 241.6 

pplla (tk+) 6 6 126.5 120.7 244.4 

40a2 (tk-) 100 0 150.0 68.3* 92.6* 

101 (tk-) 75 0 162.5 69.7* 88.9* 

PFC= Plaque forming cells 'background; nd=Not done 
IP = Positive immunoperoxidase stained 
PA = Positive plaque autoradiograph 
OD = Optical density (1-256) 

Table 3.1b: Uptake of [125I]-IVaraU by herpesvirus-infected Percoll-
enriched Lapine neural cells. 

HSV 
(strain) 

Area 
(pixels*) 

Autorad image 
OD (mean) 

Autorad image 
OD (min) 

Autorad image 
OD (max) 

KOSa (tk+) 

KOSb (tk+) 

1.56e5 

1.56e5 

52.84 

44.06 

18.00 

19.00 

192.00 

147.00 

F (tk+) 

G (tk+) 

1.56e5 

1.56e5 

36.72 

37.65 

14.00 

21.00 

150.00 

77.00 

150A (tk-) 1.56e5 33.50 15.00 77.00 

CI 615.8 (tk+/pol-) 1.56e5 72.71 30.00 181.00 

ACGr4a (tk-) 

ACGr4b (tk-) 

1.56e5 

1.56e5 

32.81 

30.67 

17.00 

15.00 

63.00 

80.00 

SC16-5C1 (tk-) 1.56e5 32.36 15.00 89.00 
OD = Optical density (1-256) *the area of a 60mm petri dish 
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selectivity of the herpesvirus probe notwithstanding, the sensitivity (image density) 
produced by the radioiodinated antiviral agent was found to be greater than that of 
immunolabeling. 

3.2.1.1.4 Limits of Detection of [!25i]-lVaraU-PA: 

[125l]-rVaraU-PA, when used in combination with immunoperoxidase (IP) 
staining ([125I]-IVaraU-PA/IP), was also able to distinguish thymidine kinase-
competent virus from ffc-deficient/antiviral-resistant herpesvirus strains in 
experimentally reconstructed herpesvirus populations (Fig. 3.7). The lower limits of 
detection of our [l25l]-IVaraU-PA assay was, for the most part, delimited by the size 
of the tissue culture receptacle that was used for the assay and by the size of the 
plaque needed for a reliable visualization. In a 60 mm plate, the lower limit of 
detection was approximately 1 tk' in 200 tk+ herpesviruses. However, when used to 
detect ffc-competent virus in a population of cells infected with mostly rfc-deficient 
herpesvirus strains, the lower limits of detection of [l25l]-lVaraU-PA increased 
considerably, to as high as 1 tk+ in 1000 tk' herpesviruses. 

3.2.1.2 [3H]-Penciclovir Autoradiography of HSV-Infected Schwannoma Cell Mono
layers: 

In more recent experiments, we were able to apply a modification of the [1251]-
IVaraU-PA assay to demonstrate for the first time using autoradiography, the 
selective uptake and metabolism of the diffusible guanosine analogue, [3H]-
Penciclovir (PCV; SmithKline Beecham) in a VZV-infected human neural-tumor 
(SW) cell line. Again, X-ray film images were only generated from cultures that had 
been infected with tk+ herpesvirus, corresponding specifically to those areas in the 
monolayer where herpesvirus (VZV)-infected SW cells could be immunologically 
demonstrated (Fig. 3.8). 

3.2.1.3 [l25I]-IVaraU-PA/IP in the Study of Herpesvirus Neurotropisms: 

Because it was our intention to use [*I]-IVaraU to discriminate herpesvirus 
infection in the CNS of animals in situ that we thought it prudent to determine if 
primary cultures prepared from the CNS of these animals would, in fact, be 
permissive for virus replication, and then to see if we could demonstrate the 
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Figure 3.7: [125i]-iVaraU-PA determination of thymidine kinase (tk) pos
itive herpesvirus in experimentally reconstructed populations 
of tk-positive and -negative HSV. 
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Detection of rfc-positive H S V (KOS; arrows) in experimentally reconstructed populations of 
^-positive and negative HSV ( 8 0 6 % ^ [A,C]; A C G r 4 [B,D]), using [ 1 2 5I]-IVaraU-PA/IP. 
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Figure 3.8: [ 3H]-PCV autoradiography of Varicella Zoster Virus-infected 
cell monolayers. 
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Autoradiographs demonstrating the uptake and metabolism of PCV by thymidine kinase-
positive VZV-infected SW cell monolayers, ffc-deficient VZV did not generate a film image. 
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selective uptake and metabolism of this radiolabeled antiviral agent in these mixed 
neural cell cultures by [l25l]-WaraU-PA/IP. 

3.2.1.3.1 Properties of Mixed and Enriched Neural Cell Cultures: 

Phase microscopy of freshly prepared cultures of Percoll®-enriched glial cells 
from adult lapine whole brain hemispheres indicated that each preparation 
consisted mainly of small (~9um diameter) phase-bright/highly retractile circular 
cells having the typical appearance of recently isolated oligodendrocytes (Farooq et 
al. 1981; Gebicke-Harter et al. 1981; Hirayama et al. 1983), although unambiguous 
identification of specific glial cell types would require immunocytochemical 
characterization (Raff et al. 1979). 

Preliminary immunocytochemical characterization of freshly prepared 
cultures of Percoll®-enriched glial cells (1 to 3 days in vitro; DIV) indicated these 
preparations consisted of approximately 75% to 80% 3'-5'-cyclic nucleotide 
phosphodiesterase (CNPase)-positive oligodendrocytes (OL), 10% to 20% glial 
fibrillary acidic protein (GFAP)-positive astrocytes (AST; fibrous and protoplasmic); 
and 5% to 10% fibronectin (FN)-positive fibroblasts (FB) (Fig. 3.9). There was 
occasional evidence of residual erythrocytes in these preparations, although their 
presence could be largely controlled at the time of tissue processing. 

Freshly prepared cell suspensions were seen to adhere to the tissue culture 
dish in the first few days following seeding. During the following week in culture, 
large flat fibroblast-like cells were seen to adhere to the tissue culture dish in the 
formation of cellular patches over which small clumps of a somewhat smaller 
population of cell would tend to settle (Fig. 3.10). These cells were immuno-
cytologically defined as astrocytes and oligodendrocytes, respectively. Absence of 
immunolabeling using the monoclonal antibody directed against the neuron-
specific neurofilament antigen (NF68) suggested that central neurons were not 
present in these CNS preparations. 

By the third week in vitro, astrocytes tended to dominate cultures, forming 
near-confluent monolayers (Fig 3.11). The clumps of smaller overlaying 
oligodendrocytes did not increase in size when settled, but did tend to display 
process-extension. Generally, processes extended to connect with processes of other 
similarly grouped oligodendroglial formations (Fig. 3.12). In some preparations, the 
tendency of oligodendrocytes to cluster resulted in the formation of particularly 

154 



o u JH 
CU 

PH 

01 

u 
PH 
>^ 

I—I 

3 

OJ 

'oS 
HO 

PS 

U 
H 

+ 
OJ 
cn 
n j 

PH 
z 
u 

o 

c o» u 
cn 

cn O cu 

HH O 
° £ 

HH flj 

2 o 
O 3 
h o 
•a 6 % O HH 
JH U 

ON 

cu 
>H 
too 

• iH 
HH 

2 £ « 
C N 

cu 
> 
3 

>1 r, 
CU 

O 
HH 

O 



c/5 
0) 

I-H 
3 
cu 

PH 
cu 
u 

i-H 

TJ 
cu 

TJ 
cu 

S 
CU 
I 

'o 
cu 
CU 

PH 
MH 
o 
(A 
X 
PM 
ra 
JH 
60 
O 

M 
cu 

O 

C H 

C O 

CU 

rH 
3 
b f j 

•iH 
(JH 

pa 

to CU ^ < 

' •S "5 C M 

c 35 C N 
a 
o 
B 

T5 

CM 

0 
CU 

*•— -* ^ 6 ^ 

C N 
X CM 

« .a 
£ TJ a cu to _2 o 

P. bO to 

•a 

ra 

3 

u 
Ol 

CD 

T5 
CU 

a 
6 
Cfi 

55 TJ ra ,„ 

u 

ra 
3 
T3 

SH 
OH 

CU 

0) 
>H 
ra 
to 
C 
o 

. r H 

X* 
a 
o 

3 
CU 
i 
q u 
0) 

PH 

CD 

| 

to 
d> 
to 
ra 

TJ 
X 
o 
>H 
CU 

cx 
O u 
a TJ 5 '0 c ra 

tO ^ - v 

rt co 

> 

u 
T5 

5 
rt 
< 
O 
to 
>H 
CU 

6 
•M -4-» V 
CO 

S H O 
•TH Ĥ 
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Figure 3 . 1 1 : Photomicrographs of fluorescent antibody (GFAP/FITC+)-
labeled astrocytes in mixed gl ial cultures. 

Fluorescent an t ibody- label led astrocytes i n p r i m a r y (21 D I V ) cultures of adul t rabbit brain. 
L o w - (X40) and h i g h - p o w e r e d (XI00) v iews of b r igh t green (FITC-labled) G F A P - p o s i t i v e 
astrocytes (A;B) ; co r respond ing fields i n phase (C;D) . C u l t u r e condi t ions are described i n 
Sec. 2.1.2.2. Indirect i m m u n o l a b e l i n g us ing the marker G F A P is descr ibed i n Sec. 2.2.1.4. 
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large cellular aggregates (Fig. 3.13). Considering the fact that oligodendrocytes are 
terminally differentiated, whereas astrocytes and fibroblasts maintain the capacity 
for continued multiplication after primary culture, it was not unexpected to see the 
composition of these cultures change considerably over the weeks following initial 
plating. The percentage of oligodendrocytes comprising these cultures at 21 DIV was 
seen to drop significantly relative to that of the astrocytes, but more moderately 
relative to the fibroblasts in these preparation. The composition of these 
"oligodendroglial" cultures at 21 DIV was shown to changed to approximately 5% to 
10% OL, 70% to 75% AST, and -25% FB. 

3.2.1.3.2 Herpesvirus-Infection of Neural Cell Cultures: 

[125i]-rVaraU-PA/IP of Percoll-enriched immunocytochemically-defined 
primary glial cells (at 21 DIV) were also used to examine the capacity of specific 
neural cells to support an infection by selected strains of HSV. 

When using a relatively high multiplicity of infection (moi 10), HSV 
infection of these cultures demonstrated that at 2 to 3 days post infection (DPI) 
approximately 85% to 95% of all glial cells exhibited signs of cytopathic effect (Fig 
3.14). As expected, the expression of viral antigens on the majority of the cells in 
these cultures was also apparent (Fig. 3.15). 

Differences in the capacity of immunocytochemically (IF)-defined glial cell 
types (OL, AST, or FB) to support an infection (i.e. to be IP+) of a particular strain of 
HSV (tk+/tk'; DNA polymerase wild-type or deficient) was not evident, as all cells 
appeared to be equally susceptible to viral infection. The first cytopathic changes 
seen to occur in these cultures, however, did appear to involve the larger cells first, 
in particular the fibroblasts. 

All the cells comprising these cultures, once infected, progressively 
degenerated, as evidenced by their tendency to increase in size, become more 
spherical, and finally detach from the tissue culture receptacle (Fig 3.16). The spread 
of CPE in these cultures was evidenced by the gross formation of virus plaques 
which tended to increase in size, ultimately ending with the disintegration of the 
cell monolayer. 
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Figure 3.13: Photomicrograph of imunoperoxidase-labeled (GFAP+) 
astrocytes in a large aggregate of oligodendrocytes. 

Pho tomic rog raph of immunoperoxidase- labe led astrocytes i n p r i m a r y m i x e d neura l cel l 
cultures (21 D I V ) prepared f rom adult rabbit bra in . N e t w o r k of peroxidase-stained (dark-
b rown) G F A P - p o s i t i v e astrocytes u n d e r l y i n g a large aggregate of G F A P - n e g a t i v e 
o l igodendrog l i a l c lumps . Cu l tu r e condit ions are as descr ibed i n the text (Sec. 2.1.2.2). 
Indirect immunocy tochemis t ry u s ing the cel l type-specific marker , G F A P , is as described 
i n Sec. 2.2.1.4. 
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Figure 3.16: Photomicrographs of fluorescent antibody (GFAP/FITC)-
labeled HSV type-1 and type-2-infected astrocytes in mixed 
gl ial cell cultures. 

Photomicrographs of herpesvirus- infected/ant ibody-def ined astrocytes i n p r i m a r y (21 
D I V ) cultures of adul t rabbit b ra in . H i g h - p o w e r e d (XI00) magni f ica t ion of H S V - 1 (KOS)-
and H S V - 2 (G strain)-infected G F A P - p o s i t i v e (bright g reen /FITC- lab led ) astrocytes (A;C) ; 
and of the co r respond ing fields v i e w e d under phase (B;D). Herpesvirus- infected cells are 
easi ly d i s t ingu i shed b y the morpho log ica l changes that indicate C P E . Preparat ion of 
p r i m a r y cultures, v i ru s infect ion and culture condit ions are descr ibed i n the text (Sec. 
2.1.3-2.1.4). Indirect immunocy tochemis t ry us ing G F A P is as descr ibed i n Sec. 2.2.1.4. 
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3.2.1.3.3 [i25l]-lVaraU-PA/IP of Herpesvirus-infected Neural Cell Cultures: 

[l25i]-rVaraU-PA/IP was used to investigate the neurotropism of HSV type-1 
and type-2 in mixed and density gradient-enriched cultures of primary neural cells 
prepared from the adult rabbit CNS. 

When cultures of HSV type-1 and type-2 (f/c+)-infected Percoll-enriched glial 
cells were examined for their ability to take up and metabolize [l25l]-TVaraU, again, 
no apparent differences between the various cell types could be determined. It was 
obvious, however, that the metabolism of IVaraU depended on the tk and 
thymidylate kinase of the herpesvirus used to infect these primary glial cell 
preparations — in a manner similar to what was observed with [l25l]-rVaraU-PA of 
HSV type-1 and type-2-infected somatic cell cultures. Computer image densitometry 
of digitized X-ray film images of Percoll-enriched herpesvirus-infected/I VaraU-
treated whole glial cell monolayers demonstrated that [!25I]-IVaraU metabolism was, 
as expected, in the order HSV type-1 (strain-KOS and strain-F) > HSV type-2 (strain-
G and strain-150/A) > HSV type-1 thymidine kinase-deficient mutant strains (ACGr4 
and SCI65C1). Not anticipated, however, was that the HSV type-1 clinical isolate, 
NK615.8 (tk+/poT), generated X-ray film images with densities even greater than 
those produced by our type-1 tk+ laboratory strains (Fig. 3.17; Table 3.1b). 

3.2.2 In Vivo Determinations of Radiolabeled Anti-Herpesvirus Nucleoside Ana
logue in a Rabbit Model of Herpes Simplex Encephalitis (HSE): 

Having demonstrated that [l25I]-IVaraU-PA/IP could be used as a specific 
indicator of herpesvirus f/c-activity in vitro, and that these viruses could, indeed, be 
grown in a variety of cell-types of CNS origin, we then examined the suitability of 
using [!25I]-rVaraU as a method for detecting the presence of HSV in the brain of an 
animal model of herpes simplex encephalitis (HSE). To this end, HSE was induced 
in adult rabbits by infecting each animal intranasally with HSV type-1 (i.e. strain F or 
KOS-SB, a tk' deletion mutant). This was done by physically instilling a small 
aliquot of virus suspension directly onto the surface of the left-side of the olfactory 
mucosa. At 5 days post-infection, [l25l]-IVaraU was injected intrathecally (via the 
cisterna magna; CM), and the drug's uptake and metabolism later determined (at 22 
H to 24 H), using tissue autoradiography. 

164 



Figure 3.17: [125I]-IVaraU plaque autoradiography of herpesvirus-
infected Lapine oligodendrocytes. 

Strain-KOS Strain-F 

Herpes Simplex Virus type-1 (TK/POL-wild type) 30.38 

Strain-G Strain-150 

Herpes Simplex Virus type-2 (TK/POL-wild type) 
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KOS 

Pixels 122 

150 

Pixels 128 

St ra in-ACGr4 Strain-5C1 

Herpes Simplex Virus type-1 (TK-deficient mutant) 

Cl in ica l isolate-615.8 

ACGr4 

5C1 

Pixels 135 

615.8 

Pixels 115 

Relative optical densities 
Herpes Simplex Virus type-1 (POL-deficient mutant) * n ̂ e ^ e ^ m e ^ r e g i ° n s 
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3.2.2.1 Gross Pathologic Changes in the Rabbit HSE Model: 

In almost all of the animals infected with HSV, nasal congestion developed 3 
to 4 days after intranasal installation of the virus (4 DPI). Despite the use of a 
relatively "low-neuro virulent" strain (F-strain) of herpesvirus, two of the seven 
rabbits infected developed severe seizure activity at 4 days and at 5 days post
infection and were euthanized before [125i]-iVaraU could be administered. All HSV-
infected rabbits appeared to become lethargic and demonstrated loss of appetite. A 
discharge emanating from the nostril(s) in all animals, and in two animals from 
around the eye on the same side of original infection, was also noted. Viral 
shedding in these animals was not determined. The one rabbit that was sham-
inoculated, did not present any signs of illness. 

Gross pathological changes to the CNS of all herpesvirus-infected rabbits 
could be demonstrated at the time of sacrifice (5 and 6 DPI), but were not identical 
among all animals (Table 3.2). All HSV-infected rabbits demonstrated moderately 
severe hemorrhagic necrosis of the olfactory bulb, ipsilateral to the side of the 
olfactory mucosa infected, whereas no gross pathological findings were apparent in 
contralateral olfactory bulbs. There was also evidence of pathologic changes 
associated with the ipsilateral olfactory tract/prefrontal brain region in HSV-infected 
animals. Moreover, in one rabbit, there was evidence that deeper regions of the 
CNS had also been infected. In this instance, a mild focal hemorrhagic necrosis on 
the inferior surface of the temporal lobe (again, ipsilateral to the original side of the 
infected olfactory mucosa) was observed (Fig. 3.18). In a rabbit infected with the 
KOS-SB tk' deletion mutant, gross pathology of the infected olfactory bulb with 
some evidence of involvement (discolouration) of the associated olfactory tract was 
also observed. However, presentation of a focal lesion on the inferior surface of the 
ipsilateral temporal lobe, like with most of our other animals, was not apparent. 

3.2.2.2 In Vivo Demonstration of a Herpesvirus Infection in the CNS of a Rabbit 
Model of HSE using [i25i]-iVaraU-Tissue Autoradiography (TA)/IP: 

Having demonstrated that cultures prepared from rabbit CNS would support 
HSV replication in vitro, and then having successfully distinguished the HSV-
infected from the uninfected cells using [l25I]-IVaraU-PA/IP, we then used tissue 
autoradiography, immunohistochemistry and computer-assisted densitometry of 
digitized X-ray and IP images (similar to the methods developed and used for [125TJ-
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Figure 3.18: Gross pathology of the left-side temporal lobe of a rabbit 
Herpes Simplex Encephalitis model. 

Inferior view of an HSE rabbit brain 6 days after intranasal instillation of 3.7xl0 5 P F U of 
herpes simplex virus type-1 (F-Strain), demonstrating ipsilateral hemorrhagic necrosis 
(circle) of an area of the left-side temporal cortex. The herpes simplex encephalitis rabbit 
model (Sec. 2.1.5) is based on that described by Stroop and Schaefer (1986). 
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IVaraU PA/IP) to demonstrate the specific regional co-localization of [l25I]-IVaraU 
and the expression of HSV type 1-specific late antigens in air-dried (unfixed) 
fresh/frozen serial sections of infected brain tissue. 

3.2.2.2.1 Preparation of Tissue Sections for [i25I]-IVaraU-TA/IP Characterization: 

Prior to immunohistological characterization, coronal sections (intermittent 7 
(im to 14 urn-thick) were thaw-mounted onto chrome alum-coated glass microscope 
slides, air-dried and positioned against X-ray film in order to produce 
autoradiographs. As many as 3 (8-in x 10-in) autoradiography cassettes were used to 
expose, at a single time, the sections prepared from a given rabbit brain. 

In an attempt to prevent the loss of the non-covalently bound intracellular 
triphosphate ([125l]-rVaraU-TP), brain sections were air-dried and then 
autoradiographed directly — without the use of fixatives. Despite such efforts, 
however, the process of thaw-mounting frozen sections onto microscope slides 
invariably allowed some dispersion of the "metabolically-trapped" triphosphates to 
occur. Consequently, only a regional, rather than an intracellular or even cell type-
specific localization of the [!25l]-lVaraU-TP could be determined (See Fig. 3.20). 
Efforts to produce higher-resolution autoradiographic images of tissue sections with 
the use of emulsion-dipped coverglasses were, similarly, unsuccessful (not shown). 

3.2.2.2.2 Direct Determination (Gamma Counts) of Radioactive HSE Tissue Sections: 

On our first attempt to produce autoradiographic images of the uptake and 
metabolism of [125l]-IVaraU in our HSE animal model, tissue sections adjacent to 
some of the sections used for autoradiography were transferred to test tubes for 
gamma counting. Each section, separated into its respective hemisphere, was 
counted directly to more rapidly (though, less selectively) determine the uptake and 
metabolism of [125l]-IVaraU in relation to the side of the brain from which the 
section was taken. 

With few exceptions, sections taken from the side ipsilateral to that of the 
original infection demonstrated counts that were higher than those obtained from 
the corresponding contralateral hemisphere (Fig. 3.19). Differences in the counts of 
each hemisphere were most apparent in sections prepared from olfactory bulbs, as 
well as from the juxtaposed frontal and pre-frontal brain areas. Sections prepared 
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Figure 3.19: [125I]-IVaraU uptake in a rabbit Herpes 
(HSE) model 

Simplex Encephalitis 



from brain regions more posterior to these areas also demonstrated high counts, 
although significant differences between each hemisphere was not as evident*. 

3.2.2.2.3 Image Densitometry of HSE/[l25I]-IVaraU Tissue Autoradiographs: 

6 day film exposures of thin-sections prepared from olfactory bulbs and from 
tissues extending several millimeters into the pre-frontal areas of HSE rabbit brains, 
consistently produced images indicating a higher regional accumulation of [1251]-
TVaraU-TP in sections corresponding to the side of the brain (olfactory bulb) infected 
with virus relative to the uninfected/contralateral hemisphere (Fig. 3.20). 
Autoradiography of tissues more posterior than those of the pre-frontal cortex did 
not produce definitive film images (not shown), including thin sections prepared 
from the temporal lobe of the rabbit that had demonstrated HSV-related pathology 
in this area. Computer-assisted image densitometry (mean integrated densities) of 
autoradiographs of sections ipsilateral to the side of infection indicated that X-ray 
film images were consistently (though only moderately) darker than those produced 
by the uninfected contralateral side which tended, instead, to parallel background 
densities (Fig. 3.21). 

3.2.2.2.4 Histopathology and IP Characterization of HSE Tissue Sections: 

Histopathological findings in these HSE rabbits included mild to moderate 
necrosis of brain parenchyma, as well as evidence of infiltration by mononuclear 
inflammatory cells. Some perivascular cuffing could also be demonstrated (Fig. 
3.22). Histopathology was most evident, again, in the anterior-most regions of the 
rabbit brain ipsilateral to the original site of infection, involving predominantly the 
olfactory bulb and (to a lesser extent) the pre-frontal cortex. Immunoperoxidase 
staining of tissue sections using monoclonal antibody directed against HSV type-1, 
demonstrated little, if any, evidence of the presence of viral antigens in any region 
other than those which produced a definitive X-ray film image (Fig. 3.23). However, 
some distribution of herpesvirus-infected cells could be immunohistochemically 
determined in the region of the inferior temporal lobe of the rabbit that had gross 
evidence of a focal herpesvirus-induced lesion (Fig. 3.24). Again, thin sections 
produced from this area did not generate a definitive X-ray film image, even when 
used to expose X-ray film for as long as 10 days. 

f Gross pathological changes of the inferior temporal lobe of this particular animal were not observed. 
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Figure 3.20: Digitized high-contrast X-ray film images of the differential 
uptake of [125I]-IVaraU (right vs left hemispheres) in fresh-
frozen/air-dried (7|im) serial sections of rabbit HSE olfactory 
bulbs. 

(pKIKDol i^P 

•4 to 6-week old (~2Kg) female 
New Zealand white rabbits 

•Intranasal inocculation 
100|al (3.7x106 pf u) HSV-1 
(strain F) 

•Intrathecal injection IVaraU 
@ 4-5 days post-infection 
15(il to 20^1 t1 2 5I]-IVaraU 
(0.5 to 2.0mCi) 

•Sacrifice @ 22hr post-injection 
•Exsanguinate/PBS perfusion 
• Dissect out brain 

•Cut tissue into ~3xlcm blocks 
•Snap-freeze blocks (CC>2(S)) 
•7 (to 14)(im-thick serial sections 
•Thaw-mount onto slides 
•Air-dry 

•Apposition to X-ray film 
•Expose for 6 (to 10) days 
•Develop film 
•Digitize/high contrast image 

172 



CN 
CO 

0) ?H 
6 0 •i-i 



Figure 3.22: Photomicrograph of a histological th in section of brain tissue 
of a rabbit Herpes Simplex Encephalitis model demonstrating 
micropathology. 

Histopathological evidence (lymphocytic infiltration/perivascular cuffing [arrow] and 
microglia) in the area of the temporal lobe of a rabbit 6 days after intranasal delivery of 
3.7x106 P F U of herpes simplex virus type-1 (F-Strain) onto the left-side cribiform plate 
(Sec. 2.1.5). Stained by hematoxylin/eosin. 
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Figure 3.23: Photomicrograph of immunologically stained (HSV/IP+)-
positive th in sections of olfactory bulbs and prefrontal 
brain regions of a rabbit model of Herpes Simplex 
Encephalitis. 

Low- (A;B;D;E) and high- (C;F) magnification photomicrographs of immunoperoxidase-
stained fresh/frozen air-dried 14 urn-thick serial sections of herpes simplex virus type-1 
(F-strain)-infected (6 DIV) rabbit brain, demonstrating the presence of herpesvirus 
antigens in tissue sections of olfactory bulb (A) and pre-frontal (B;C) brain areas ipsilateral 
to that of the original infection. Thin-sectioned (immunoperoxidase-negative) brain 
tissues prepared from corresponding contralateral brain areas (D;E;F). 
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Figure 3.24: Photomicrograph of an immunologically stained (HSV/IP+)-
positive thin-section of temporal lobe of a rabbit model of 
Herpes Simplex Encephalitis. 

Immunohistopathology demonstrated by ipsilateral thin-sections prepared from rabbit 
brain 6 days after intranasal delivery of 3.7xl06 P F U of herpes simplex virus type-1 (F-
Strain) onto the left-side cribiform plate (Sec. 2.1.5). Immunoperoxidase-positive 
(herpesvirus-infected) cells (arrows) are recognized by their dark-brown appearance. 
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Immunohistochemical (D?) staining of HSV in some of these tissue sections 
demonstrated that viral antigens were expressed predominantly within both the 
granule-cell layer and the layer of the internal medulla of the olfactory bulb — again, 
in sections ipsilateral to the original site of infection (Fig. 3.25). Taken together, 
these findings suggest that the intermediate olfactory pathway and perhaps the 
olfactocortical neural pathway (rather than the lateral and/or medial olfactory tracts) 
are involved in the spread of HSV into the deeper regions of the CNS in these 
animal models. 

3.2.2.3 In Vivo Demonstration of a Herpesvirus Infection in the CNS of a Rabbit 
Model of HSE by [!25i]-iVaraU and External Gamma-Camera Scintigraphy: 

Having had limited success in using [!25l]-rVaraU tissue autoradiography for 
tracing the spread of HSV in our HSE animal model, we endeavored to determine if 
[!3in_iVaraU could be used in combination with external gamma-camera 
scintigraphic radiography for the non-invasive determination/localization of an 
active herpesvirus infection (HSV fJc-activity) in the CNS of intact animals. 
Unfortunately, repeated attempts at generating a reliable radioimage of [1311]-

IVaraU-TP in the CNS of these animal models were uniformly unsuccessful. 

Blood levels of [l3lI]-IVaraU were shown as effectively masking the detection 
of the [l3lI]-IVaraU-TP in infected brain regions (Fig. 3.26). Even after 
exsanguination, background radioactivity tended to overwhelm the gamma-camera 
image. High levels of unmetabolized parent compound in the peripheral 
circulation, in combination with the poor image quality afforded with the use of an 
inadequately sized (oversized) collimator, and/or an insufficient accumulation of 
[131i]-rVaraU-TP in infected tissues, may have all been contributing factors in our 
inability to generate a reliable external radioimage of [l3lI]-IVaraU-TP in the CNS of 
these animal models. 

Despite its shortcoming as a non-invasive radiodiagnostic indicator of HSE in 
these animals, the ready applicability of radioiodinated-IVaraU as a tool for the in 
vitro and in vivo characterization of herpesvirus infection still serves to illustrate the 
pharmacological versatility of this, and related, antiviral agents. 
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3.3 Ultratrace Determination of the Bioactive Metabolites of Non-Radiolabeled 
Anti-Herpesvirus Nucleoside Analogues: 

In a progressive series of experiments, we endeavored to investigate the 
development of a non-radioactive methodology that we could use to determine the 
intracellular pharmacokinetics (i.e. intracellular triphosphate levels, Cmax, half-life, 
and saturability) of two more clinically relevant antiherpesvirus nucleoside 
analogues. It was our intention to develop this assay such that, not only would the 
levels of sensitivity be roughly equivalent to those obtained using autoradiography 
techniques, but that a capacity for discriminating between the parent compound and 
each of its metabolites (a function clearly beyond that of direct gamma counting or 
X-ray film image densitometry) was also achieved. We sought to accomplish this by 
exploiting the separating capacity (selectivity) of high-performance liquid chromato
graphy (HPLC) and combining it with the sensitivity afforded by mass spectrometric 
(MS) detection. 

3.3.1 Development of a RP-IP HPLC System Suitable for use with Mass Spectro
metry for the Separation and Detection of Nucleosides, Nucleoside Analogues 
and their Phosphorylated Metabolites: 

3.3.1.1 RP-IP HPLC/UV254 using a Non-Volatile Phosphate Buffer (NVB) System: 

To begin, reverse-phase (RP) ion-paired (IP) HPLC used in combination with 
spectrophotometric detection (UV254) and the non-volatile phosphate buffers (NVB) 
and HPLC running conditions previously described by Vere Hodge and Perkins 
(1989) was reproduced and then used to chromatographically separate mixtures of 
our model nucleosides and nucleotides: adenosine, guanosine and each of their 
corresponding mono- di- and triphosphate esters. Numerous runs were performed 
exploring hundreds of modifications to the NVB composition as well as to the 
operating parameters and running conditions used in HPLC (i.e. column types and 
size, flow rates, temperatures and gradient profiles), in order to achieve optimal 
separation of our desired analytes. In one series of experiments, a linear NVB 
gradient (See sec. 2.4.5.1) was used to chromatographically separate a test mixture of 
the standards: guanosine (G), GMP, GDP and GTP. Analytes demonstrated retention 
times (RT) of approximately 4.9, 8.2, 12.7 and 15.3 min, respectively (Table 3.3). 
Under identical HPLC running conditions, a mixture of adenosine (A), AMP, ADP 
and ATP was also run. In these experiments, analytes had somewhat longer 
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Table 3.3: Comparison of volatile and non-volatile buffers for the 
reverse-phase ion-pair HPLC of select nucleosides, nucleo
side analogues and their nucleotides. 

Retention 
time (min) 

Volatile 
buffer 

Non-volatile 
buffer 

Nucleoside Analogue 

Penciclovir PCV-MP PCV-DP PCV-TP 

7.2 

5.3 

9.9 

9.6 

11.6 

13.0 

13.0 

15.2 

Retention 
time (min) 

Volatile 
buffer 

Non-volatile 
buffer 

Nucleoside 

Guanosine GMP GDP 

5.4 

4.9 

9.9 

8.2 

13.4 

12.7 

GTP 

15.5 

15.3 

Retention 
time (min) 

Volatile 
buffer 

Non-volatile 
buffer 

Nucleoside 

Adenosine AMP ADP 

12.0 

8.9 

13.3 

12.2 

16.4 

15.2 

ATP 

18.4 

17.5 

Volatile and non-volatile buffer compositions as well as the HPLC running conditions used 
are as described in the Materials and Methods (Sec 2.4.5). 
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retention times: 8.9, 12.2, 15.2 and 17.5 min, respectively. The running conditions 
used for the chromatography of these model compounds were then used to generate 
near-baseline separation of PCV and its mono- di- and triphosphate derivatives, 
with corresponding analytes demonstrating an intermediate retention time of 
approximately 5.3, 9.6,13.0 and 15.2 minutes. 

3.3.1.2 RP-IP HPLC/UV 2 54 using a Volatile Buffer (VB) System: 

Having reproduced conditions suitable for the chromatographic separation of 
these analytes using a NVB system, efforts were then focused on formulating RP-IP 
HPLC buffers comprised of only volatile constituents ( H P L C V B ) , an essential feature 
for linking the HPLC to in-line mass spectrometric detection. 

After examining a number of different buffer constituents and gradient 
profiles, it was determined that a tertiary amine (dimethylhexylamine)/volatile 
anion (formate) ion-pair, used in combination with linear gradient elution, 
produced near equivalent chromatographic separation of each analyte as that 
obtained using the non-volatile phosphate buffer system (See Table 3.3). Generally, 
the elution time of each nucleoside and nucleotide increased in RP-IP H P L C N V B 

relative to RP-IP H P L C V B - Changes in retention times, however, were not 
consistent between all derivatives, with increases of as little as 12 seconds for GTP, to 
as high as 3.1 min for ATP, being noted. Similarly, near-baseline separation of PCV 
and its phosphorylated derivatives was obtained using RP-IP H P L C V B , - although 
some differences in the elution time of each analyte were again observed. For 
example, the elution of PCV increased by 1.9 min, whereas elution of PCV's 
diphosphate and triphosphate decreased by 1.4 and 2.2 min, respectively. No 
significant difference in the retention time of PCV-MP, using either buffer system, 
was observed (Fig. 3.27). 

3.3.2 Mass Spectrometric Detection of Nucleosides, Nucleoside Analogues, and 
their Phosphorylated Derivatives: 

Having formulated a volatile buffer system suitable for the chromatographic 
separation of our nucleoside analogue and its phosphorylated derivatives, we began 
to examine several different mass spectrometer (MS) configurations in anticipation 
of combining RP-IP H P L C V B with MS detection. Initially, liquid secondary ion 
monitoring system (L-SIMS = fast atom bombardment; FAB) analysis using a 
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Figure 3.27: Reverse-phase ion-pair high performance liquid chromato
graphy of penciclovir and its phosphorylated derivatives 
using a volatile buffer system. 
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magnetic-sector (Kratos Concept®) mass spectrometer was considered for making 
MS determinations of these analytes. We also initiated work on the manufacture 
and testing of several reverse-phase capillary-HPLC (C-HPLC) and nano-HPLC (N-
HPLC) microcolumns that could be used to interface RP-IP H P L C V B with L-SIMS 
mass spectrometry. 

3.3.2.1 Direct (Static) Liquid Secondary Ion Monitoring System Quantitative Probe 
Determinations using a Magnetic-Sector (Kratos Concept®) MS: 

Prior to attempting to link RP-IP H P L C V B with a mass spectrometer, we chose 
to examine the use of direct (static; sL-SIMS) quantitative probe determinations of 
each nucleoside, nucleoside analogue as well as their phosphorylated derivatives. 

Early direct probe sL-SIMS determinations using thioglycerol as the matrix 
and H20/methanol as the solvent demonstrated that nucleotides were more 
appropriately examined in negative-ion mode (sL-SIMS"), whereas positive-ion 
mode (sL-SIMS+) generated better MS spectra of the uncharged nucleosides and 
unphosphorylated nucleoside analogues. Oligomeric (cluster) formations (i.e. 
[M+H]+, [2M+H]+, [3M+H]+, [4M+H]+) were more apparent when sL-SIMS spectra 
were generated in the positive-ion mode compared to what was generated using the 
negative-ion mode. It was also discovered that the use of aqueous solvents in the 
preparation of our nucleoside analogue standard solutions tended to facilitate the 
formation of these high-mass oligomers/clusters. 

When the phosphate esters of guanosine were examined by direct probe sL-
SIMS" analysis, dimers and trimers (i.e. [2M-H]", [3M-H]") were observed in both our 
GDP and GTP standards but not, interestingly, with GMP. Similarly, sL-SIMS" 
spectra of the triethylamine salt of PCV-TP (PCV-TP* [C 2H 5] 3N +; P C V - T P T E A ) also 
demonstrated [2M-H]", [3M-H]" and even [4M-H]" oligomers/clusters. The structural 
identities of the major ions present in low-resolution sL-SIMS" spectra of PCV-
T P T E A were later confirmed using high-resolution mass determinations (Table 3.4). 

3.3.2.1.1 sL-SIMS MS of RP-IP H P L C V B Separated Analytes: 

Finally, in an attempt to verify that RP-IP HPLCvB-purified fractions from 
mixtures of a PCV/PCV-TPNa standard* (chromatographically separated into the 

* Recall that the P C V - T P N a standard consisted of all three nucleotides in roughly a 20:70:10 ratio, as determined by 
RP-IP HPLC/UV254. 
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Table 3 . 4 : Static liquid secondary ion monitoring systems (sL-SIMS) 
analysis of a penciclovir triphosphate aqueous standard. 

Mass-to-charge 
ratio (m/z) 

Formula confirmed by high-resolution measurements'*" 

79 PO 3 

159 P 2 0 6 H 
177 P 2 0 7 H 3 

239 P3O9H2 
257 P3O10H4 

394 C 1 0 H 1 4 O 8 N 5 P 2 

492 C 1 0 H 1 7 O 1 2 N 5 P 3 ; [M-H]-
572 C10HKA5N5P4; [M+P03]-
750 CJ0H22O22N5P6; [M+P 3O 1 0H 4]-
985 C 2 oH 3 50 2 4 N 1 0 P6; [2M-H]-

1243 [985+257+H]-
1478 [3M-H]-
1736 [1478+257+H]-

1971/2 [4M-H]-

Measurements obtained from spectra produced by the British Columbia Regional Mass Spectro
metry Center at UBC, as part of a feasibility study submitted to SmithKline Beecham Pharm
aceuticals, 1994. 
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parent nucleoside and each of its phosphorylated derivatives) could, indeed, be 
analyzed on the magnetic-sector instrument, like-fractions were collected, pooled 
and then concentrated using a vacuum-assisted rotary evaporator (RE) prior to sL-
SIMS analysis. 

Re-analysis of RE-concentrated fractions by RP-IP H P L C V B /UV254 

demonstrated that a partial degradation (phosphorolysis) of each of PCV's 
nucleotides had taken place (Fig. 3.28). Several attempts at generating sL-SIMS 

tracings of these HPLC-fractionated/RE-concentrated samples using the magnetic 
sector instrument were, for the most part, unsuccessful. Of the four concentrated 
RP-IP H P L C V B fractions that were analyzed by sL-SIMS (i.e. P C V , P C V - M P , P C V - D P 

and P C V - T P ) , only the P C V - D P fraction generated what was, even then, a weak m/z 
412 [M+H] + (andm/z 434; [M+Na]+) ion signal (Fig. 3.29). 

3.3.2.2 Electrospray (Ionspray) Mass Spectrometry using a Triple Quadrupole (Fisons 
VG Quattro®) Mass Spectrometer: 

Because of our inability to control (consistently reproduce) oligomer/cluster 
formation in these analyses, it was concluded that direct probe sL-SIMS would not 
be an appropriate method for making quantitative M S determinations of these 
analytes. Similarly, evidence suggesting that this particular method of M S was still 
too "harsh" to be used in the analysis of what were mostly highly-polar/poorly 
volatile thermal- and acid-labile antiviral derivatives prompted efforts to find a 
more suitable configuration of instrument and method of mass spectrometry. A 
Fisons V G Quattro® triple quadrupole mass spectrometer operated using an 
electrospray. (ionspray) interface (which can effectuate an even "softer" ionization 
[ESI] of these analytes) was investigated as an alternative to sL-SIMS. 

3.3.2.2.1 Flow-Injection (FI) Electrospray Mass Spectrometry (ESI MS) of Nucleosides 
and Nucleoside Analogues using a Single Mass Analyzer: 

3.3.2.2.1.1 FI-ESI in the Negative-Ion vs Positive-Ion Mode: 

It was determined that, similar to sL-SIMS analyses, operating the triple 
quadrupole M S in the positive-ion mode (ESI + MS) was better suited for generating 
mass spectra of the parent nucleoside analogue and its model nucleosides than of 
their highly-charged phosphorylated derivatives. E S I + M S full scan spectra were 
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Figure 3.28: RP-IP HPLC of Penciclovir standard and its derivatives. 
Concentrated Fractions used for L-SIMS Analysis 
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generated from each of the standards using a flow-injection (FI ~ direct-injection, 
loop-injection) technique (i.e. a method in which there is no HPLC component). 

The [M+H]+ parent ions of PCV, adenosine and guanosine, at m/z 253.5, m/z 
267.8 and m/z 283.5, respectively, are featured prominently in the ESI+ spectra of each 
sample (Fig. 3.30). A number of unidentified ion species are also evident in the 
spectrum of our PCV standard — prepared from the clinically available pharmaceut
ical (i.e. m/z 199.4, m/z240.4, m/z335.3 and m/z 376.3). On the other hand, adenosine 
and guanosine standards, which were prepared from commercially purified (Sigma) 
sodium salts, generated ion signals that were largely of that of the nucleoside. In 
only the spectra of the adenosine standard was there evidence of ions (m/z 121.4 and 
m/z 316.6), other than that of the parent ion. 

Full scan spectra of adenosine and guanosine generated in the negative-ion 
mode (EST MS) demonstrated not only the [M-H]" parent ion, but ion signals 
corresponding to their base, as well (Fig. 3.31). In scanning the range of m/z 205 to 
m/z 300, the [M-H]" parent ion (m/z 251.9) was the most prominent ion in the ESI 
mass spectra of PCV (Fig. 3.32). In the analyses of the nucleotides, however, running 
samples in positive-ion mode appeared to generate more sample fragmentation, 
compared to when analyses were performed in the negative-ion mode (FI-EST). 
Similarly, full scan spectra of most nucleotides indicated that significant levels of 
sodium adducts were formed when analyses were performed in the positive-ion 
mode (and at moderately low pH), which also tended to decrease the instrument's 
overall sensitivity. In any case, running samples in an acidic mobile phase to 
facilitate the generation of positive-ions and thus enhance instrument sensitivity to 
PCV-TP (in positive-ion mode) was precluded by the tendency of this triphosphate 
to form the cyclic monophosphate at low (<5.0) pH. It was decided, therefore, that 
operating the mass spectrometer in the negative-ion mode (EST MS) was the 
method best suited for the detection of the bioactive derivative. 

3.3.2.2.1.2 FI-ESI- MS (SIR) of Nucleoside Analogue Triphosphates: 

3.3.2.2.1.2.1 FI-ESI- MS (SIR) Analysis of PCV-TPN a/rEA Standards: 

Full scan EST mass spectral analysis of our PCV-TP sodium salt ( P C V - T P N 3 ) 

confirmed RP-IP HPLC/UV254 analyses which had indicated that our triphosphate 
standard was actually composed of a mixture of all three (PCV-MP, -DP and -TP) 
nucleotides in a ratio of roughly 20:70:10 (Fig. 3.33). The major ions in the 
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Figure 3.30: Scanning electrospray ionization of penciclovir and two 
model nucleosides in the positive-ion mode. 
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Figure 3.32: Scaning electrospray ionization of penciclovir in the negative 
ion mode 
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Figure 3.33: Scanning electrospray ionization and collision induced 
dissociation of penciclovir triphosphate in the negative-ion 
mode. 
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electrospray negative-ion spectra of PCV-TP^a were, in order of abundance, PCV-DP 
(m/z411.5), PCV-MP (m/z 332.1) and PCV-TP (m/z491.8) at roughly the same ratio as 
indicated by RP-IP HPLC/UV254. It was also evident that sodium adducts had been 
formed by the di- (m/z 433.2 [M+Na]-; m/z 455.2 [M+2Na]-) and the triphosphates 
(m/z 513.5 [M+Na]-) (Fig. 3.33). Similarly, our P C V - T P T E A standard, whose RP-IP 

HPLC/UV254 profile suggested that PCV-DP and PCV-TP were present at a ratio of 
approximately 1:9, respectively (See Fig. 3.34), demonstrated that the major ions 
present were, in order of abundance: PCV-TP (m/z 491.4) and PCV-DP (m/z 411.5). 
Multiple sodium adducts were again seen to form with the triphosphate (i.e. m/z 
513.4 [M+Na]" and m/z 544.4 [M+2Na]'). 

3.3.2.2.1.2.1.1 P C V - T P T E A High-Mass Cluster Formations in the Ion Source: 

Further EST MS analyses of the P C V - T P J E A standard, prepared and injected at 
a somewhat higher concentration (200 ppb), demonstrated the presence of high-
mass clusters (of m/z 984 and above). These were subsequently determined to be 
non-covalent/concentration- and source energy-dependent dimers (C20H35O24N10P6 

[2M-H]-) of the triphosphate standard (Fig. 3.34). Also apparent from full scan 
spectra of the P C V - T P T E A standard were multiple sodium adducts of the parent ion 
(m/z 513.6 [M+Na]", m/z 535.8 [M+2Na]"), its TEA salt (m/z 612.2 [..+Na]", m/z 634.1 
[..+2Na]", m/z 655.4 [..+3Na]", m/z 677.4 [..+4Na]") and of the dimer itself (m/z 1006.0 
[2M+Na]-, m/z 1029.2 [2M+2Na]") (Fig. 3.35). Parent-ion spectra (See below) of the 
P C V - T P T E A standard identified the source of the 492 amu ion as originating from 
the PCV-TP*TEA salt (m/z 589.7, and its sodium adduct: m/z 612.2) and from the 
[2M-H]" dimer (m/z 985.0, and its sodium adducts: m/z 1006.6 [2M+Na]- and m/z 
1029.2 [2M+2Na]"), as well (Fig. 3.36). 

3.3.2.2.1.2.2 FI-ESI- MS (SIR) Analysis of an A C V - T P N A Standard: 

EST MS analysis of ACV-TP ]s j a standard (Fig. 3.37), demonstrated major ions 
corresponding to the diphosphate (m/z 384), triphosphate (m/z 464) and (possibly) 
the monophosphate (m/z 303). The presence of (sometimes multiple) sodium 
adducts of the di- and triphosphate (i.e. m/z406 [M+Na]-, m/z 428 [M+2Na]" and m/z 
486 [M+Na]", m/z 508 [M+2Na]-, m/z 530 [M+3Na]", m/z 530 [M+Na]", respectively) 
were also apparent. Two very prominent peaks (m/z 231 and m/z 242) could not be 
identified, but were subsequently shown as having not originated from the 
triphosphate (See Fig. 3.37). Interestingly, however, both of these ions were shown 
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Figure 3.35: Scanning ESI" of penciclovir triphosphate also demonstrating 
parent and daughter ions. 
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Figure 3.36: Parents of m/z 492 (PCV-TP) in a concentrated standard 
solution. 
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Figure 3.37: C o l l i s i o n i n d u c e d d issoc ia t ion o f acyc lov i r t r i phospha te 
i n the negat ive- ion mode. 
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to contribute to the parent-ion spectra of the ions m/z 158 and m/z 78 from the ACV-
TP (but not PCV-TP) standard (See Fig. 3.44). 

3.3.2.2.1.3 Limits of Detection of Nucleotides by FI-ESI- MS (SIR): 

Having used FI-EST to generate mass spectral profiles of nucleoside 
analogues, their phosphorylated derivatives and of several model compounds, 
efforts were then focused on determining the instrument's sensitivity in detecting 
these analytes. 

A substantial increase in the sensitivity of the mass spectrometer was 
obtained (in some cases by an order of magnitude) by delivering the analyte to the 
ESI interface in an moderately alkaline (pH 8.0 to 9.0) mobile phase. Alkaline 
running conditions used with EST MS not only helped to promote the formation of 
negative ions of nucleotides but, because of a tendency to suppress the formation of 
sodium adducts, served to enhance the sensitivity of the mass spectrometer in 
negative-ion mode. The use of moderate-to-highly alkaline running conditions, 
however, required that as many of the Vespel® components in the flow system of 
the HPLC (i.e. injector rotor and needle seat) had to be replaced with modules made 
of alkali-resistant Tefzel®. Alkaline running conditions would also restrict the type 
of reverse-phase column later used to link the mass spectrometer to the HPLC. 

To estimate the lower limits of sensitivity of ESI mass spectrometry, serial 
dilutions of a model nucleotide (Fig. 3.38), and then of our nucleoside analogue 
triphosphate standard (PCV-TPNa), were prepared and analyzed using single ion 
recording (SIR's) at the first mass analyzer (MSi). SIR at MSi of the channels 
corresponding to the mass-to-charge (m/z) ratio of ATP (m/z 507 [M-H]-), and then 
PCV-TP (m/z 491 [M-H]'), indicated that the limits of detection for these analytes 
(measured down to a signal twice-the-baseline) was from between 50 to 100 parts-
per-trillion (i.e. 50 to 100 pg) (Table 3.5a,b). These determinations, however, were 
somewhat reserved because of the uncertainty of the purity of our "PCV-TP" 
standards which ranged from approximately 10% (PCV-TPNa) to 90% (PCV-TPX E A). 

3.3.2.2.1.4 FI-EST MS (SIR) Determinations of PCV-TP in Cell Extracts. 

After the lower limits of sensitivity of the MS to our aqueous standards had 
been estimated, we investigated the possibility of making — without HPLC 
separation, direct quantitative FI-EST MS determinations (SIR's at MSi, of PCV and 
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Table 3.5a: Limits of detection of adenosine-triphosphate using flow-
injection electrospray ionization mass spectrometry. 

Nucleoside (ATP) 

Sample Peak Sample Cone Sample/lOul Sensitivity 
Area (|ig/ml) (Pg) (counts/pg) 

A l 825360 10.0 100000 8.3 
A l 787036 I I t l 7.9 
A l 784969 i t II 7.8 
A l 788579 I I II 7.9 
A2 106419 1.0 10000 10.6 
A2 108082 I I II 10.8 
A2 107424 I I It 10.7 
A2 108485 I I t t 10.8 
A3 15630 0.1 1000 15.6 
A3 15758 t l It 15.7 
A3 - -
A3 15297 II t t 15.3 
A4 7544 0.01 100 75.4 
A4 7457 II II 74.6 
A4 7772 II II 77.7 
A4 7293 II II 72.9 

Blank (5011) 0.0 0.0 (50.1) 
Blank • 5 4 4 4 II II 34.4 
Blank 2060 II II 20.6 
Blank 1932 II II 19.3 

I 

Table 3.5b: Limits of detection of penciclovir-triphosphate using flow-
injection electrospray ionization mass spectrometry. 

Nucleoside analogue (PCV-TP) 

Sample Peak Sample Cone Sample/lOul Sensitivity 
Area (ug/ml) (Pg) (counts/pg) 

PI 3580997 10.0 100000 35.8 
P2 385191 1.0 10000 38.5 
P2 498964 I I I I 50.0 
P2 433471 t t t t 43.4 
P3 36865 0.1 1000 36.9 
P3 44890 l i t t 44.8 
P4 (1734) 0.01 100 17.3 
P4 (-[ve] peak) I I I I -

Volatile and non-volatile buffer composition as well as the HPLC running conditions used are as described in the 
Materials and Methods (Sec 2.4.5). 
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each of its phosphorylated metabolites in extracts prepared from herpesvirus-
infected/drug-treated Schwannoma cells. 

Apart from an off-set shift of approximately 10 to 20 second delay, SIR's of the 
channels corresponding to PCV-MP (m/z 332.1), PCV-DP (m/z 411.7) and PCV-TP 
(m/z 491.8) of uninfected/untreated controls were nearly identical to those generated 
by herpesvirus-infected/drug-treated cell extracts (Fig. 3.39). FI-EST MS full scan 
spectra of HSV type-l-infected/PCV-treated SW cell extracts demonstrated a 
particularly large peak with m/z 338.9, and lesser peaks at m/z 305.9 and m/z 506.1. In 
the range of 400 to 700 amu, the most prominent ion signal, m/z 506.1, was 
tentatively identified as ATP/ITP. Other peaks in this profile included ADP/IDP 
(m/z425.5), CTP/UTP (m/z 482.0), GTP (m/z 522.2) and a sodium adduct of ATP/ITP 
(m/z 527.8; [M+Na]") (Fig. 3.40). Definitive signals of m/z 332.1, m/z 411.7 or m/z 491.8 
(corresponding to PCV-MP, -DP, and -TP, respectively) were not observed in these 
spectra. 

3.3.2.2.2 FI-ESP Tandem (MS/MS) Analysis. Multiple Reaction Monitoring (MRM): 

Despite having advanced, to the ultratrace level, the sensitivity of the mass 
spectrometer in detecting these antiviral metabolites as standards in solution, the 
use of a single quadrupole (MSi; Qi) clearly lacked the selectivity to reliably 
discriminate between the ions of these metabolites and those having identical mass-
to-charge ratios also normally found in extracts of uninfected and/or untreated cells. 

The tandem mass spectrometric (MS/MS) capability of the triple quadrupole 
mass spectrometer was recognized as the most readily available approach for 
circumventing the uncertainty (in selectivity) associated with using MSi for 
assaying such complex biological samples. Prior to undertaking these MS/MS 
analyses, however, collision-induced dissociation (CID's) of each model nucleoside 
and nucleotide standard, and then of our nucleoside analogues (and their 
phosphorylated metabolites), were first performed in order to determine the 
fragmentation profile or "fingerprint" specific to each compound. 

3.3.2.2.2.1 Collision-Induced Dissociation (CID) of Model Nucleotides: 

From these studies, it was quickly recognized that the phosphoryl groups and 
phosphate linkages of the nucleotides assayed were highly retractile to fragment
ation. Of the daughter fragments generated in these collisions, the single most 

202 





Figure 3.40: Scanning (MSj) ESI" of HSV type-l-infected/PCV-treated SW 
cell extract. 
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robust transition particle (m/z 158; [P2O6]") was common to all of the di- and tri
phosphate nucleotides we examined (Fig. 3.41). The second most abundant was the 
monophosphoryl (m/z 78; [PO3]") fragment. 

Although varying the conditions that were used to fragment the analyte (i.e. 
cone voltages [CV], ionization energies [IE] and collision-cell gas [Ar] pressures), all 
tended to alter the relative amounts of the most abundant transition particles (m/z 
158 and m/z 78), the generation of the transitions themselves was reasonably 
consistent. Several more daughter fragments of these nucleotides (i.e. m/z 96, [PO4]"; 

m/z 177, [P2O7]-; m/z 239, [P3O9]-; m/z 257, [P3O10]") were also consistently generated 
although in much less abundance, making their use in subsequent MRM analyses 
somewhat less appropriate. Finally, the CID spectra of the monophosphates 
demonstrated a 78 amu ([PO3]") fragment ion as having the highest relative 
intensity. 

3.3.2.2.2.2 The CID of Nucleoside Analogue Triphosphates: 

Collisional activation of our antiviral nucleotides (specifically, the 
triphosphorylated derivatives of ACV and PCV), also produced both the m/z 158 and 
m/z 78 (and to a lesser extent a m/z 96 and m/z 176[+/-]), transition particles (See Fig. 
3.33; 3.37). The intensity of the ion signal generated from our ACV-TP and PCV-TP 
standards were roughly equivalent. Interestingly, when the CID of ACV-TP (Fig. 
3.42) and PCV-TP (Fig. 3.43) were examined in positive-ion mode, the phosphoryl 
fragments were no longer evident; instead, the base guanine (m/z 152), which is 
common to both analogues, was now clearly demonstrable. 

3.3.2.2.2.2.1 Parent-Ion Spectra of Nucleoside Analogue Triphosphates: 

Parent-ion EST spectra of our nucleoside analogue triphosphate standards, 
demonstrated that the principal source of the m/z 158 [P206]- and m/z 78 [PO3]-

fragments originated from the diphosphate and triphosphate groups of these 
nucleotides, respectively. As would be expected, more m/z 158 and m/z 78 fragment 
ions originated from the sodium adducts of ACV-DP (m/z 405 [..+Na]_, m/z 428 
[..+2Na]"), and ACV-TP (m/z 485 [..+Na]", m/z 507 [..+2Na]-, m/z 530 [..+3Na], m/z 552 
[..+4Na]-), than originated from the sodium adducts of our PCV-TP standard, 
because each standard was prepared from a sodium salt (Fig. 3.44), and from a TEA 
salt (Fig. 3.45), respectively. The two undefined ions (m/z 231 and m/z 241/242 ) in 
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Figure 3.42: Collision-induced dissociation of acyclovir triphosphate in 
the positive-ion mode. 
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ure 3.43 Collision-induced dissociation of penciclovir triphosphate in 
the positive-ion mode. 
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Figure 3.44: Parents of the transitions 158 and 78 [M-H]- from the CID of 
acyclovir triphosphate in the negative-ion mode. 
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Figure 3.45: Parents of the transitions m/z 158 and m/z 78 from the CID of 
penciclovir triphosphate in the negative-ion mode. 
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the parent-ion spectra of the m/z 158 and m/z 78 ion (in the ACV-TPN a, but not the 
P C V - T P T E A standard), had been previously shown as having not been generated 
from the fragmentation of A C V - T P (See Fig. 3.37). 

3.3.2.2.2.3 FI-EST MS/MS (MRM) Analysis of PCV-TP in SW Cell Extracts: 

The next obvious step in these investigations was to determine if the PCV-TP 
specific transition ions (m/z 158 and m/z 78) could be monitored in the complex 
biological matrices of herpesvirus-infected/uninfected nucleoside analogue-
treated/untreated cell extracts. 

Parent-ion spectra of m/z 158 and m/z 78 produced from direct-injections of 
HSV type-l-infected/PCV-treated SW cell extracts demonstrated that several major 
nucleotides (ADP/ITP [m/z 425.5], ATP/ITP [m/z 505.5] ATP/ITP.Na [m/z 526.6]; 
CTP/UTP [m/z480.9]; and GTP [m/z 520.6]) may have contributed to the m/z 158 and 
m/z 78 ion signal (Fig. 3.46). It was interesting to note that a greater ion signal was 
observed from the m/z 158 daughter fragment with respect to the 78 amu fragment, 
which was difficult to explain considering the latter fragment could contribute to the 
signal generated from the former (See Fig. 3.44). More importantly, however, there 
was evidence of an ion peak which corresponded specifically to that of PCV-TP (m/z 
492.1). 

Because the molecular weights of the bioactive metabolites of our nucleoside 
analogues do not correspond to those of any of the nucleotides which occur 
naturally in cell extracts1, monitoring the m/z 464»"*-m/z 158 and m/z 78 (ACV-TP-
specific) or m/z 492»'*m/z 158 and m/z 78 (PCV-TP-specific) transitions made it 
possible to specifically demonstrate the presence of these bioactive metabolites in 
appropriately treated cell extracts. A series of four consecutive directly-injected 
samples consisting of uninfected/untreated control SW cell extract, HSV type-l-
infected/PCV-treated SW cell extract, PCV-TP standard, and uninfected/PCV-treated 
control SW cell extract (identical to the samples assayed by SIR at MSi; See Fig. 3.39) 
were examined, by multiple reaction monitoring (MRM), for the transition m/z 
492.00'«*m/z 158.1 (Fig. 3.47). It can be clearly seen in the MRM spectra, that the m/z 
492.00lll*m/z 158.1 transition was generated in only the samples believed to (and 
known to) contain PCV-TP: HSV type-l-infected/PCV-treated SW cell extract and 

Although there are no naturally occurring ribonucleotides having a molecular weight corresponding to that of 
either ACV-TP or PCV-TP, the deoxyribonucleotides of dATP and dITP (491.2 and 492.2, respectively) come very 
close. However, because the deoxynucleotides are found in cells at concentrations hundreds of times lower than 
that of the corresponding ribonucleotide, it was decided these deoxynucleotides would not interfere with the assay. 
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Figure 3.46: Parents of m/z 158 and m/z 78 in cell extracts prepared from 
HSV type-l-infected/PCV-treated SW cells. 
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the PCV-TP standard, respectively. Interestingly, some flattening of base-line noise 
(ion suppression) was observed following the injection of control cell extract. There 
was also evidence of splitting of the PCV-TP-specific peak (in which a minor peak 
was seen to precede a more substantial peak), a phenomenon that could not be 
explained at the time, but which was eventually attributed to ion suppression (See 
Sec 3.3.2.2.2.4.1) as well (Fig. 3.48). It was also determined that monitoring the 78 
amu channel in these MRM studies was less selective (i.e. a somewhat more non
specific) than the monitoring of the 158 amu fragment (not shown). 

MRM of the channel corresponding to that of the PCV-TP-specific and ACV-
TP-specific transition (m/z492"'*m/z 158, and m/z464lll*m/z 158) were not observed in 
ACV- and PCV-treated/uninfected SW cell extracts (Fig. 3.49). Similarly, MRM of 
herpesvirus-infected/PCV-treated cell extracts did not demonstrate an ion signal 
with a m/z 984 (C20H35O24N10P6; [2M-H]-), or m/z 571 (C10H9O15N5P4; [M+PO3]-); i.e. 
the dimer and PCV-tetraphosphate, respectively (Fig. 3.50). Fortunately, none of the 
endogenous nucleotides share the identical [M-H]* as the triphosphates of the 
nucleoside analogues of interest. Also of the ions in our control extracts which did 
have similar m/z ratios (as indicated by SIR at MSi), none gave rise to the m/z 
492"*m/z 158 or m/z464"'*m/z 158 transition of PCV-TP and ACV-TP, respectively. 

3.3.2.2.2.4 MRM Determinations of PCV-TP-Specific Transitions in Relation to 
Herpesvirus MOI, tfc-Activity, and Parent Drug Concentration: 

FI-EST MS/MS (MRM) was used to examine the rfc-dependent metabolism of 
PCV in HSV type-l-infected (tk+/tk-) and uninfected/PCV-treated and untreated S W 
cell monolayers. 

It was observed that only extracts prepared from HSV f f c + type-l-infected/PCV-
treated cell monolayers yielded the PCV-TP-specific (m/z 492'"*m/z 158) transition 
(Fig. 3.51). It was also apparent that the levels of PCV-TP in these extracts tended to 
reflect not only the amount of nucleoside analogue used to treat HSV t f c +type-l-
infected monolayers but that these levels were also a function of moi. Using the 
experimental conditions described, it was evident that the concentration of the 
nucleoside analogue used to treat these monolayers influenced the levels of PCV-TP 
synthesized by these cells more than did viral moi (Table 3.6). 
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Figure 3.49: Flow injection ESI" (MS/MS) of ACV-treated and PCV-
treated uninfected SW cell extracts. 
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Figure 3.50: Multiple reaction monitoring (MRM) of the transition m/z 
985 to m/z 491 (PCV-TP dimer) in HSV type-l-infected/PCV-
treated SW cell extracts. 
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3.3.2.2.2.4.1 FI-ESI' MRM Assay Sensitivity. Effect of the Extractants and the Pre-
Extraction Wash used to Prepare Cell Extracts: 

In determining the suitability of FI-ESI" MRM for detecting PCV-TP-specific 
m/z 492l"*m/z 158 transitions in cell extracts, it was observed that assay sensitivity 
had decreased relative to SIR at MSi - to the high picogram/low nanogram range. 
The selectivity of this assay, however, had been enormously enhanced. Efforts to 
optimize MS operating parameters and the methods used for sample preparation 
continued. 

In a series of experiments conducted in order to determine the method best 
suited for extracting PCV-TP from herpesvirus-infected/PCV-treated SW cells, 
identical cultures were extracted using several different organic solvents of varying 
(20% to 100%) concentration (Table 3.7). Of the extractants tested, all performed 
similarly well when diluted to a concentration of 20% to 60% (v/v in ddF^O), 
whereas clearly, alcohol-insoluble nucleotides were poorly extracted, if at all, when 
organic solvents were used undiluted. 

Of perhaps even more significance, however, was the discovery that the ion 
signal was dramatically impeded if the pre-extraction wash contained residual non
volatile inorganic salts such as those found in PBS or culture media. Even when a 
pre-extraction wash of PBS was removed from the culture flask by 
vacuum/aspiration (so that no visible evidence of the wash remained), there was 
up to an 82% decrease in the ion signal, relative to the cultures that had been 
washed prior to extraction with volatile buffer "A" ( V B A ; See sec 2.4.5.2). Similarly, 
when monolayers of varicella-zoster virus (Ellen strain)-infected/PCV (and later 
ACV)-treated SW cells were washed in PBS (instead of V B A ) prior to extraction, 
unspecified carry-over of these salts accounted for a 75% to 90% decrease in the ion 
signal — depending on the transition was being monitored (Fig. 3.52). 

3.3.2.2.2.5 Intracellular Determinations of the Bioactive Metabolites of Nucleoside 
Analogues using FI-EST MS/MS: 

The intracellular levels of PCV-TP synthesized by HSVtk+ type-1 and VZVtk+ -

infected/PCV-treated SW cell monolayers (Fig. 3.53) were found to be relatively 
similar (4.2 ± 0.3 nmol/106 cells, and 2.7 ± 0.3 nmol/106 cells, respectively), keeping 
in mind the confusion with attempting to establish PFU and PFC equivalencies. 
Conversely, several MRM spectra demonstrated that even though as little as 1 
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Figure 3.52: M R M of the m/z 492 to m/z 158 transition (PCV-TP specific) 
in VZV-infected/PCV-treated SW cell extracts. Volatile 
buffer vs non-volatile buffer pre-extraction wash. 
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Figure 3.53: Comparison of the PCV-TP-specific transition (m/z 492 to 
m/z 158) and ACV-TP-specific transition (m/z 464 to m/z 158) 
in VZV-infected/drug-treated SW cell extracts. 
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ng (-2.2 pmoles) of ACV-TP could be detected as standard in solution, the amount of 
the triphosphate synthesized by herpesvirus-infected/ACV-treated cells under these 
experimental conditions was generally below (~ <1.2 ± 0.3 nmol/106 SW cells) the 
limits of detection of the FI-ESI" MRM assay as it stood. Small amounts of ACV-TP 
standard, however, were sometimes added to cell extracts as an internal standard in 
some analyses. 

3.3.2.2.2.5.1 Determination of the Intracellular Rate of PCV-TP Synthesis using FI-
ESI" MS/MS: 

FI-ESI" MRM was use to investigate some of the intracellular kinetics of the 
bioactive metabolite of PCV, beginning with determining the rate of formation of 
the triphosphate in an in vitro system. 

A representative trace of the FI-ESI" MRM spectrum of consecutive injections 
of HSV type-1 (strain KOS)-infected/PCV-treated SW cells (with extracts prepared 
from cultures at various times after the addition of the nucleoside analogue) 
demonstrates (in reverse order) the relative amounts of the triphosphate 
synthesized (Fig. 3.54). The lower trace is of the MRM spectrum of ACV-TP which 
was added to extracts as an internal standard (IS). Although some m/z 492.00ll»»-m/z 
158.1 (PCV-TP-specific) transitions could be determined in extracts after only 1 min, 
it took a minimum of 12 min to produce a reliable (~2XN) ion signal. The amount 
of PCV-TP synthesized by these cultures was seen to increase (to -15 nmol/106 S W 
cells) over the full duration (i.e. 7 h) of drug exposure. The rate of the formation of 
the triphosphate ester, as determined from the slope of the line in Fig. 3.55a, was 
therefore -36 pmole/min»10 6 cells under the described in vitro experimental 
conditions. Alternatively, uninfected/drug treated (and untreated) SW cells, or cells 
that had been infected with HSV type-1 and then exposed to ACV (with PCV-TP 
used as the internal standard), m/z 464.00ni*m/z 158.1 (ACV-TP-specific) transitions 
were either, not detected, or just at the limit of detection of the assay after 7 hours. 

3.3.2.2.2.5.2 Determination of the Intracellular Stability (Half-Life) of PCV-TP using 
FI-EST MS/MS: 

In a subsequent series of experiments, FI-EST MS/MS was used to determine 
the intracellular stability of the triphosphate in HSV type-l-infected/PCV-treated 
SW cells. Making these determinations, however, proved to be much more of a 

224 



Figure 3.54: Rate of synthesis of PCV-TP in HSV type-l-infected/PCV-
treated SW cells determined using ESI (MS/MS). 
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challenge, considering the moi and the length of time used to infect cultures (before 
and after drug exposure), and how these factors tended to adversely influence the 
integrity of the cell monolayer (i.e. CPE). The intracellular half-life (t^ of PCV-TP, 
under the described in vitro conditions, was determined to be 16.5 hours (Fig 3.55b). 
Interestingly, intracellular PCV-TP continued to increase for nearly an hour after the 
removal of the parent compound from the culture medium. However, PCV-TP 
levels eventually returned to initial concentrations in the hour following the 
removal of parent compound, and continued to decline slowly, over the full 
duration in which samples were collected (Fig 3.55b). Unfortunately, comparative 
determinations of the formation and intracellular stability of the triphosphate esters 
of ACV were not possible, because the levels of the ACV-TP synthesized were, as 
previously described, below the detection limits of our assay. 

3.3.3 R P - I P H P L C V B with Direct (On-Line) ESI- M S Detection: 

Having developed a method of analysis in which a direct introduction of the 
sample into the MS electrospray interface was used, we undertook to couple EST MS 
to our RP-IP HPLC volatile buffer system with the expectation that, by separating the 
desired analytes from substances contained in the solvent front (some of which are 
known to be consequential to the generation of negative-ions; See Sec 3.3.2.2.2.4.1), 
we could maintain assay viability under experimental conditions which would 
otherwise tend to preclude its use (See below). 

3.3.3.1 R P - I P H P L C V B / U V 2 5 4 / E S I - M S (SIR) Determination of Adenosine and its 
Nucleotides as Standards in Solution: 

RP-IP HPLC, using the previously described volatile buffer system (See Sec. 
2.4.5.2) and a conventional-sized (7.8 mm x 300 mm) RP Cis preparative HPLC 
column (split 10:1), was used to deliver a chromatographically separated mixture of 
our model nucleoside/nucleotide aqueous standard to the ESI interface. 

Results shown in Fig 3.56 demonstrate that, with a slight decrease in the 
retention time of the di- and triphosphate derivatives, the elution profile of each 
analyte is very similar to those earlier described (ART 12.3 min; A M P R T 13.3 min; 
A D P R T 15.3 min; A T P R T 16.9 min). Taking into account the 13 sec delay introduced 
by the plumbing connecting the spectrophotometer with the mass spectrometer, the 
SIR's of the (4) channels corresponding to the m/z ratios of the model compounds 
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Figure 3.56 RP-IP HPLC of Adenosine and its phosphorylated deriv
atives detected using UV254 absorbtion and SIR (ESI-) MS. 
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and their phosphorylated metabolites clearly coincide with the in-line UV254 
absorbance profile of these samples, with retention times being 12.5, 13.5, 15.5 and 
17.9 min, respectively. 

When ug amounts of our standard solution (i.e. levels nearing the detection 
limits of the spectrophotometer) were assayed by RP-IP H P L C V B / E S I - SIR, the mass 
spectrometer was shown to be superior, both in terms of sensitivity and selectivity 
relative to UV254 detection (Fig. 3.57), recalling, also, that the sample was split 10:1, 
and that the operating conditions for ESI- SIR were still not yet optimized for the 
determination of these analytes*. 

3.3.3.2 R P - I P C - H P L C and N - H P L C V B / E S I - M S ( S I R ) Determinations: 

Efforts were then focused on performing chromatography of nucleosides and 
nucleotides using in-house manufactured capillary-HPLC (C-HPLC) and nano-HPLC 
(N-HPLC) columns. Because these columns operate at greatly reduced flow rates (1 
ul/min to 20 ul/min, and less than 1.0 ul/min, respectively), a direct LC-ESI MS 
interface (without sample splitting) was, therefore, possible. Approximately two-
dozen columns were constructed, introducing modifications into their 
manufacture, in order to increase column efficiencies, as each new column was 
produced. 

Asahipak®-50 (ODP-50 — a polyvinyl alcohol-based, microparticulate macro-
pourous polymeric compound) was also investigated as a possible alternative to the 
3 um and 5 um silica-based ODS-2 packing materials. The use of the alkali-resistant 
ODP-50 packing material would allow the use of mobile phase pH 8 to pH 9, and 
was, therefore, more conducive to maintaining the phosphate ester's stability in 
these samples. In-house constructed C-HPLCQDP-50 a n d N - H P L C O D P - 5 0 columns 
exhibited chromatographic properties equal to, or better than, similarly packed Cis 
silica columns (Fig. 3.58). However, nominal column efficiencies determined using 
UV spectrophotometry put the theoretical plate number of these columns at only 
2000 to 4000 (See Table 2.1). 

Despite the fact that solvent delivery rates generally used with miniature 
columns are more appropriate for ESI MS than the flow rates typical of 
conventional analytical columns, problems with the logistics of testing these 

* Note the evidence of fragmentation in the ion source of the triphosphate [rr/z 506.90], seen as a shoulder [16.6 min] 
in the SIR of the channelcorresponding to ADP [rr/z 425.72]. 
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Figure 3 . 5 7 : RP-IP HPLC of Adenosine and its phosphorylated deriv
atives by SIR (ESP) MS at the limit of detection by U V 2 5 4 . 
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Figure 3.58: Representative U V 2 5 4 absorption profile of an in-house 
manufactured reverse-phase capillary-HPLC column. 
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miniature columns (particularly those associated with the spectrophotometers 
oversized flow cell, an inability to inject small [i.e. < 1 ul] volumes and lack of a 
pulseless solvent delivery system) prevented any further development of this aspect 
of our work. The use of an alkali-resistant (Prodigy®; Phenomenex) minibore (150 
mm x 2.0 mm) PvP Cs ( m ) H P L C column was, instead, examined as a method of 
combining H P L C V B with EST M R M . 

3.3.3.3 RP-IP Mini-Bore (m)HPLCWESI- MS/MS Determination of PCV-TP: 

3.3.3.3.1 RP-IP mHPLCvB/ESI- MS/MS Determination of a PCV-TP Standard 
Solution: 

Mini-bore (2.0 mm I D ) columns do not function efficiently at the flow rates 
described for capillary and nano-columns, yet they can be used with flow rates as low 
as 50 ul/min. Reducing the flow rates of the mobile phase to the ESI interface (to 
between 50 to 100 ul/min) allowed the L C to be connected directly to the M S without 
having to split the sample. 

The elution profile of our P C V - T P N 3 standard using the described mHPLC VB 

system in combination with EST M S / M S detection shows a near base-line 
separation of each of the nucleotides comprising our standard (Fig 3.59). The 
retention time of each derivative ( P C V - M P R T 17.4 min, P C V - D P R T 18.5 min, P C V -

T P R X 19.1 min) was extended by roughly 6 min relative to the use a conventional 
column (under dissimilar running conditions), but the separation of these analytes 
was reduced from approximately 90 seconds to an average of 50 seconds. 

3.3.3.3.2 RP-IP mHPLCvB/ESI- MS/MS Determination of PCV-TP in Extracts of 
Herpesvirus-Infected/PCV-Treated SW Cells: 

In an effort to decrease H P L C run times and yet, also, avoid the consequences 
of using a column not properly re-equilibrated, we examined several isocratic R P - I P 

H P L C V B gradients. R P - I P mHPLC VB / EST M S / M S using isocratic gradient elution 
was shown to effectively separate the bioactive triphosphate esters of P C V from the 
solvent front in herpesvirus-infected/PCV-treated S W cell extracts (Fig 3.60). These 
MRM spectra demonstrate a suppression in the generation of negative-ions 
(identified as the sharp drop in baseline at the solvent front; ~4 min), which 
occurred in both control and experimental cell extracts. Although the retention 
time of the triphosphate was reduced in comparison to times achieved with the use 
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Figure 3.59: Reverse-phase ion-pair HPLC of the phosphorylated deriva
tives of PCV standards detected with MRM (ESL) MS. 
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Figure 3.60: RP-IP HPLC/MRM (ESP) MS determination of PCV-TP in 
PCV-treated/HSV type-l-infected SW cell extracts. 
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of the previously described linear gradient to 10.58 min, the elution profiles of the 
monophosphate and diphosphate were too close to the solvent front for reliable 
quantitation (not shown). 

3.3.4 RP-IP mHPLCvB/ESI- MS/MS Determination of PCV-TP in Extracts of 
Fluorescence-Activated Cell Sorter (FACS)-Enriched HSV-Infected/PCV-
Treated SW Cells: 

It was in a final series of experiments that we were able to demonstrate that 
RP-IP mHPLC/EST MS/MS could be used to demonstrate PCV-TP in extracts 
prepared from immunocytologically defined (FACS-enriched)/herpesvirus-infected 
cell suspensions, samples that, otherwise, could not have been reliably assayed using 
the flow-injection/MRM techniques previously described. 

3.3.4.1 FACS Analysis of Herpesvirus-Infected/PCV-Treated SW Cells: 

When the mean fluorescence distribution of the positive cell population (i.e. 
immunolabeled/herpesvirus-infected cells) is well separated and distinct from that 
of the control/negative (i.e. unlabeled/uninfected) population, as in these final 
studies, the use of intensity thresholds is an accurate method for determining 
percent positivity from immunofluorescence histograms (Overton 1988). In order 
to determine what these thresholds were, relative fluorescence intensities and 
forward angle (low angle) light scatter properties of HSV type-l-infected, uninfected 
and mixed combinations of infected and uninfected SW cells were analysed using a 
flow cytometer (fluorescence-activated cell sorter; FACS). 

In FACS analysis, the forward-angle light scatter produced by focusing light 
from a point source onto cells in suspension has been shown to correspond roughly 
to particle size. Cellular debris (i.e. events having very low forward angle light 
scatter) could, therefore, be excluded (gated out) from subsequent analyses. Light 
scatter profiles demonstrated that herpesvirus-infected/PCV-treated SW cell 
preparations tended to have fairly consistent forward angle light scatter 
characteristics. From the fluorescence intensity frequency-distribution of positively-
labeled and negatively-labeled SW cells, it was determined that the crossover point 
that could be used in distinguishing infected from uninfected cells generally 
occurred between channels 21 to 35 (Fig. 3.61). 
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Figure 3.61: Determination of positively-immunolabeled HSV type-l-
infected and uninfected/PCV-treated Schwannoma cells by 
Fluorescence Activated Cell Sorter. 

100 H 

90 H 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 

Fluorescence N o . l 

236 



Fluorescence profiles demonstrated that from 0.8% to 2.0% of 
uninfected/unlabeled SW cells, 0.2% to 1.6% of HSV-infected/antibody-negative 
control SW cells, and from 70.6% to 97.0% of HSV-infected /antibody-positive 
control cells, demonstrated a positive (above threshold) immunofluorescence. 
Somewhat unexpectedly, relative fluorescence profiles indicated that HSV-infected 
SW cells were 10.1% to 13.8% positive with the use of the secondary (FITC-labeled) 
antibody alone (i.e. without blocking). Fluorescence profiles of experimentally 
mixed populations of HSV-infected and uninfected SW cells (i.e. 1:10, 1:100, and 
1:1000) tended to correspond to the numbers of infected cells present in each sample, 
indicating that 15.1%, 3.2%, and 1.5% of these cells were immunolabeled, 
respectively. 

3.3.4.1.1 Enrichment and Analysis of HSV-Infected/PCV-Treated SW Cells using 
FACS: 

The fluorescence-activated cell sorter was used to determine fluorescence 
profiles and then to sort HSV-infected (FITC+) from uninfected (FITC-) cells in an 
SW cell monolayer that had been infected with HSV type-1 at an moi of 0.1. FACS 
analysis indicated that approximately 12% of SW cells were immunolabeled 
positively for herpesvirus surface antigens (Fig. 3.62). FACS data were supported by 
immunofluorescence microscopy, which demonstrated that approximately 10% of 
the cells in these preparations were positively immunolabeled (Fig. 3.63a). 

Forty-minute sorts of virus infected (moi 0.1)/PCV-treated SW cells, based on 
pre-selected forward angle light scatter and fluorescence parameters, were used to 
collect approximately 1x105 SW cells. Re-analysis of small aliquots of these sorts 
(-1500 cells), demonstrated that > 96% of cells were immunolabeled. Fluorescence 
microscopy supported these findings, where few if any non-fluorescing SW cells 
were observed (See Fig. 3.63b). 

3.3.4.1.1.1 FI-ESI- MS/MS Determination of PCV-TP in Extracts of FACS-Enriched 
Herpesvirus-Infected/PCV-Treated SW Cells: 

FI-ESI- MRM spectra of duplicate (direct) injections of cell extracts prepared 
from FACS-enriched herpesvirus-infected SW cells demonstrate that significant 
suppression of the PCV-TP signal was taking place (Fig. 3.64). Although efforts were 
made to remove all traces of phosphate-containing buffers used in the immuno-
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Figure 3.62: Fluorescence Activated Cell Sorter analysis (FACS) of HSV 
type-l-infected Schwannoma cells 
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Figure 3.64: Ion-suppression by inorganic salts in sample extracts of 
FACS-enriched HSV-1 infected/PCV-treated SW cells 
analyzed by flow-injection ESI" MS-MS. 
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labeling and cell sorting process, there was clearly enough of these elements carried 
over into the cell extract to interfere with the determination of the preferred ion 
signal. Use of our previously developed techniques in mHPLCVB were examined, 
therefore, as a means of "pre-filtering" samples and, thus, removing these elements 
from the desired analytes. 

3.3.4.1.1.2 RP-IP mHPLCvB/ESI- MS/MS Determination of PCV-TP in Extracts of 
FACS-Enriched Herpesvirus-Infected/PCV-Treated SW Cells: 

Because the intention of this final series of experiments was to use mHPLCvB 
to remove whatever interfering substances were present in the extracts prepared 
from FACS-enriched (HSV-infected)/PCV-treated SW cells, efforts to accurately 
measure the intracellular levels of PCV-TP in these samples were not made. When 
serial injections of samples identical to those previously analysed (by FI-ESI- MRM) 
were examined using RP-IP mHPLCVB/ESI- MS/MS, there was unequivocal 
evidence of the PCV-TP-specific transition (Fig 3.65). Signals that had been 
previously obscured by the ion-suppressing effects of the inorganic salts present in 
these extracts were now clearly visible. 

Using the described HPLC conditions, the peak corresponding to that of PCV-
TP had a retention time of approximately 4.2 min, with a relative intensity over 40-
times that of the base-line. No detectable PCV-TP-specific transitions were observed 
in the RP-IP mHPLCvB/ESI- MS/MS analysis of cell extracts prepared from 
uninfected and/or untreated controls. 
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Figure 3.65: Detection of PCV-TP in extracts of FACS-Enriched (HSV-1-
infected)/PCV-treated SW Cells by RP-IP HPLC/ESI" MS-MS. 
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4 Discussion: 

Traditional non-invasive methods of diagnosing herpes simplex encephalitis 
include detection of herpesvirus-specific antibodies in the serum and cerebrospinal 
fluid (Johansson and Blomberg 1986; Mayer et al. 1986; Bamborschke and Hiess 1987; 
Bos etal. 1986, 1987; Kahlon etal. 1987; Lakeman etal. 1987; Van Loon etal. 1989). The 
diagnosis of this disease was made considerably more reliable when it was combined 
with the polymerase chain reaction and the levels of sensitivity afforded therein 
(Gonzalez etal. 1995; Tyler etal. 1995; Bruu 1996; Cinque etal. 1996; Hasegawa etal. 1996; 
Querol etal. 1996; Uren etal. 1996) However, despite the enormous success of PCR in 
diagnostic virology, there is still some concern that even this exquisitely sensitive 
method may be limited by the inherent delays between the onset of symptoms and a 
positive test result (Dougan etal. 1994). Radioimaging the virus (Dougan etal. 1994) 
or of changes to the CNS which are pathognomic of a herpesvirus infection (Meyer 
et al. 1994) may allow not only for a more timely diagnosis of HSE (Hasegawa et al. 
1996; Pohjonen etal. 1996), but may be of prognostic value as well (Kao etal. 1994). 

Selected radiolabeled nucleoside analogues have been developed which hold 
promise as non-invasive radiodiagnostic agents that can be used to visualize deep-
seated herpesvirus infections (Dougan et al. 1994) as molecular probes to 
discriminate, both in vitro (Morin et al. 1997) and in vivo, herpesvirus ffc-activity 
(Tjuvajev et al. 1996). The antiviral nucleoside analogue, IVaraU (Sec 1.7.1.3.1), 
possesses both the necessary measure of herpesvirus tfc-directed selectivity and the 
physico-chemical properties to make this agent an excellent candidate for such an 
application. Although IVaraU's cytotoxic profile has not been determined in 
humans, animal studies of this agent (Machida and Sakata 1984), as well as 
indications from investigation of its brominated congener (BVaraU; Niimura et al. 
1990; Hiraoka etal. 1991; Wallace etal. 1996), appear to support the supposition that 
such an application could be made both safe and reliable (Robins etal. 1991; Dougan et 

al. 1994). 

4.1 Use of Radioiodinated-IVaraU in the Development of a Herpesvirus tfc-Specific 
Plaque Autoradiography Assay: 

Before attempting to determine the in vivo diagnostic utility of [*I]-IVaraU in 
an animal model of HSE, we undertook to confirm the applicability of this agent as a 
radiodiagnostic indicator of herpesvirus ffc-activity in cell culture. 
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There have been numerous studies in which radiolabeled nucleosides and 
nucleoside analogues have been used to demonstrate herpesvirus-specific ffc-activity 
in vitro. D'Antonio et al. used [3H]-thymidine (D'Antonio et al. 1976), and then [1251]-

IdC (D'Antonio et al. 1977), to develop radioassays that could discriminate 
herpesvirus-associated uptake and metabolism in cell culture. Their attempt to use 
these methods to distinguish between HSV type-1- and type 2-infected cells, 
however, was described by these authors as being unreliable (D'Antonio etal. 1977). 
In subsequent studies, Campione-Piccardo et al. (1979) were able to develop in a 
culture system devoid of normal cytocellular TK activity, a [3H]-thymidine uptake 
assay which could discriminate ffc-competent from ffc-deficient herpesvirus strains. 
The [14C]-thymidine radio-uptake assay described by Cheng et al. (1982), again using 
cell cultures that were devoid of cytocellular TK activity (although in the presence of 
the antiviral agents BVDU, IDU and 5-n-propyl-2'-deoxyuridine) was more 
sophisticated in that the differential uptake and metabolism this radiolabeled 
nucleoside could be used not only to differentiate between ffc-positive and ik-
negative herpesvirus-infected cells, but to distinguish between (i.e. type) the human 
simplexviruses, as well. 

In the majority of these studies, as in our own, the uptake and metabolism of 
the radiolabeled nucleoside analogue was first substantiated by way of in vitro radio-
uptake assay, prior to attempting to use these agents to demonstrate herpesvirus tk-
activity in an animal model. However, in situations where samples consist 
predominantly of r/c-competent virus, the use of simple radio-uptake techniques has 
been shown to be poorly suited for detecting the emergence of tfc-deficient/ antiviral 
resistant organisms. Nevertheless, Saito et al. (1984) used a [14C]-FMAU-
treated/herpesvirus-infected neuronal (PC12) cell line to demonstrate that [14C]-
FMAU was not taken up by either proliferatingVmock-infected cells or cells that had 
been infected with a rfc-negative strain of herpesvirus. Similarly, Tovell etal. (1987, 
1988) demonstrated the selective accumulation of the bioactive metabolites of a 
panel of structurally similar nucleoside analogues (including: [131I]-FIAU and the 5-
iodo, -bromo, -chloro, and -fluoro analogues of l-[2-deoxy-2-fluoro-/J-D-
ribofuranosyl] uracil: [131I]-FIRU, [14C]-FBrRU, [14C]-FCIRU, and [14C]-FFRU, 
respectively) by HSV type 1-infected PRK cells. Iwashina et al. (1988) demonstrated a 
selective uptake and metabolism of [125I]-IVFRU in f/c-competent, but not mock-
infected or ffc-deficient HSV type 1-infected VERO cells. In separate reports, Gill et al. 

* Although the PC 12 cell line (cloned from a rat pheochromocytoma) is neuronal in origin, these cells may be used 
when actively proliferating or, instead, be induced to "differentiate" by supplementing the culture media with 
nerve growth factor. In either case, PC12 cells support a productive infection by HSV type 1 (Rubenstein and Price 
1983; Saito et al. 1984; Clements and Kennedy 1989). 
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(1984), Klapper etal. (1988) and Cleator etal. (1988) describe the selective uptake and 
metabolism of [125/I3li]-IVDU by HSV type 1-infected, but not mock-infected cells. 

Using radiolabeled nucleosides and nucleoside analogues for generating 
plaque autoradiographs provides several advantages over the use of elementary 
radio-uptake assays, the most important being that ^-competent herpesviruses can 
be visually discriminated by virtue of the film image that they produce. When 
combined with immunological staining techniques, these methods can also provide 
a method that can be used to reliably identify ffc-deficient mutants — even if their 
relative numbers are low, a capacity clearly beyond that of the [l25I]-IdC radioassays 
described by D'Antonio etal. (1977), Fong and Scriba (1980), and Laskin etal. (1981). 
Although these authors took advantage of the selective uptake and phosphorylation 
of [l25l]-ldC as a method of assaying for viral tfc-activity (in both herpesvirus-infected 
tissues and cells in culture), none of these studies examined the validity of their 
respective assay for selectively discriminating antiviral resistant organisms present 
in a mixed virus population. It was with this intention that we engaged in the 
development of a method of [l25I]-IVaraU plaque autoradiography, a novel use of 
this nucleoside analogue, modeled after the [l̂ IJ-IdC assay described by Summers 
and Summers (1977). 

4.1.1 Plaque Autoradiography of a Diffusable Radioindicator: 

Early experiments in the development of our [l25I]-IVaraU plaque autoradio
graphy assay indicated that the fixation of the cell monolayer (using any number of 
conventional cytological/histological fixatives — including those described by 
Summers and Summers) resulted in a significant loss of the radiolabeled anabolites. 
Rather than being incorporated into the growing viral DNA strand, [*I]-IVaraU-TP 
(unlike [l̂ IJ-IdC-TP) is for the most part "metabolically trapped" within 
herpesvirus-infected cells (Robins etal 1991; Perigaud etal. 1992). The use of any 
procedure that disrupts the integrity of the cell membrane before autoradiographs of 
such unbound analytes can be produced, therefore, necessarily results in the release, 
diffusion or re-distribution, of the herpesvirus probe (data not shown). Accordingly, 
the use of fixatives prior to autoradiographic imaging of this, or of related analytes 
(See Martin etal. 1985), was avoided, and that samples were fixed only after they had 
been used to produce a film image. 

In developing [125I]-IVaraU-plaque autoradiography as a part of the present 
study, freeze-drying unfixed cell monolayers (eventually substituted by simply air-
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drying samples) was used prior to autoradiography in order to avoid redistribution 
or loss of the radiolabeled antiviral metabolites. 

Several previously developed methods have been used to visualize/localize 
water soluble/highly-diffusible analytes in histological samples (Loesser and 
Franzini-Armstrong 1990). For example, freeze-drying or freeze-substituting tissues 
has been used in combination with conventional histochemistry (Pearce 1968; 
Ullberg and Appelgren 1969; Kawamoto and Shimizu 1986; Yarowsky and Boyne 
1989; Muda etal. 1990; Murray and Ewen 1990) and tissue autoradiography (Stumpf et 

al. 1964; Hammarstrom etal. 1965; stein and Yanishevsky 1979; Grant and Stumpf 
1981; Larsson and Ullberg 1981; Kawamoto and Shimizu 1986; Kawamoto 1990), to 
visualize the distribution of analytes having such inauspicious properties. Freeze-
substitution has been shown to preserve the antigenic profile of samples better than 
simple dehydration (Schwarz and Humbel 1989), but the potential for redistribution 
of our radiolabeled antiviral probe resulting from the organic solvents normally 
used in freeze-substitution (including acetone and tetrahydrofuran; See Yarowsky 
and Boyne 1989; Murray and Ewen 1990) argued against their use in the present 
study. Unfortunately, there has been a dearth of studies that have described the use 
of freeze-drying to visualize diffusable analytes in cell culture (Schwarz and Humbel 
1989; Pfenning and Richelson 1990). 

Several attempts at producing autoradiographic images of the [125T]-lVaraU-
TP accumulated by herpesvirus plaques by exposing X-ray films through the plastic of 
the tissue culture plate (following the methods of the [l^rj-IdC plaque 
autoradiography assay described Summers and Summers) invariably resulted in 
film images having poor definition (not shown). During our efforts to construct an 
autoradiography cassette capable of simultaneously exposing X-ray film to several 
tissue culture plates at a time, it was realized that the radiolabeled monolayer was 
sufficiently removed from the film surface (a distance of roughly 1 mm — i.e. the 
thickness of the bottom of the plate), such that only inferior images of herpesvirus 
plaques would ever be obtained using this technique (See Hall etal. 1986; Duncan etal. 

1987), and this, most certainly, was a contributing factor in the lesser image quality of 
the [l̂ IJ-IdC autoradiographs presented by Summers and Summers. It was 
subsequently determined that tight apposition of the X-ray film directly against the 
surface of appropriately-treated (freeze-dried/air-dried) herpesvirus-infected cell 
monolayers enormously enhanced both the density and the clarity of the autoradio
graphic image produced. 
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4.1.2 [!25l]-lVaraU-PA: 

Consistent with the herpesvirus ffc-selective characteristics of this nucleoside 
analogue, [125I]-lVaraU was used to generate definitive film images of plaques of 
VZV and HSV type-l-infected somatic cell monolayers using exposure times of as 
little as 2 hours — although 12 to 24 hour exposures were generally found to 
improve image quality. Experiments in which cells were not infected, or which had 
been infected with rfc-deficient mutant strains of herpesvirus, revealed no 
autoradiographic images. Because these samples were intended for autoradiography 
rather than for archival purposes, or for detailed morphological characterization of a 
herpesvirus infection, discriminating morphological changes stemming from the 
process of air-drying (such as shrinkage or other subtle distortions to the physical 
properties of either the cell or the virus; See Loesser and Franzini-Armstrong 1990) 
were considered largely inconsequential. Avoiding the use of chemical fixatives 
would have also figured significantly in decreasing the time required to generate a 
film image of this agent's bioactive metabolites. For example, definitive autoradio
graphs of herpesvirus plaques using our [125l]-IVaraU-PA assay could be produced in 
as little as 2 hours, compared to the exposure times recommended for [125l]-IdC-PA 
which ranged from between 1 to 5 days (as described by Summers and Summers) 
and as long as 7 days (as described by Martin etal. 1985). 

In modifying the assay described by Summers and Summers (1977), Martin et 
al. (1985) used [14C]-thymidine autoradiography in tandem with [l25i]-IdC-PA to 
produce autoradiographs having, not only superior image quality (the circumferen
tial rims of the culture vessel were removed and the monolayers placed directly 
against the X-ray film), but also with the use of this additional probe, the assay could 
be used to reliably discriminate thymidine kinase-negative as well as thymidine 
kinase-altered (reduced) herpesvirus variants. The use of a pH]-thymidine probe 
was also described by these authors, but later abandoned, because of the excessive 
exposure times (20 to 30 days) required to generate a film image. Rubenstein and 
Price (1983), similarly, described the use of [3H]-thymidine autoradiography as a 
method of demonstrating herpesvirus-specific ffc-activity, although they also 
required excessively long (3 week) film exposures to produce a suitable 
autoradiograph. 

Several others have described the use of [l4C]-thymidine plaque autoradio
graphy for demonstrating herpesvirus f/c-activity under a variety of experimental 
conditions. In separate studies by Tenser etal. (1983), and Tenser and Edris 1987, [14Q-

thymidine was used to radiolabel herpesvirus plaques that had been generated from 
247 



several types of herpesviruses, including: HSV type-1, HSV type-2, VZV and 
pseudorabiesvirus (PRV). [l4C]-thymidine PA was used, not only to distinguish 
between tfc-deficient and wild-type virus (in both clinical isolates and 
experimentally reconstructed populations of herpesviruses), but as a method for 
typing the human simplexviruses, as well. Chatis and Crumpacker (1991) also used 
[l4C]-thymidine plaque autoradiography to show that the plaques from an ACV-
resistant neuropathogenic strain of HSV type-2, like those of a reference HSV t f c" 
strain, exhibited little capacity for phosphorylating this radiolabeled nucleoside 
probe. Similarly, Wilcox etal. (1992), when investigating a HSV f f c" strain shown to 
have a capacity for establishing and then reactivating from a latent infection of 
sensory neurons in culture, used [14C]-thymidine plaque autoradiography to 
demonstrate an absence of functional ffc-activity in these variants. 

The versatility of [14C]-thymidine plaque autoradiography is undeniable, yet, 
the lack of selectivity in combination with the extended exposure times necessary to 
produce a reliable autoradiograph clearly allows for some margin of improvement. 
We demonstrated that monolayers which have been air-dried and autoradio-
graphed are suitable for subsequent immunocytochemical characterization. Of the 
ffc-competent herpesvirus strains and species that were examined using [1251]-

IVaraU-PA, immunoperoxidase staining of [l25T]-IVaraU-treated/(^-competent) 
VZV, HSV type-1- and HSV type-2-infected cell monolayers all registered exactly to 
their autoradiographic film image. Alternatively, in monolayers that had been 
infected with a thymidine kinase-deficient herpesvirus (or those that were mock-
infected), no autoradiographic image was produced. Naturally, immunoperoxidase 
staining of herpesvirus plaques could be demonstrated in infected monolayers, with 
no such labeling being evident in mock-infected samples. Just how closely the 
immunoperoxidase-stained (virus infected) cells of these monolayers corresponded 
to the radioimages that were produced is a strong indication of the high selectivity 
and sensitivity of [125I]-IVaraU-PA. 

In comparing [125I]-lVaraU-PA and immunocytochemical detection of tk+ 
herpesviruses, it was determined that [125I]-IVaraU-PA was much less labour 
intensive than assaying samples by immunoperoxidase staining techniques (See Gay 
and Docherty 1984; Huges etal. 1986), particularly when the number of samples that 
require screening is large. Computer-assisted image densitometry was used to 
demonstrate that digitized images of [l25l]-IVaraU autoradiographs possessed much 
improved signal-to-noise properties than did similarly digitized images generated 
from the corresponding immunoperoxidase-labeled samples. Although it is known 
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that discriminating between tfc-competent and ffc-deficient herpesviruses using 
immunocytochemistry, alone, is as yet unattainable (Gronowitz and Kallander 1981; 
Landry et al. 1989), we conjecture that for such a purpose, it is important these 
methods be used in combination with, rather than exclusive of, one another. What 
is surprising, however, is that in none of the many plaque autoradiography studies 
to which we have referred was there verification of the presence of the herpesvirus 
itself. Instead, samples were generally treated with a non-specific stain (i.e. crystal 
violet or neutral red) to enhance the contrast of herpesvirus plaques on the cellular 
monolayer. What makes this so remarkable is the potential that exists in this type 
of assay for any similarly patterned defect in the herpesvirus-infected monolayer 
(caused, for example, by something as innocuous as incidental contact of the 
monolayer with a pipette) to be confused for a plaque of a thymidine kinase-
deficient variant. 

4.1.3 [l25l]-lVaraU-PA/IP: 

As more and more people are treated with anti-herpesvirus nucleoside 
analogues, the potential for the generation of antiviral-resistant organisms 
increases. This is supported by the growing number of reports in which virus that is 
resistant to ACV has been isolated from patients undergoing antiviral therapy 
(Kimberlin and Whitley 1995). The ability to rapidly and accurately discriminate the 
emergence of antiviral-resistant organisms in these patients is an important 
consideration — particularly as it relates to immunocompromised individuals 
(Kimberlin et al. 1995b,c). We have shown that the [l25I]-rVaraU-PA/IP assay 
developed as a part of the present study is well suited for such a purpose. Apart 
from simply augmenting the selectivity of the assay by combining it with 
immunocytochemistry, [125l]-rVaraU-PA/IP was also shown to offer discriminating 
improvements in selectivity over previously described herpesvirus plaque 
autoradiography assays. These improvements stem directly from the use of IVaraU 
as the herpesvirus-specific probe, a nucleoside analogue having considerably greater 
herpesvirus-directed selectivity than, for example, [l25I]-IdC (Machida and Sakata 
1984) and [l4C/3H]-thymidine, both of which are known to be metabolized not only 
by herpesvirus-encoded thymidine kinase but by cellular enzymes as well (Sec 
1.7.1.1.2; and Lehninger 1978). 

[125l]-iVaraU-PA/IP was used to unambiguously demonstrate ^-deficient 
herpesvirus in clinical isolates, and experimentally reconstructed populations of tk+ 
and tk- herpesvirus strains. This combination of autoradiography and immuno-
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cytochemistry was shown to be particularly effective in assaying samples in which 
the virus, or the assay conditions used to grow the virus, produced plaques having 
somewhat atypical appearance — or in situations in which the plaques would have, 
otherwise, been difficult to detect. A good example of this was the use of [1251]-

IVaraU-PA/IP to demonstrate the thymidine kinase-deficient VZV plaques in a 
monolayer of HFF's (See Fig. 3.5). The sensitivity of the [125l]-rVaraU-PA/LP assay 
for discriminating tk+ virus within a largely tk- herpes-virus population (1 in 200), 
and alternatively, tk~ virus in a largely tk+ population (1 in -1000) is similar to what 
has been reported for the [l25I]-ldC/[14C]-thymidine plaque autoradiography assay of 
Martin etal. (1985). 

4.1.4 [3H]-Penciclovir Autoradiography: 

The use of [125l]-IVaraU as the herpesvirus ffc-specific probe necessitated the 
implementation of techniques to prevent the loss of this agent when preparing 
samples for autoradiography. However, there was some benefit associated with 
such a design, in that any number of similarly diffusible nucleoside analogues may 
also be used as the herpesvirus-specific probe to determine antiviral sensitivity. 
Using these methods, for example, sensitivity to a specific antiviral agent (i.e. [*]-
ACV or [*]-PCV, e t c) could be determined directly, rather than having to be inferred 
from the uptake and metabolism (or the lack, thereof) of radiolabeled agents sharing 
similar pharmacological properties. Because the level of resistance demonstrated by 
some herpesviruses strains to any number of rfc-dependent antiviral nucleoside 
analogues is not always identical (Boyd etal. 1987; Kodama etal. 1995), it would seem 
only logical to use, as the probe for determining antiviral sensitivity, the nucleoside 
analogue that is to be used (or is being used) to treat a particular herpesvirus 
infection. 

In a study described by Martin et al. (1985), imaging the uptake and 
phosphorylation of [3H]-ACV using autoradiography was clearly beyond the capacity 
of the assay they describe. This was evidenced by the repeated failed attempts by 
these authors to produce an autoradiographic film image of radiolabeled ACV in 
herpesvirus-infected cell monolayers. However, in our series of experiments 
relating to the development of radiolabeled nucleoside analogues as probes of in vitro 

herpesvirus ffc-activity, we were able to use the methods of [125I]-iVaraU-PA to 
produce, for the first time, definitive autoradiographic film images of [3H]-PCV-TP 
in herpesvirus (VZV)-infected neural cell monolayers. Again, by avoiding the use 
of fixatives and exposing air-dried tissue culture monolayers directly to X-ray film, it 
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was possible to demonstrate the specific uptake and phosphorylation of this class of 
anti-herpesvirus nucleoside analogue with autoradiography. Furthermore, by 
combining these methods with immunocytochemical characterization, it should 
also be possible to unambiguously demonstrate the presence of antiviral (PCV)-
resistant thymidine kinase-deficient herpesvirus in a mixed virus population. 

The use of these techniques, combined with computer-assisted image 
densitometry, should provide the necessary instrumentation to automate in vitro 

determination of antiviral resistant virus in patient samples (See Baichwal etal. 1987; 
Mize et al. 1988; Nabors et al. 1988), wherein entire panels of radiolabeled clinically-
available nucleoside analogues (or newly developed, experimental agents) are used 
to probe large numbers of patient samples at a time, and could therefore be used to 
determine the best chemotherapeutic approach to treating a particular herpesvirus 
infection. 

4.2 Use of Radioiodinated-IVaraU-PA/IP as a Method for Demonstrating Herpes
virus Neurotropisms in Primary CNS Neural Cell Cultures: 

As it was our intention to demonstrate that radioiodinated IVaraU could be 
used to visualize herpesvirus-infected cells in brain using an animal model, we 
though it prudent to first establish whether or not [125l]-rVaraU would be selectively 
taken up and metabolized by herpesvirus-infected primary neural cultures prepared 
from the CNS of the animal species that was to be used in these subsequent 
investigations. 

4.2.1 The Composition and In Vitro Properties of Primary CNS Mammalian Neural 
Cell Cultures: 

It was because the tissues used to prepare our cultures came from the CNS of 
adult animals that the preparation, enrichment and subsequent culture of lapine 
(rabbit) neural cells (in particular, the oligodendroglia) was made practicable 
(McCarthy and De Vellis 1980). On the other hand, it was also because adult CNS 
tissues were used, that the likelihood of having viable neurons in these cultures 
was contrary to expectations. 

Astrocytes, oligodendrocytes and fibroblasts (in varying proportions) were 
immunocytochemically identified in our mixed primary and Percoll-enriched 
neural cell cultures. That no viable central neurons were evident in our primary 
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brain-cell cultures is in keeping with the age (adult) of the animals used (McCarthy 

and De Vellis 1980; Hansson 1984; Kennedy and Fok-Seang 1986; Newcombe et al. 

1988) and nerve growth factor (a medium supplement necessary for maintaining 

fetal neurons in culture) was, in any case, not used. Although cultures of both 

neurons and Schwann cells were prepared from the dorsal root ganglia of adult 

guinea pigs, these cultures (prepared only twice) were not used to investigate 

herpesvirus neurotropisms. 

The cellular composition of our primary neural cell cultures were, for the 

most part, consistent with what we (Smyrnis et al. 1986; Chantler et al. 1995), and 

others (Gebicke-Harter etal. 1980,1984a; Szucheteffl/. 1980; Farooq etal. 1981; Lisak etal. 

1981; Gonatas et al. 1982; Hirayama et al. 1983) have previously described. Also 

consistent with the present findings was the tendency of the composition of these 

cultures to change to varying degrees over time (Vernadakis etal. 1984; Newcombe et 

al. 1988). Because oligodendrocytes are terminally differentiated, it is not surprising 

that the astrocytes and fibroblasts (cells which maintain a capacity for continued 

growth and cell division) tend to dominate neural cell preparations with increased 

time in culture. Such variability in culture composition, however, made a precise 

characterization of virus infection in any one particular glial cell type largely 

unattainable (See Thomas et al. 1991). What was clear, however, was that, 

collectively, all of the cells in these 3- to 4-week old cultures appeared to support a 

productive, fairly robust, virus growth — keeping in mind the use of relatively high 

moi and extended incubation times. Furthermore, all of the herpesvirus species 

and strains that were studied (including several thymidine kinase-deficient and 

D N A polymerase-deficient variants), appeared to grow equally well in this culture 

system, as evidenced by the eventual destruction of these cultures following their 

infection. 

4.2.2 Herpesvirus Infection in our Primary CNS Mammalian Neural Cells: 

Because a rabbit model of HSE was to be used to determine the radioimaging 

potential of our radiolabeled nucleoside analogue, primary cultures of adult rabbit 

neural cells were prepared and then examined for their capacity to support an 

infection by several species and strains of the human herpesvirus. 

Although the bulk-isolation, culture and the biological characterization of 

primary cultures of neural cells from a number of different vertebrates has been 

described (Gebicke-Harter et al. 1980,1984a,b; Szuchetera/. 1980; Farooq etal. 1981; Lisak 
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etal. 1981; Gonatas etal. 1982; Hirayama etal. 1983; Smyrnis etal. 1986), the use of these 
cultures in characterizing the human herpesviruses has not been as nearly as 
comprehensive. Furthermore, although a number of different rabbit models of 
human HSE have been reported (See below) and somatic cells of rabbit origin (i.e. 
primary cultures of rabbit kidney, lung, retina, cornea and testes) have been used to 
cultivate the human simplexviruses (Oh 1976; Yoshii and Kono 1977; Reefschlager et 
al. 1982; Moore 1984; Taylor and O'Brien 1985; Chang etal. 1986; Wakakura etal. 1987; 
Zhao etal. 1987; Langenberg etal. 1988; Ito 1989; Mori etal. 1996), the use of primary 
neural cell cultures prepared from adult rabbit CNS for the purpose of propagating 
the human herpesviruses has not, as far as we are aware, been previously reported. 

Dissociated primary brain-cell cultures prepared from rabbit embryos have 
been used to characterize l-j3-D-arabinofuranosylcytosine — not to determine this 
agent's antiviral properties but, rather, to study its antimitotic effect on the rapidly 
dividing cells (i.e. fibroblasts and astrocytes) of these neural cell cultures (Kari et al. 
1985). Similarly, the preparation of fetal rabbit brain cell cultures has also been 
described in the cultivation of Borna Disease (BD) virus (Herzog and Rott 1980; von 
Rheinbaben 1985) an as yet unclassified (Briese et al. 1992) negative-strand RNA 
animal virus that also has neurotropic properties (Carbone etal. 1989; Stitz etal. 1993). 
Finally, Borchers and Ozel (1993) used primary rabbits brain cell cultures to describe 
some of the morphological changes that can be induced following infection by 
simian agent 8 (SA8), an alpha herpesvirus. 

The supposition that primary neuroglial cultures prepared from the brains of 
rabbits would support a human herpesvirus infection also comes from characteriza
tions of HSE in humans, where HSV has been shown to infect not only neurons, 
but also the glia which are most closely associated with the infected neurons 
(Kumanishi and Hirano 1978; Esiri 1982). Other evidence to suggest that primary 
cultures of rabbit brain would support an HSV infection issues from studies in 
which virus was grown in cultures prepared from the retinas of rabbits (Kristensson 
etal. 1970; Wakakura etal. 1987) - cultures that have been shown to contain, both, 
astrocytes (Sarthy etal. 1991; Guidry 1996; Molthagen etal. 1996), and oligodendrocytes 
(Ehinger etal. 1994). 

Interestingly, in a study by Townsend and Baringer (1978), the only glial cell 
type that demonstrated any sign of involvement following experimental HSV 
infection of mouse CNS was identified as astrocytes. Similarly, in an electron 
microscopic (EM) study of the brain stem of rabbits having been infected with HSV 
(corneal scarification), herpesvirus particles were described as distributed only 
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within neurons and astrocytes, although not in oligodendrocytes (Baringer and 
Griffith 1970). These findings tend to contrast, not only with the immuno
cytochemistry of the present study, but also with the EM findings described by 
Narang (1982), in which HSV particles were observed in both astrocytes and 
oligodendrocytes following intravitreal injection of HSV into rabbits. They also 
contradict the findings of Esiri (1982), who demonstrated in human autopsy 
material, that viral antigens could be identified in neurons as well as in all types of 
glial cells ~ including oligodendrocytes. 

Our finding that all of the cells in our rabbit primary neural cell cultures (i.e. 
astrocytes, oligodendrocytes and fibroblasts) were permissive for the growth of all of 
the human simplexviruses that were examined was not unexpected. Studies by 
several investigators have shown that these viruses demonstrate a capacity for 
growth in equivalent cultures of non-neoplastic, fully differentiated neuroglia, 
although these cultures were prepared from CNS tissues of vertebrates other than 
rabbits, including: the mouse (Ecob-johnson and Whetsell 1979; Berria and Lascano 
1981; Pulliam etal. 1984; Bale etal. 1987a; Borcholte etal. 1990; Thomas etal. 1991; Dix et 

al. 1992; Fowler and Forbes 1995), rat (Kennedy and Lisak 1980; McCarthy et a/.1990; 
Castagnino etal. 1995), and even cultures prepared from the CNS of humans (Rajcani 
and Scott 1972; Kennedy 1988; Kennedy etal. 1983, 1985, 1994; Williams etal. 1992). 

Rajcani and Scott (1972) used virus titration and the fluorescent-antibody 
technique to demonstrate that all of the cells which comprised their cultures of 
dissociated embryonic human spinal root ganglia were permissive for HSV. 
Interestingly, these authors also noted that the neurons in these cultures were more 
refractory to herpesvirus infection relative to non-neuronal cell types. Similarly, 
Ecob-johnson and Whetsell (1979) demonstrated that, not only were all of the 
murine cells in their organotypic CNS and PNS nerve cell culture systems 
permissive for the replication of HSV type-1 and type-2, but also that the neurons in 
these preparations tended to be more restrictive to herpesvirus infection than non-
neuronal cells (later identified as oligodendroglia). Their study, however, also 
revealed that the number of astrocytes in these cultures increased by as much as 
three- to 4-fold relative to the astrocytes in uninfected controls. In somewhat 
similar fashion, Nasyrov et al. (1992) described a proliferation of astrocytes as taking 
place within herpesvirus-induced lesions of rabbit CNS. However, when cultures 
prepared from rabbit retina are infected with herpes simplex virus, the proportion of 
GFAP-positive cells was shown to drop by as much as 10% to 30% (Wakakura et al. 
1987). In the present study, changes in astroglial morphology as the result of 
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herpesvirus infection (such as prominent rounding-up and swelling — similar to 
those described by Rajcani and Scott) were readily apparent. However, evidence to 
suggest that there was an actual increase in the number of astrocytes in these 
cultures following herpesvirus infection, and not just a proportionally greater 
number of astrocytes relative to other cell types in these cultures (a phenomenon 
which was seen in many of our long-term neural cell cultures), was not apparent. 

In separate studies, Pulliam etal. (1984) and Fowler and Forbes (1995) were able 
to demonstrate that at 24 hours post-infection (using either, HSV type 1 or HSV type 
2 strains), all of the cells in their long-term (30 to 40 day) embryonic mouse brain 
aggregate neural-cell primary cultures (shown to consist of fully differentiated 
oligodendrocytes, astrocytes and neurons; See Trapp etal. 1979) became infected. This 
was indicated by positive anti-HSV immunolabeling. Similarly, Rubenstein and 
Price (1983), in describing a herpesvirus infection of the PC12 neuroblastoma cell 
line, did not observe any difference in the capacity of HSV^" or parental (HSV t f c +) 
strains of herpesvirus to replicate in this neuronal cell line, although they did find 
that changes in cell morphology following herpesvirus infection were delayed when 
cultures had been treated with NGF (Clements and Kennedy 1989). 

However, several studies have demonstrated that differences may exist 
between neural and neuronal primary cell cultures (and cell lines) in supporting a 
herpesvirus infection (Ecob-Johnson and Whetsell 1979; Kennedy etal. 1983, 1985; 
Kennedy 1988; Borcholte etal. 1990; Thomas etal. 1991). For example, herpesviruses 
have been shown to preferentially attach to synaptosomal fractions prepared from 
glial cell fractions rather than to synaptosomes prepared from neuronal cell 
fractions (Vahlne etal. 1978; 1980). There have also been differences demonstrated in 
the capacity of some HSV strains to produce cytopathic effect in specific neurotumor 
cell lines (Vahlne and Lyke 1977, 1978; Doller etal. 1979) and these differences were 
influenced, not only by the neuroblastoma clone and the strain of herpesvirus being 
investigated (Gerdes etal. 1979), but also by the conditions (i.e. the moi and even the 
temperature) that were used to maintain virus growth (Vahlne et al. 1981). The 
differential capacity of neuronal cell lines to support a productive herpesvirus 
infections have been well demonstrated. For example, the B50 neuroma cell line 
has been shown to be 10- to 100-times better able to support a productive infection by 
HSV type-1 (Adler etal. 1978), than the HSV-restricted B103 neuroma cell line (Adler 
etal. 1978; Levine etal. 1980; Goldin etal. 1985). Although abortive infections and viral 
persistence have been demonstrated in studies examining non-neuronal (i.e. C6 
glioblastoma) tumor cell lines infected with HSV type-1 (Lancz and Zettlemoyer 
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1976) and HSV type-2 (Smith and Lancz 1982), other glial tumor cell lines such as the 
9L (Veerisetty et al. 1986), B9 and B15 gliomas (Adler etal. 1978) only rarely survive 
herpesvirus infection. 

Interestingly, different inbred strains of mice have been shown to exhibit 
varying predisposition for developing HSV type-1 CNS neuropathology following 
orofacial (Kastrukoff et al. 1982, 1986, 1987) or intranasal (Hudson et al. 1991) 
herpesvirus infection. It has also been shown that, under defined experimental 
conditions, not all neural cells possess an identical capacity for supporting a 
herpesvirus infection (Morahan et al. 1985; Thomas et al. 1991). For example, a 
refractoriness to HSV has been demonstrated in cultures of oligodendrocytes 
prepared from the CNS of inbred strains of animals having a natural resistance to 
herpesvirus infection relative to oligodendroglia prepared from the CNS of animals 
less resistant to infection, and this phenomenon may possibly stem from a 
replicative block believed to exist at the level of the cytoplasmic and/or nuclear 
membrane of resistant cells (Thomas etal. 1991). However, Fowler and Forbes (1995) 
were unable to duplicate this differential refractoriness to herpesvirus infection in 
mixed neural cell (aggregate) cultures prepared from the CNS of these specific 
strains of mice, although their use of a mixed neural cell culture system — like the 
one used in the present study, would have necessarily precluded the opportunity to 
characterize the infection of specific neural cell types independent from the 
influence of other cells present in the culture (See Thomas etal. 1991). Other studies 
that tend support the supposition that a differential susceptibility to herpesvirus 
infection may be an inherent property of specific glial cell-types have come from 
results with the pseudorabies virus, a swine alpha herpesvirus (varicellovirus), in 
which selectivity of this type has also been demonstrated (Card etal. 1993; Rinaman 
and Enquist 1993). 

The neural cell cultures used in the present study were prepared from an 
outbred species of rabbit an animal having a well established partiality for 
developing CNS neuropathology following certain herpesvirus infections. The 
infectability of cultures prepared from the brain tissues of these animals, therefore, 
is consistent with the many in vivo studies already described. That no difference in 
the capacity of our various neural cell culture preparations to support a herpesvirus 
infection was observed, was very likely a consequence of having used cultures of 
mixed composition. In a recent study, differences in the genetic susceptibility of 
certain inbred strains of rabbits in developing herpesvirus-induced CNS disease 
(pathognomic of the human infection) were demonstrated (Seto etal. 1995). It would 
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be interesting to know whether or not such a variegated response to herpesvirus 
infection would also be exhibited in vitro by neural cells prepared specifically from 
the CNS of HSV-resistant and susceptible strains of rabbit. 

A comparative evaluation between the capacity of rabbit neuronal cells and 
the neuroglia to support a herpesvirus infection could not be determined as 
methods have not yet been developed in which CNS neurons of an adult animal 
survive tissue processing, and in any event, the methods and culture conditions 
used in the present study select for the neuroglia. It did appear, however, that the 
larger cells of our primary neural cell cultures (the fibroblast and astrocytes) tended 
to show signs of CPE somewhat earlier than the other cells present in these cultures 
(See Rinaman etal. 1993, Chantler etal. 1995). This phenomenon may be explained by 
the relative size and shape of these cells, as larger/flatter cells would necessarily be 
exposed to a higher moi than smaller/rounder cells (i.e. oligodendroglia) of these 
cultures, given sufficient virus. 

4.2.3 Use of [l25l]-IVaraU-PA/IP to Demonstrate Herpesvirus in Primary CNS 
Mammalian Neural Cell Cultures: 

It would seem reasonable to conjecture that because the human alpha 
herpesviruses are neurotropic, many of the biological properties of these viruses 
could be more appropriately examined in cells of nervous system origin, and the use 
of radiolabeled nucleoside analogue probes would be ideally suited to study these 
HSV/neural-cell interactions. However, there have been very few studies which 
have made use of these agents as probes of herpesviruses in neural cell lines and 
none, as far as we are aware, which have implemented these agents to visualize a 
herpesvirus infection in a primary CNS cell culture. 

In a study by Saito etal. (1984), [14Q-FMAU was used to demonstrate that this 
antiviral was taken up specifically by HSVffc+-infected neuronal (PC12) cells and not 
by either mock-infected cells, or cells that had been infected with a ffc-negative strain 
of the virus. In a study by Smith and Lancz (1982), the C6 glioma cell line was used 
(despite the fact that this neural cell line is refractory to HSV infection; Lancz and 
Zettlemoyer 1976) to examine what effect, if any, the antiviral properties of ara-C 
would have on herpesvirus yield — although the antiviral agent itself was not used 
to visualize herpesvirus infection of this cell line. 
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Autoradiographs produced from the uptake and metabolism of [l25i]-lVaraU 
and [3H]-PCV by herpesvirus-infected primary cultures of rabbit neuroglia and of a 
human neuroglial cell line, respectively, demonstrate that our method of plaque 
autoradiography can be used to visualize herpesvirus tZc-activity in cell cultures 
derived from the mammalian nervous system. Not only were the herpesvirus in
dependent properties of this class of antiviral agent consistent with what has been 
demonstrated using somatic cell cultures, but the autoradiographs produced by 
herpesvirus-infected glial-cell monolayers were also shown to correspond to 
thymidylate kinase activity of the virus used to infect these cultures as well. What 
was unexpected, however, was the inexplicably higher accumulation of the 
radioactive probe in the neural cultures infected with the HSV type-1 tk-
competent/DNA poZ-deficient clinical isolate, NK 615.8. The observation that NK 
615.8-infected neural cell monolayers consistently generated darker [l25l]-IVaraU 
autoradiographs relative to those produced by sister cultures infected with other 
(HSV type-1 and type-2; tfc-competent or deficient) strains of herpesviruses could be 
explained if, for example, NK 615.8 was less disposed to eliciting a cytopathic effect. 
With a tendency to survive NK 615.8 infection, a larger number of these cells could 
possibly take up and metabolize the herpesvirus probe, thus contributing to the 
greater relative intensity of the film images produced. However, significant 
differences in the cellular composition of NK 615.8-infected neural cultures, relative 
to cultures infected with any other strain of herpesvirus used in these 
investigations, were not observed. Moreover, several studies have demonstrated 
that ^-competent/poZ-deficient herpesvirus variants will generally grow as well as 
wild-type virus, not only in tissue culture (Larder etal. 1986; Jacobson etal. 1995), but 
in peripheral (i.e. dermatological, ophthalmological) infections of animals, as well 
(Larder and Darby 1985; Field and Coen 1986; Jacobson etal. 1995). 

The neuropathogenicity of an antiviral-resistant f/c-competent/poZ-deficient 
herpesviruses largely corresponds to the location and the extent to which changes to 
the herpesvirus pol gene have taken place (Marcy etal. 1990; Jacobson etal. 1995). For 
example, alterations to the pol gene have been shown to generate herpesvirus 
variants ranging from those that have almost no neurovirulence (Field and Coen 
1986; Larder etal. 1986), to variants in which neurovirulent properties remain largely 
intact (Sacks etal. 1989). In the original characterization of NK 615.8 (Sacks etal. 1989), 
it was demonstrated that these isolates demonstrated a wide range (2.8% to 130%) of 
thymidine kinase activity relative to a reference strain. It may be possible, therefore, 
that the thymidine kinase of NK 615.8 may simply be more proficient at 
metabolizing [125l]-rVaraU than any of the other herpesvirus strains that were used 
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in the present study. Alternatively, it may be possible that a herpesvirus, devoid of 
the metabolic constraints associated with producing a fully functional DNA 
polymerase, could grow more rapidly by devoting more of its bioenergetic capacity to 
other aspects of DNA biosynthesis such as, for example, the metabolism of 
nucleosides and, correspondingly, nucleoside analogues. 

In summary, [125I]-TVaraU and [3H]-PCV plaque autoradiography has been 
shown to be a powerful method for demonstrating herpesvirus ffc-activity in 
herpesvirus-infected primary neural-cell cultures and a neural cell line, 
respectively. When autoradiographic images were compared by computer-assisted 
densitometry, it was determined that they corresponded not only to the thymidine 
kinase and thymidylate kinase-dependent metabolism of [l25I]-IVaraU, but also 
demonstrated how such a technique could be used to quickly identify differences in 
ffc-activity when studying variant strains of herpesvirus. Finally, the use of neural 
cell cultures may hold special advantage over the use of somatic cells, not only in 
the characterization of neurotropic viruses in general, but also for investigating the 
pharmacotherapeutic properties of antiviral agents used to specifically treat CNS 
infections. 

4.3 Use of Radioiodinated-IVaraU-PA/IP as a Method for Determining the Distribu
tion of Herpesvirus in the CNS of a Rabbit Model of HSE: 

Having demonstrated that rabbit neural cells support the growth of 
herpesviruses, and that [125I]-IVaraU-PA/IP could be used as a probe for herpesvirus 
^-activity in vitro, we wanted to show that [125I]-IVaraU-tissue autoradiography (TA) 
could be used to visualize the presence of HSV in fresh/frozen thin-sections 
prepared from the CNS of intranasally-infected rabbits. That [125I]-IVaraU-TA could 
be used to determine the distribution of HSV in the CNS of HSE animal models 
derives, both, from the many studies that have used radiolabeled ligands for 
quantitative receptor autoradiography of histological CNS preparations (Baskin etal. 
1986; Hall etal. 1986; Bohannon etal. 1988; Palacios etal. 1988; Dietl etal. 1988; Jorgensen 
etal. 1989; Carlson etal. 1992; Frey and Howland 1992) and from studies in which live 
alpha herpesviruses and immunohistochemical staining techniques have been used 
to trace, transneuronally, the peripheral and central nervous system's neuronal 
circuitry (Kuypers and Ugolini 1989; Ugolini etal. 1989; McLean etal. 1989; Stroop and 
Banks 1990; Gieroba etal. 1991; Li etal. 1992; Card etal. 1993; Ding etal. 1993; Rinaman et 
al. 1993; Card and Enquist 1995; Gesser and Koo 1996). 
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4.3.1 Neuropathology of the Intranasally-Infected Rabbit Model of HSE: 

The use of rabbits to model human herpesvirus infection, as reviewed by 
Stanberry (1992), is far-reaching. For example, a number of different rabbit models of 
human HSE have been developed (Baringer and Griffith 1970; Narang 1980, 1982, 
1995; Schlitt etal. 1986, 1988; Laskin and Griffin 1987; Lieb etal. 1988; Brown and Field 
1990; Stroop etal. 1990, 1994; Paivarinta etal. 1994; Seto etal. 1995). In the present study, 
herpesvirus encephalitis was produced in rabbits by instilling HSV directly onto the 
olfactory mucosa. That we chose an intranasal route to infect rabbits was predicated 
on the findings of Stroop etal. (1986), who demonstrated that much of the pathology 
of the CNS developed by this HSE model closely approximates that which develops 
in the course of the human disease. However, exactly how HSV first enters the 
olfactory bulb to spread into specific regions of the CNS of intranasally-infected 
rabbit, has not been examined in great detail, most likely a consequence of the far 
rostral positioning of the olfactory bulb and its tight association to the cribiform 
plate by numerous bundles of olfactory nerves that hold it in place. The access and 
removal of olfactory bulbs that are intact and undamaged for such study, therefore, 
is a fairly arduous process. 

What is often described as a defining property of HSE in immunocompetent 
humans is the development of hemorrhagic and necrotic lesions in the 
inferomedial-temporal lobe and limbic system (Baringer 1978; Dinn 1978; Ojeda 
1980; Ball 1982; Esiri 1982; Nahmias etal. 1982; Damasio and Van Hoesen 1985; Stroop 
1986; Barthez etal. 1987; Neils etal. 1987; Whitley and Schlitt 1991). That a number of 
viruses appear to possess a special affinity for the limbic system also comes from in 
vivo studies of HSV infection in many different animal models of HSE (McFarland 
etal. 1982, 1986; Anderson and Field 1983; Tomlinson and Esiri 1983; Stroop etal. 1984; 
Stroop and Schaefer 1986; Schlitt etal. 1986,1988; Cleator 1987; Chrisp etal. 1989; Webb 
et al. 1989; Hudson et al. 1991; Seto et al. 1995) and from investigations of other 
neurotropic viruses as well. For example, in separate studies, Lavi et al. (1988), 
Barnett and Perlman (1993) and Perlman et al. (1989) reported that intranasal 
infection of mice using a neurotropic strain of mouse hepatitis virus (a 
coronavirus), caused lesions that were largely confined to the limbic system. 
Similar infection of mice by the CVS strain of rabiesvirus was also shown to 
produce lesions in the limbic system (Lafay etal. 1991). Finally, Lundh etal. (1987, 
1988) have shown that following intranasal instillation of vesicular somatitis virus 
in mice, many of these specific brain areas often demonstrated virus-specific 
antigens. That neurotropic viruses appear to have a special predilection for the 
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limbic system may, therefore, be based more on neuroanatomical rather than 
neurochemical (See McFarland et al. 1982; Neeley et al. 1985) determinants. In other 
words, the spread of virus via the neuronal circuitry of the olfactory system may be 
used to explain much of the characteristic development of HSE lesions, not only in 
several animal models, but in the human as well. Why animals that have been 
intranasally infected with HSV type-1 tend to develop near equivalent CNS 
pathology as that developed in the human infection may, therefore, come from a 
better understanding of the neural circuitry of the vertebrate olfactory system. 

The receptor cells of the olfactory epithelium are bipolar sensory neurons 
which originate from the globose basal cells within the olfactory epithelium. These 
sensory neurons are unique because of their capacity to undergo continual 
neurogenesis, not only during embryonic and early postnatal development, but also 
for the entire life of the animal (Levey etal. 1991). They are also unique because the 
dendrites of these neurons are essentially in direct contact with the external 
environment (See Lafay etal. 1991). Intranasal instillation of HSV, therefore, allows 
direct access into the vertebrate CNS without the virus necessarily having to first 
replicate in non-neuronal tissues (Webb etal. 1989). It is also interesting to note that, 
although olfactory nerve axons are unmyelinated (See Halasz and Shepherd 1983), 
they are (within the lamina propria) generally enveloped by cytoplasmic processes of 
ensheathing cells — also derived from the olfactory epithelium (Chuah and Au 
1993). These ensheathing cells demonstrate a likeness to GFAP-positive astrocytes 
(Chuah and Au 1993), suggesting that they too may also support HSV infection 
(Tomlinson and Esiri 1983), although this has not yet been investigated in depth. 

Olfactory sensory (bipolar) neurons extend their axons through the cribiform 
plate, to terminate within the glomerular layer of the olfactory bulb. Here, all 
olfactory axons synapse with the dendrites of mitral cells, tufted cells and 
periglomerular cells (Halasz and Shepherd 1983). The mitral cells and tufted cells 
constitute the efferent/projection neurons of the olfactory bulb, and are found 
predominantly within the densely-packed mitral cell layer (easily recognizable in 
Nissl-stained thin sections of olfactory bulb) and the external plexiform/glomerular 
layers, respectively (See Shipley 1985). 

Both the mitral cells and tufted cells possess two distinct types of dendrites: 
primary dendrites, which extend superficially, are relatively thick and which carry 
afferent signals from the area of the glomerulus to the cell body, and longer 
secondary dendrites, which tend to interact synaptically with the dendrites of 
granule cells throughout much of the external plexiform layer (Halasz and Sheperd 
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1983). The granule cell layer (both, the widest and deepest cell layer of the olfactory 
bulb neuropil) is comprised largely of axonless (amacrine) interneurons. Granule 
cells also possesses two types of dendritic processes: those which extend superficially 
into the external plexiform layer to branch and ramify with the secondary dendrites 
of the tufted cells (as just described), as well as dendrites that extend into the deeper 
reaches of the granule cell layer proper, where they ramify with the secondary 
dendrites of mitral cells. Finally, the olfactory bulbs send fibers (mitral and tufted 
cell axons) via the lateral olfactory tract to a number of cytoarchitechtonically 
distinct regions on the ventral surface of the mammalian forebrain. These 
centripetal fibers distribute diffusely, terminating in the outer lamina of the 
molecular layer (layer la) of the anterior olfactory nucleus (AON), the ventral aspect 
of the tenia tecta (TTy), the dorsal peduncular cortex (DPC), the olfactory tubercle 
(OT), the anterior and posterior piriform cortex ( P CA , PCp), the nucleus of the lateral 
olfactory tract (NLOT), the anterior cortical nucleus of the amygdala (COA), the 
periamygdaloid cortex (PAC) and the lateral and ventral divisions of the entorhinal 
areas (DLEA, VLEA), (See Luskin and Price 1983; Shipley 1985). An extensive system 
of layer lb and III-associational fibers (Broadwell 1975a; Haberly and Price 1978; 
Luskin and Price 1983), as well as commissural projections (Haberly and Price 1978; 
Luskin and Price 1983), interconnect many of these specific cortical areas. Also large 
numbers of reciprocal fibers, including centrifugal (afferent) fibers from all regions 
of the primary olfactory cortex and the cortical amygdaloid nucleus project through 
the deeper layers of the internal plexiform and granule cell layer to terminate 
within the main and accessory olfactory bulbs, respectively (De Olmos etal. 1978). For 
example, conventional methods in HRP tracing have demonstrated that the 
olfactory bulb has extensive centrifugal input from projections originating from 
many of the subdivisions of the ipsilateral (and contralateral) olfactory cortex. 
Studies have also shown the centrifugal projections from these cortical areas are 
distributed diffusely throughout the bulb, without any apparent topographic 
organization (See Luskin and Price 1983). It becomes easy to understand, therefore, 
how the transneuronal distribution of HSV following intranasal instillation of the 
virus has the potential for involving much, if not all, of the vertebrate olfactory 
system (Shipley 1985; McLean etal. 1989). 

Several investigators have suggested that trans-olfactory distribution of HSV 
is the specific mechanism by which HSV spreads in humans with HSE (Dinn 1979; 
Ojeda 1980; Esiri 1982). Evidence to support this hypothesis comes from studies in 
which herpesvirus could only be demonstrated in the olfactory pathway of humans 
with HSE -- and involvement of the trigeminal ganglia (a finding that would have 
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suggested the possibility of some kind of ophthalmologic involvement) was not 
observed (Ojeda 1980; Esiri 1982). Histological characterizations of autopsied and 
biopsied CNS tissue samples have also shown that herpesvirus-specific antigens are 
most frequently found within the temporal lobe, orbitofrontal cortex and the limbic 
system of humans with HSE (Dinn 1979; Esiri 1982; Nahmias etal. 1982; Kennedy etal. 

1988). Magnetic resonance imaging (Davidson and Steiner 1985; Bale et al. 1987b; 
Schroth et al. 1987; Neils et al. 1987; Pohjonen et al. 1996), electroencephalography 
(Neils et al. 1987; Barthez et al. 1987), ultrasound, as well as computed tomography 
scans (Yoshii etal. 1985; Neils etal. 1987; Barthez etal. 1987; Kennedy etal. 1988; Meyer et 

al. 1994) have provided further evidence of a temporo-parietal localization of virus 
in many of these individuals. 

That the temporal lobe, orbitofrontal cortex and the limbic system are 
preferentially involved in an acute herpesvirus infection of the brain is also 
supported by the neuropathology developed in a variety of animal models of HSE, 
in which, depending on the route and method used to introduce the virus (into any 
number of different animal hosts), development of lesions in these specific brain 
areas can be frequently (although not always consistently) induced (Anderson and 
Field, 1983; McFarland etal. 1986; Stroop etal. 1984; Schlitt etal. 1986, 1988; Webb etal. 

1989; Hudson etal. 1991; Seto etal. 1995). For example, the distribution of HSV within 
the olfactory bulb, anterior olfactory nucleus and olfactory cortical areas following 
intranasal infection of rats can be accounted for by known anatomical routes of 
intercommunication between the peripheral primary olfactory neurons, the 
mitral/tufted cells in the olfactory bulb, and on through the intratubular collaterals 
and extrinsic terminal axons to these olfactory cortical areas (Tomlison and Esiri 
1983; Shipley 1985; McLean 1989). 

In the present study, the use of intranasally-infected rabbits to model human 
HSE was based on a modification (Stroop and Schaefer 1986) of a technique 
originally described by Marinesco and Draganesco (1932; See Tomlison and Esiri 
1983). Because the animal model of Stroop and others develops an encephalitis 
which, for the most part, is restricted to the temporal (pyriform) lobes, it has been 
described as being an accurate approximation of the human disease. However, our 
techniques differed somewhat from the methods described by this group (i.e. Stroop 
and Schaefer 1986, 1989; Stroop and Banks 1992; Stroop et al. 1990, 1994), in that we 
did not immunosuppress animals, and only the acute, rather than a latent or 
reactivated form of HSV infection, was used. Still, the reactivated form of this 
disease in rabbits as described by Stroop and others may in some respects more 
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accurately reflect the pathology of the human disease. For example, when the virus 
has been induced to reactivate, only rarely do these animals develop substantial 
pathology of the olfactory bulbs. This sparing of the olfactory bulbs tends to be more 
consistent with HSE in humans, where severe inflammation of these structures is 
almost never encountered. Furthermore, although there has been the occasional 
report of virus in the olfactory bulbs (Dinn 1979), and olfactory tracts in humans 
with HSE (Ojeda 1980; Esiri 1982), this may in fact represent a centrifugal spread of 
HSV from the primary lesions in the temporal lobes (Esiri 1982; Tomlinson and 
Esiri 1983). Nevertheless, the use of immunosupressive agents to induce the 
reactivation of HSV in the model described by Stroop is, without doubt, artificial, 
contrasting to most cases of human HSE where immune status is only seldomly 
found to be a contributing factor to this disease (Esiri 1982; Nahmias et al. 1982). 
Furthermore, involvement of the deeper regions of the olfactory system is not 
necessarily only observed in a reactivated herpesvirus infection — not even in the 
studies described by Stroop and others. These authors, for example, presented 
several reports in which lesions of the olfactory tract, olfactory fissure and the 
hippocampus-entorhinal cortex developed in the acute stage of HSV infection, 
although only when a more neurovirulent strain of HSV type-1 (HNV-H-129) was 
used (See below). 

It is clear that with any given animal model, the development and course of 
experimental herpesvirus encephalitis, like that of the human illness, can be wide 
ranging amongst different individuals, and even with the use of identical strains of 
virus, methods of infection and animal species, differences in the presentation of 
disease — even within a given study, are generally encountered (Tomlinson and 
Esiri 1983; Stroop etal. 1986; Schlitt etal. 1986; McLean etal. 1989). In the present study, 
gross pathological changes of the olfactory bulbs developed in all of the rabbits 
intranasally infected with HSV type-1 (F-strain), whereas involvement of the 
temporal lobe (pyriform cortex) in these animals was observed only once. That the 
presentation of CNS pathology was not the same among all of our animals may 
have been due to variations associated with the method used in the intranasal 
delivery of the virus, although it is more likely that these differences stem from 
more substantial determinants associated with the rabbits themselves. 

Although a genetic predisposition for developing HSE has recently been 
shown to exist in inbred strains of rabbits (Seto et al. 1995), other far less involved 
reasons may have had more to do with the inconsistencies in inducing deep CNS 
infections in our animals. For example, as part of their effort to use HSV as a 
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retrograde transneuronal marker in rat CNS, McLean et al. (1989) determined that 
small differences in the amount of nasal secretions produced by these animals 
influenced the ability of HSV to infect the olfactory epithelium by physically 
interfering with the virus to effectively traverse the mucous layer. Webb etal. (1989) 
have also suggested that virus input below a particular measure may be insufficient 
to directly infect the cells of the olfactory epithelium, a finding which may be 
explained by the above mechanism of interference. In their study, low virus input 
tended to result in HSV undergoing local replication in the nasopharynx of 
intranasally infected mice, a property which not only appeared to determine the 
route of spread of virus into the CNS of these animals (i.e. olfactory vs trigeminal 
tract), but which also influenced the presentation of disease as well (Webb etal. 1989). 
Interestingly, when these authors injected atropine into rats prior to intranasal 
instillation of the virus (a maneuver specifically geared towards reducing the 
amount of nasal secretions produced by these animals), HSE was much more 
consistently induced (McLean etal. 1989). 

Our observation of a significant amount of pathology of olfactory bulbs in our 
animals largely contradicts what was described by Stroop and Schaefer (1986), even 
though the strain of HSV type-1 used in their investigation (low-neurovirulence 
laboratory strain F; LNV-F), was very likely the same strain of virus that was used in 
our studies* (Sec. 2.1.3.1). In their investigation, only 2 of the 7 animals examined 
(over a period of from 3 to 7 DPI) showed, what was even then, only a mild 
lymphocytic infiltration of the olfactory bulb (Stroop and Schaefer 1986). However, 
no methods other than conventional histological staining techniques (i.e. 
hematoxylin and eosin), were used to discount the presence of HSV in these 
preparations. However, interpreting this apparent lack of neuropathology as 
suggesting that the virus did not invade the olfactory system of these animals, 
without having unambiguously determined the presence of the virus by more 
sophisticated means, could be considered as somewhat misguided. This argument is 
supported, surprisingly enough, by an earlier study of Stroop etal. (1984) who, while 
probing for HSV type-1 RNA in the CNS of a murine model of HSE, described the 
localization of F-strain to intensely-positive neurons in the anterior olfactory 
nucleus and similarly intensely-labeled neurons in histological sections prepared 
from the ventrolateral entorhinal cortex of the parahippocampal gyrus. However, 
when these authors examined these sections using only conventional histochemical 

f The use of F-strain in the present study (described as a herpesvirus strain having low neurovirulence) was 
predicated on the need for these animals to survive intranasal infection at least until CNS lesions could develop 
(See Saito and Price 1984; McFarland et al. 1986; McFarland and Hotchin 1987; McLean et al. 1989; Webb et al. 
1989), and thus allow us an opportunity to administer our radiolabeled antiviral probe. 
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techniques, infected tissues were described as appearing essentially normal (Stroop et 
al. 1984). Alternatively, this discrepancy between the pathology developed by 
equivalent lapine and murine models of HSE could have been due to interspecies 
differences as suggested in still another study by these authors, in which the 
histopathology of acutely infected rabbits was described as moderately less-intense 
and less widespread than the histopathology developed by mice (Stroop and 
Schaefer 1987). 

Finally, in other in vivo studies, stereotaxic injection of the F-strain of HSV 
type-1 directly into the hippocampus of mice was used to demonstrate that the virus 
not only established an infection at the site of injection, but that it also spread to 
other brain areas via the neural afferents (McFarland et al. 1986; McFarland and 
Hotchin 1987). Similarly, Saito et al. (1982, 1984) and Saito and Price (1984), 
demonstrated, immunohistologically, that the F-strain of HSV type-1, when injected 
into the eyes of rats, effectively spread throughout the optic pathway to brain regions 
having neuroanatomical associations. 

Our observation that a gross pathology of the olfactory bulbs developed 
following intranasal infection of these animals with the F-strain of HSV would 
appear to be more in keeping with the pathology that was described by Stroop and 
Schaefer (1986) following an intranasal infection with a more neurovirulent strain 
of herpesvirus (HNV-H-129). However, unlike the findings of these authors (where 
nearly all of the rabbits infected with HNV-H-129 demonstrated necrosis of the 
olfactory tract, fissure and the hippocampus-entorhinal cortex), involvement of the 
entorhinal cortex in our animals, as already mentioned, was observed only once. 

The difference between the CNS pathology described by Stroop and Schaefer 
(1986), and that observed in the present study, may be explained in terms of the 
amount of virus used to induce HSE. For example, both the cellular and humoral 
immunological response of intranasally-infected mice has been shown to 
correspond directly to virus input (Webb et al. 1989). However, exactly how much 
virus was used in the study by Stroop etal. was difficult to gauge, as inocula used by 
these authors was described in terms of TCIDso's. Interestingly, virus input has not 
always been seen as significantly influencing the development of CNS pathology (as 
described in a study by Schlitt etal. 1986), although the amount of virus used in their 
particular investigation (which was in the range of 10 to 1000 PFU's) was 
substantially lower. 
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Little is understood about the events that lead to the development of HSE in 
humans. Whether HSE is more accurately modeled by an acute herpesvirus 
infection rather than a latent infection which has reactivated is still a subject of 
controversy (Webb etal. 1989). In their attempt to develop a more reliable model of 
herpes simplex encephalitis, Schlitt etal. (1986, 1988) injected HSV (strain P) directly 
into the olfactory bulb in order to effect a focal encephalitis in rabbits. It seems 
reasonable to assume that by injecting HSV directly into the olfactory bulb one could 
greatly improve the consistency of inducing HSE in these animals, especially in 
terms of more efficiently delivering a specific amount of HSV to the olfactory bulb 
compared with simply instilling the virus onto the nasal epithelium (See McLean et 
al. 1989). However, the relative frequency of HSE actually developed by rabbits using 
these particular methods (Schlitt et al. 1986, 1988) appears to challenge this 
supposition+. 

In addition, the consequences associated with the invasiveness of such a 
method must also be considered. For example, any injection into the CNS 
necessarily disrupts the blood-brain or blood-CSF barrier, and also causes trauma to 
the surrounding CNS tissues, possibly influencing the ensuing immune response 
and, therefore, the disease process itself (Cleator et al. 1988; Hudson et al. 1991). 
Nevertheless, injecting the virus directly into the main olfactory bulb has been 
shown to produce a pattern of anti-HSV immunolabeling that is, to a large extent, 
similar to what can be achieved following non-invasive (intranasal) delivery of 
HSV onto the nasal epithelium (McLean et al. 1989). Interestingly, however, even 
though a focal infection of the pyriform cortex could be induced in the majority of 
animals when HSV was injected into olfactory bulbs in the study of McLean etal. 

(1989), again, involvement of deeper CNS regions was not always seen to develop 
(McLean etal. 1989). 

The fact that not all intranasally infected animals develop a pathology of the 
pyriform cortex — even in situations where the olfactory bulbs have been injected 
directly with HSV (Schlitt etal. 1986; McLean etal. 1989), is consistent with the present 
findings, in that, although a gross pathology of this brain region was demonstrated, 
it did not develop in all of our intranasally infected rabbits. 

f Although HSV could be recovered in at least one of the brain areas described by these authors, virus could not be 
demonstrated in either the trigeminal ganglia or the frontal, parietal, and temporal lobe in as many as 25% of these 
animals. Moreover, virus tended to be recovered with equivalent frequency from either the left or the right 
hemispheres. Most inexplicably, was that (with the exception of the temporal lobes), the virus was recovered more 
often from tissues contralateral to the site of injection. 
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4.3.1.1 Intrathecal Delivery of [l25I]-IVaraU into an Intranasally-Infected Rabbit 
Model of HSE: 

Unlike the tight junctions that link together the continuum of endothelial 
cells of brain capillaries which constitute the blood-brain barrier, or those that 
surround and connect the apical division of cuboidal epithelial cells on the surface 
of the choroid plexus (the blood-CSF barrier), the pia-glial membranes of vertebrate 
brain surfaces, as with the ependymal surfaces of the cerebral ventricles, do not in 
themselves constitute a sub-barrier that can resist the exchange of substances 
between the CSF and the brain (Carpenter 1984). By injecting drugs directly into the 
CSF of cerebral ventricles, many agents can easily penetrate the ependymal interface 
to elicit a more rapid central response. 

Several studies have shown that certain antiviral agents (such as the 
radiolabeled 2'-fluoro-5-substituted arabinofuranosyl-pyrimidine: [14C]-FMAU, and 
several of its congeners), have the capacity to penetrate the blood-brain and blood-
CSF barriers (Saito etal. 1982, 1984; Tovell etal. 1988; Iwashina etal. 1988). Although 
this class of nucleoside analogue has been used to visualize HSV in the CNS of an 
animal model of HSE (Saito etal. 1982, 1984), they have not been developed into 
radiodiagnostic agents of the human disease, largely because of the cytotoxicty 
recently associated with several of its metabolites (Klecker et al. 1994; Cui et al. 1995; 
Wang and Eriksson 1996; Colacino 1996). The radiolabeled 5-halogenated 2'-
pyrimidines (such as [*I]-IVDU), which produce few untoward effects, are highly 
susceptible to in vivo phosphorolytic degradation of the deoxyribose sugar by 
endogenous pyrimidine phosphorylases (Walker et al. 1982; Goodchild et al. 1986; 
Samuel etal. 1986). [*I]-IVDU has also been shown to have somewhat less affinity for 
the murine-erythrocyte nucleoside transporter system (Iwashina etal. 1988), — if, in 
fact, active transport of these agents across the blood-brain barrier is operative. 5-
halogenated 2'-pyrimidines have also been shown to exhibit a lower octanol/water 
partition coefficient than the 2'-fluoro-5-substituted arabinofuranosyl pyrimidines 
(Iwashina etal. 1988), a property which, for this range of molecular weight, translates 
into lower brain capillary permeability. Not unexpectedly, therefore, agents such as 
[*I]-IVDU tend to demonstrate little, if any, capacity for crossing CNS barriers 
(Samuel etal. 1986; Klapper etal. 1988; Stathaki etal. 1988). 

Although IVaraU has been shown to resist in vivo degradation (Machida 
1986), there was some concern that this agent, in so closely resembling IVDU, would, 
by analogy, be largely unable to penetrate the blood-brain and blood-CSF barriers. 
The olive oil/water partition coefficient of [*I]-IVaraU (determined using the 
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methods of Oldendorf, 1974) indicated further that this agent may not be sufficiently 
lipophilic to adequately penetrate into the CNS (B. Rennie, Personal communication). 
It was, therefore, in an effort to augment the delivery of [125I]-IVaraU into 
herpesvirus-infected brain tissues that we elected to use intrathecal injection. 

4.3.1.1.1 Distribution of Herpesvirus tfc-Activity in the CNS of Intranasally-Infected 
Rabbit Model of HSE as determined by [l25l]-lVaraU-TA: 

Conventional techniques in histochemistry or of wet autoradiography can 
only rarely be used in pharmacological distribution studies because most drugs are 
soluble in water or the organic solvents generally used in these procedures (Ullberg 
and Appelgren (1969). Consequently, the use of conventional techniques allows for 
analytes that are non-covalently bound (such as those which are "intracellularly-
trapped") to undergo some measure of re-distribution. In order to avoid any loss of 
our intracellularly-trapped radiolabeled antiviral probe, fixatives were not used on 
the thin sections prepared from the brains of [125l]-IVaraU-injected/intranasally-
infected HSE rabbits. Instead, freshly prepared cryostat sections, like the cell 
monolayers described in the previous section (Sec. 2.2.2.3.1), were air-dried, 
autoradiographed and then post-fixed prior to being immunohistochemically 
stained for HSV-specific antigens. 

That tissues not be fixed prior to cryostat sectioning has been recommended 
by Muda et al. (1990), along with the understanding that the process of freeze-drying 
is not, in itself, a method of fixation (See Pearse 1968). In any event, the thaw-
mounting of fresh/frozen tissue serial sections onto microscope slides during our 
investigations invariably produced a transitory "wetting" of these sections which 
allowed some diffusion of the radiolabeled metabolites to take place (i.e. streaming 
artifact; See Pearse 1968). Consequently, only a regional accumulation of [1251]-

IVaraU-TP could be determined from the autoradiographs of our tissue samples. 

Several factors (including those of thaw-mounting) have been cited as 
significantly influencing the appropriateness of the use of tissue autoradiography for 
visualizing highly diffusable radiolabeled probes (See Larsson and Ullberg 1981; 
Duncan etal. 1987; Yarowsky and Boyne 1989). For example, in a study by Duncan et 
al. (1987), the displacement of [3H/l4C]-2-deoxyglucose+ that was shown to take place 
when sections were thaw-mounted onto glass slides was described as precluding the 

* Tissue autoradiography, with [3H/14C]-2-deoxyglucose as the radiolabeled probe, has been used to map 
multineuronal CNS associations (Kennedy et al. 1975; Duncan et al. 1987). It has also been used to determine 
heightened neural metabolic activity in both, normal brain (Kennedy et al. 1975; Yarowsky and Boyne 1989), and 
in brains of HSV-infected animal models of HSE (Saito et al. 1984). 
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use of these methods for defining the distribution of this highly diffusable probe at 
the intracellular level. These authors, however, were able to determine a regional 
accumulation of their probe. The selective uptake of this radiolabeled glucose 
analogue has also been described in a study by Saito and Price (1983), who generated 
autoradiographic images using somewhat thicker (20 |0.m) sections of HSV-infected 
rat brain. Again, only a regional rather than an intracellular localization of the 
probe could be reliably demonstrated, and whether or not any displacement of the 
probe which may have occurred from thaw-mounting fresh/frozen tissue sections 
onto slides was not addressed. 

The use of the thinnest possible tissue section (~4 urn) has been 
recommended for the autoradiography of fresh/frozen tissues, not only to help 
eliminate some of the geometrical influences that autoradiography of thick sections 
has on image quality (i.e. decreasing the distance between the radiolabeled probe and 
the detection medium), but the use of thinner sections would also reduce the time 
required for sections to air-dry, thus, lessening the opportunity for the probe to 
redistribute (Duncan et al. 1987). Unfortunately, the use of thin tissue sections 
necessitates the use of longer exposure times to generate a more detailed film image 
(Larsson and Ullberg 1981). Interestingly, the same techniques in tissue 
autoradiography as those previously described for vizualizing the distribution of 
[3H/14C]-2-deoxyglucose in the CNS were also used to demonstrate that 
sequestration of the [14C]-FMAU took place in (mostly) HSV-infected brain cells 
(Saito etal. 1982,1984). Although these authors were among the first to suggest that 
antiviral agents could be developed into non-invasive radiodiagnostic indicators of 
a herpesvirus CNS infection, no subsequent report of such a use of the radiolabeled 
2'-fluoro-5-substituted arabinofuranosyl pyrimidines was ever submitted. 

That some displacement of the radiolabel had occurred during mounting of 
tissue sections in the present study was evident from the poor image quality of the 
autoradiographs. At first, whatever difference that may have existed between 
autoradiographs generated from tissue sections of opposite brain hemispheres did 
not appear to be particularly remarkable, a finding that was consistent with direct 
gamma counts of adjoining tissue sections. It was only with the use of 
computerized digital enhancement of our x-ray film images that accumulation of 
our antiviral probe could be demonstrated. Images from digitally enhanced 
autoradiographs were shown to correspond, almost exclusively, to sections prepared 
from the side of the brain ipsilateral to that which had been originally infected. It 
must be kept in mind, however, that differences in image density produced from 
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either hemisphere was largely inconsequential without such methods of 
enhancement. 

In the present study, digitally-enhanced autoradiographs of fresh /frozen 
coronal serial sections of rabbit HSE brains indicated that [125I]-IVaraU-TP had been 
largely sequestered within the ipsilateral olfactory bulb, the lateral olfactory tract 
and, to some extent, within ipsilateral prefrontal brain regions*; in a pattern that 
coincided, for the most part, with the lesions observed in gross examination of HSE 
rabbit brains. There was, however, no autoradiographic evidence to suggest that 
[l25i]-iVaraU-TP had accumulated in the ventromedial part of the lateral entorhinal 
area, — this despite both the use of digital enhancement of film images taken from 
these tissues sections, and from the appearance of a temporal lobe lesion in at least 
one animal. That the pathology in the olfactory cortical regions was not as extensive 
as that which developed in olfactory bulbs suggested that [!25i]-rVaraU-TP may have 
been sequestered, although not in sufficient quantity to allow for elementary 
autoradiographic detection. Such insufficiencies would have only been com
pounded further by even a modest amount of re-distribution of the radiolabeled 
probe during the thaw-mounting process. 

The tendency for HSV to spread preferentially into ipsilateral brain 
hemispheres of animals following unilateral instillation of the virus onto the nasal 
epithelium has been previously described. For example, McLean et al. (1989) has 
shown that when HSV was specifically introduced to one side of the olfactory 
epithelium in rats, there was relatively little of the virus that spread to contralateral 
brain regions, even though herpesvirus-specific antigens could be demonstrated in 
third and sometimes fourth order neurons ipsilateral to the original injection. 
Similarly, Tomlinson and Esiri (1983) also describe how instilling HSV via a 
polythene [sic] catheter into the right nostril of mice produced in most animals, 
unilateral infection of the right-side olfactory bulb - although with time, bilateral 
involvement of these structures eventually developed. This tendency for 
intranasally instilled viruses to spread ipsilaterally relative to the side of the 
olfactory epithelium originally infected has also been described in studies which 
have examined other species of neurotropic virus as well (Lafay etal. 1991). That no 
autoradiographic images were generated from sections prepared from opposite brain 
hemispheres suggests that, during this stage of the infection (5 to 6 DPI), little, if any, 

Prefrontal brain regions include olfactory stalk, the assessory olfactory bulb, the anterior olfactory nucleus (i.e. 
pars dorsalis, externa, lateralis, medialis and ventroposterior), lateral olfactory tracts and possibly the dorsal and 
vetral tenia tecta. 
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of the virus had traveled via the anterior commissural fibers to enter the 
contralateral areas of the rabbit brain. 

That the distribution of HSV in this, and in other models of HSE, appears to 
be determined by the orientation of the original infection of the olfactory 
epithelium is almost certainly a function of the amount of virus that was used and 
the length of time that infection was allowed to continue. The lack of contralateral 
spread of HSV in these vertebrates may also be explained, in part, by the fact that 
commissural fibers, although substantial (Haberly and Price 1978; De Olmos et al. 
1978; Carson 1984b), are not as abundant as ipsilateral fibers projecting to the 
olfactory cortex (Luskin and Price 1983), and that, in rabbits, there may be an absence 
of contralateral projections of main bulb efferents altogether (Broadwell 1975a). The 
ipsilateral spread of herpesvirus in the CNS is consistent with a pattern of neuronal 
staining that has been described in rats when wheat germ agglutinin-horseradish 
peroxidase (WGA-HRP) is unilaterally applied to nasal epithelium of these animals. 
In using the WGA-HRP technique, Shipley (1985) demonstrated that not as much 
transneuronal labeling of contralateral brain areas occurred, even though neurons 
ipsilateral to the site of injection were often heavily labeled. Similarly, Luskin and 
Price (1983) injected [3H]-leucine into the brains of rats to demonstrate that 
contralateral projections from the anterior olfactory nucleus, although symmetrical, 
were appreciably lighter than ipsilateral projections. An alternative explanation, 
however, may be that the source of contralateral projections to the main olfactory 
bulb may not be equivalent between different vertebrate species (such as between the 
rabbit and the rat), as suggested by the findings described by Broadwell and 
Jacobowitz (1976) and Carson (1984b), respectively. 

The finding that in human HSE, asymmetrical infection of the temporal lobes 
is often observed (Dinn 1979; Ojeda 1980; Esiri 1982; Kennedy et al. 1988) has been 
used to suggest that the human disease may originate on one side of the brain, only 
later spreading to the opposite hemisphere (Esiri 1982). 

4.3.1.2 Distribution of Herpesvirus Specific Antigens in the CNS of an Intranasally-
Infected Rabbit Model of HSE: 

That autoradiographed air-dried tissue sections prepared from HSV-infected 
brain tissue could be used for subsequent immunohistological characterization was 
also demonstrated in the present study. 
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Consistent with the gross pathology that developed following intranasal 
instillation of HSV in these animals, immunohistochemical characterization of 
fresh/frozen coronal serial sections of rabbit HSE brains indicated that the 
expression of herpesvirus-specific antigens was largely confined to olfactory bulbs, 
the lateral olfactory tract, and to the frontal brain regions — at least during the early 
stages (i.e. 5 DPI) of infection. In one animal, immunolabeled cells were scattered 
within the ventromedial division of the lateral entorhinal cortex which 
corresponded to a herpesvirus-induced lesion in this area. The involvement of the 
entorhinal cortex, despite being so distal to the original site of infection, is consistent 
with both a direct projection of efferents originating from the main and accessory 
olfactory bulb (Broadwell 1975a), as well as with the heavy projection of afferent 
fibers from, for example, the pyriform cortex (Carson 1984b), and may even be 
explained by the fibers of the posteromedial cortical amygdaloid nucleus (C3), some 
of which projects directly into the ipsilateral accessory bulb (De Olmos etal. 1978). 

The spread of HSV in animal models of HSE has been reported as being 
predominantly retrograde, although both retrograde and anterograde axonal 
transport of this virus has been shown to occur (McLean et al. 1989). Although 
autoradiographs could not be produced from tissue sections prepared from the most 
caudal regions of the cerebral hemisphere, film images produced by more rostral 
areas of the rabbit brain appeared to register, almost exclusively, with antiherpes-
virus immunolabeling. 

One remarkable feature of the olfactory bulb neuropil is its striking 
demarcation of laminae. By using the experimental conditions for intranasally 
instilling the virus and then immunohistologically processing olfactory bulbs, we 
were able to clearly demonstrate the olfactory nerve layer, the glomerular layer, 
external plexiform layer, the cellular layer of mitral cell bodies, the internal 
plexiform layer as well as the granule cell layer of these structures. Not only was the 
structural organization of the olfactory bulb well defined, but the distribution of 
HSV-specific antigens in these tissue preparations could also be readily determined. 
Immunolabeling was shown to be heaviest within the superior-lateral aspect of the 
granule and internal medullar cell layer of ipsilateral olfactory bulbs — with some 
immunoperoxidase-positive cells distributed within the densely packed mitral cell 
layers, as well. This patchiness of immunolabeling within the olfactory bulb is 
consistent with what has been described by McLean etal. (1989) following intranasal 
HSV infection of rats. That immunolabeling was heaviest in the granule cell layer 
and the fact that there were immunopositive cells in the ventromedial part of the 

273 



lateral entorhinal area of one rabbit brain are consistent with a transneuronal 
distribution of the virus via ipsilateral projections, both, to and from large regions 
of the olfactory cortex, including: the pars medialis of the anterior olfactory nucleus, 
the full extent of the anterior pyriform cortex and all parts of the olfactory cortex 
(posterior piriform cortex, nucleus of the lateral olfactory tract and periamygdaloid 
cortex), fibers which concentrate in the deep areas of the granule cell layer (Luskin 
and Price 1983). 

In the present study, the distribution of HSV-specific antigens within the 
different cell layers of the olfactory bulb of intranasally infected rabbits is similar to 
that which has been described in intranasally infected mice (Tomlinson and Esiri 
1983) and rats (McLean et al. 1989), and is consistent with the WGA-HRP 
transneuronal labeling described by Shipley (1985). However, our having 
demonstrated herpesvirus-specific antigens, specifically within the granule cell 
layer, appears to be in sharp contrast to the pattern of distribution of CVS in 
intranasally infected mice described by Lafay et al. (1991), where little, if any, of the 
virus could be demonstrated in these interneurons. The discrepancy in the 
distribution of these viruses within the olfactory bulb, however, may be explained 
by differences in the properties of the model system being examined, such as the 
amount of virus used to infect animals, the duration of infection, or differences in 
the relative neuroinvasiveness possessed by different virus species. 

That the granule cell layer demonstrated herpesvirus-specific immunolabel-
ing is supported by the neuroanatomical association that this cell layer has with the 
rest of the olfactory system (Shipley 1985). Specifically, herpesvirus infection of the 
primary neural afferents is believed to distribute transneuronally to the mitral 
cell/tufted cells via their axodendritic synapse which is then followed by passage of 
the virus from these neurons to the granule cell interneurons via their extensive, 
and often reciprocal, dendrodendritic synapses. A similar distribution of HSV 
within olfactory bulbs following intranasal instillation of the virus has been 
described by Anderson and Field (1983), in which herpesvirus specific antigens were 
demonstrated specifically within the mitral and granular cell layers of at least one, 
and sometimes both, olfactory bulbs. That herpesvirus could be demonstrated by 
these authors in both bulbs is in keeping with the fact that a micropipette was used 
to deliver virus to the external nares, and that the virus was quickly inspired into 
both nostrils. Similarly, Tomlinson and Esiri (1983) demonstrated that following 
intranasal herpesvirus infection of mice, the inferior half of all layers of the 
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olfactory bulb (including the deep granule cell layer) of these animals tended to 
express HSV-specific antigens. 

That viral antigens were demonstrated in the ventromedial aspect of the 
lateral entorhinal brain regions can be explained in terms of the neuronal circuitry 
of the olfactory bulb of rabbits (Broadwell 1975a,b; Broadwell and Jacobowitz 1976), 
mice (Carson 1984a,b) and rats (De Olmos etal. 1978; Luskin and Price 1983; Shipley 
1985; Zaborszky et al. 1986), which has been extensively characterized using 
conventional tract tracing methods. More importantly, some of these studies have 
demonstrated that the sources of afferent projections to the main olfactory bulb are 
very similar even among different species of animal, including rabbit (See Carson 
1984b). In the present study, [125I]-IVaraU TA/IP of thin sections prepared from HSE 
rabbit brain has shown that this radiolabeled antiviral nucleoside analogue can be 
used to visualize, at a regional level, herpesvirus ffc-activity, although images 
required digital enhancement for reliable discrimination. In any case, we have, with 
the use of these techniques, provided further evidence which suggests that when 
instilled intranasally, HSV tends to spread into deeper CNS regions via olfactory 
neuronal pathways in a manner consistent with the CNS pathology regularly 
demonstrated in the human (HSE) disease. 

4.3.2 [l25I]-IVaraU in the CNS of an Intranasally-infected Rabbit Model of HSE 
Determined using External Gamma Camera Scintigraphy: 

Although not investigated in depth, several attempts at generating a 
scintigraphic image of our radiolabeled antiviral probe in intranasally-
infected /[125i]-lVaraU-treated animals were uniformly unsuccessful. Although both 
direct gamma-counts and image densitometry of autoradiographs of tissue sections 
from similarly-treated animals indicated that radioactivity was, almost without 
exception, higher in sections ipsilateral to the nostril into which the virus was 
originally instilled, we were unable to produce definitive gamma camera images of 
either herpesvirus ifc-activity in the temporal lobes of these animals, or of even the 
more heavily involved rostral brain regions such as the main and accessory 
olfactory bulbs, previously described. 

That radiolabeled antiviral agents could be used to visualize a herpesvirus 
infection in an animal model of HSE was first demonstrated in autoradiographs of 
CNS tissues prepared from intraocularly infected rats treated with [14Q-FMAU 
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(Saito etal. 1982,1984), although external gamma camera scintigraphic images of this 
herpesvirus probe in intact animals have yet to be presented. 

In the studies by Saito et al. (1982, 1984), [14C]-FMAU-TP was shown to 
accumulate primarily — although not exclusively, within herpesvirus-infected areas 
of the CNS. Non-specific accumulation of radiolabel, for example, was also shown 
to take place within the choroid plexus of the lateral ventricles and in the lateral 
ventricular walls as well. Here, the drug is believed to have been metabolized by the 
persistently active cellular kinases of continually dividing cells. Despite the recent 
findings that several 2'-fluoro-5-substituted arabinofuranosyl pyrimidines (in 
particularly FIAU) possess as yet unspecified cytotoxic properties (See Colacino 1996), 
work is currently being done in an effort to determine the potential of these and 
related agents as non-invasive probes for monitoring clinical gene therapy by 
imaging the expression of transfected herpesvirus thymidine kinase genes in vivo 
(Tjuvajev etal. 1995, 1996; Morin etal. 1997). 

In independently submitted reports of what appears, for the most part, to be 
the same findings, Klapper et al. (1988) and Cleator et al. (1988) attempted to use 
[1 3 1I/1 2 5I]-IVDU to visualize herpesvirus-infection in the rat CNS. The rationale 
that radiolabeled IVDU could be radioimaged by an external gamma camera 
originated from the fact that this agent did not have the same poor cytotoxic profile 
as that of the 2'-fluoro-5-substituted arabinofuranosyl pyrimidines. Furthermore, by 
virtue of the iodine present in this nucleoside analogues native structure, IVDU 
would also provide the opportunity to implement any one of several different 
gamma-emitting nuclides [i.e. 123-1, 125-1, 131_I] into the compound, nuclides having 
considerably greater emission energies than, for example, a [14C]- beta emitter. 
Unfortunately, IVDU lacks any effectual in vivo stability, and it does not appear to 
have the capacity to penetrate the blood brain barrier. It is not surprising, therefore, 
that the attempt to produce scintigraphic images of the selective sequestration of 
[131I/125I]_TVDU in herpesvirus-infected rat CNS did not succeed (Klapper etal. 1988). 

However, in an extension of this study, Cleator et al. (1988) were eventually 
able to produce elementary scintigraphic images of [1 3 1I/1 2 5I]-IVDU in herpesvirus-
infected rat CNS+, although only after the cellular integrity of the blood-brain barrier 
had been chemically disrupted — and even then, only after the non-metabolized 
drug was cleared from the peripheral circulation. This appears to be the only 

f Selective accumulation of [131l]-IVDU (and [ 1 2 5 I]TVDU) by herpesvirus-infected neural tissues was later 
confirmed using autoradiography and irrmiunohistochemical staining of cryostat sections of post-mortem tissue 
samples (Cleator et al. 1988). 

276 



published report describing the actual use of a radiolabeled nucleoside analogue in 
generating any sort of a scintigraphic image of a herpesvirus infection in the CNS in 
an intact animal. 

In the present study, high levels of unmetabolized drug in the peripheral 
circulation largely obscured whatever scintigraphic image of the specific uptake and 
metabolism of [131I/125I]-IVaraU may have been produced from our HSE animal 
model. In this respect, our findings are like those presented by Klapper etal. (1988), 
in which scintigraphic visualization of the radiolabeled metabolites of [*]-IVDU in 
the CNS of HSE animals could not be discriminated from background radioactivity. 
Undoubtedly, our failure to produce a reliable scintigraphic image was compounded 
even further by having had to use an inadequately sized (oversized) collimator. 

Despite its apparent shortcoming as a non-invasive radiodiagnostic agent of 
herpesvirus CNS infection, radioiodinated-IVaraU was, nonetheless, shown to 
possess exceptional versatility as an in vitro herpesvirus (ffc-specific) probe. The 
unprecedented level of herpesvirus-directed selectivity expressed, not only by this 
compound, but of a number of other recently developed nucleoside analogues as 
well, makes their use as herpesvirus ffc-specific probes ideal. One primary 
advantage offered by radioiodinated-IVaraU over other, similarly directed 
radiolabeled nucleoside analogues, however, lies in its intrinsic iodine group and 
the benefit of possessing such a readily substitutable moiety. It also offers the 
advantage of being more selectively taken up and metabolized by herpesvirus-
infected cells when compared to, for example, [*]-IdC, a more conventionally used 
(and also commercially available) radioiodinated nucleoside analogue. 

The use of radiolabeled nucleoside analogues (both, [131I/125I]-IVaraU and 
[3H]-PCV) has allowed us to detect the presence of thymidine kinase-deficient strains 
in experimentally reconstructed populations of thymidine kinase-positive and 
thymidine kinase-negative herpesviruses, and to also investigate the neurotropic 
properties of several herpesvirus strains in primary cultures and in cell lines of 
mammalian neural cells. 

Without doubt, the ability to both reliably and expeditiously identify, select 
and, thus, more closely examine ^-deficient herpesviruses will contribute not only 
to a better understanding of herpesvirus drug resistance, but should also be of 
consequence in the development of even more effective antiviral agents as well. 
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4.4 On-Line High-Performance Liquid Chromatography/Mass Spectrometry for the 
Ultratrace Determination of the Intracellular Levels of Nucleoside Analogues 
and their Phosphorylated Metabolites: 

According to Perrett (1986), the use of high-grade buffer salts, water and 
organic modifiers (HPLC-grade or better) generates a rise in the HPLC/UV baseline 
(a phenomenon not uncommon in gradient elution HPLC), that generally does not 
exceed 0.01 absorbance (A) units at 254 nm. However, even at this level of 
sensitivity (0.05 to 0.005 absorbance units full scale; AUFS), the methodology is still 
not sufficiently sensitive to quantitate trace (ppm) amounts of a nucleoside or 
nucleobase in physiological fluids — not even with the higher sensitivities afforded 
by the use of some of the more recently introduced smaller-diameter (3 \im) ODS 
packing materials (Perrett 1986). RP-IP HPLC with spectrophotometric detection 
(UV254), therefore, ordinarily lacks the necessary measure of sensitivity needed to 
determine the intracellular levels of these agents and their metabolites. Mass 
spectrometers, on the other hand, can provide considerably higher levels of 
sensitivity and selectivity in analyte detection than most spectrophotometers. 
Without the use of radiolabels, ultratrace (ppb-ppt) measurements of a nucleoside 
analogue and of its bioactive metabolites may be best approached, therefore, using 
the selectivity and sensitivity afforded by on-line HPLC/mass spectrometry. 
However, it was not until quite recently that the use of most configurations of mass 
spectrometer were poorly suited for the assay of nucleosidic agents, or of most any 
compound that is, likewise, poorly-volatile, highly polar, and/or thermally labile. 
This is evidently reflected by how very few investigations there have been which 
describe the use of mass spectrometry to research nucleosides and their antiviral 
homologues, and fewer studies, still, which explicate the use of these instruments in 
combination with liquid chromatography. 

Because high performance liquid chromatography was to be used in the 
present study as a part of the forwarded methodology, a volatile HPLC buffer system 
compatible with mass spectrometric detection needed to be developed. Moreover, 
because it was our intention to use this HPLC/MS technique to study not only 
unmetabolized antiviral compounds but also, their highly-charged phosphorylated 
metabolites, the volatile buffer had to be formulated to contain an appropriate 
volatile ion-pairing agent as well. Finally, because of the flow rates that are 
normally associated with conventional HPLC, the choice of mass spectrometer in 
these studies was restricted to an instrument having an interface with a capacity for 
providing sample ionization at atmospheric pressure (API). 
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4.4.1 Reverse-Phase Ion-Pair (RP-IP) HPLC of Nucleosides, Nucleoside Analogues 
and their Phosphorylated Derivatives: 

A high degree of hydrophobicity is conferred to a nucleobase or nucleoside by 
the heterocyclic ring structure they possess, a hydrophobicity which is modulated 
even further by whatever side groups are also present (Perrett 1986). Most 
nucleosides and nucleoside analogues, in their un-ionized state, are generally well 
retained by conventional reverse-phase H P L C supports. If, however, these 
compounds acquire a charge they tend, instead, to be retained only very poorly (if at 
all). The metabolism of nucleosides and of many nucleoside analogues ordinarily 
involves (multiple) phosphorylations, and with the addition of each successive 
phosphate group, an increasing charge is imparted to the molecule. Specialized 
techniques in reverse-phase H P L C (such as ion-pairing RP H P L C ) are often needed, 
therefore, to separate complex mixtures which contain nucleobases, nucleosides and 
their phosphorylated anabolites. It also becomes evident that an entire range of RP-
H P L C running conditions can be used (or may, indeed, be required) to resolve the 
many different nucleosidic compounds typically found in many complex (i.e. 
biological) samples. 

4.4.1.1 Reconstruction of a Conventional (Non-Volatile/Phosphate) Buffer System 
for RP-IP HPLC: 

Our effort to develop a volatile buffer (VB) system which could be used in 
making H P L C / M S determinations of the anti-herpes virus agent P C V and its 
phosphorylated anabolites (Sec 1.7.2.5) was begun by re-producing the RP-IP H P L C 

methods of Vere Hodge and Perkins (1989), who describe the composition of a 
conventional phosphate buffer system (non-volatile; H P L C N V B ) which they used in 
combination with radiometric detection (RD) to chromatographically separate P C V 
(and A C V ) from its mono- di- and triphosphorylated anabolites. However, even 
before attempting to apply the chromatographic technique of Vere Hodge and 
Perkins to our studies of nucleoside analogues and their phosphorylated 
derivatives, we first demonstrated the suitability of using this RP-IP H P L C N V B 

system (UV254) to separate a variety of model nucleoside and nucleotide mixtures. 

As described by several investigators, the structure-retention relationship of 
nucleosides on a hydrocarbonaceous support is of the elution order: C<U<G<T<A 
(See Hartwick and Brown 1976; Brown etal. 1980; Brown 1984), although according to 
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Perrett (1986), this order may be somewhat different (i.e. C<U<G<A<Tf). By 
supplementing the RP-HPLC running buffers with an appropriate ion-pairing agent, 
nucleotides in a complex mixture can be separated as well. The elution profile of 
each triphosphate/ion-pair derivative has been shown to parallel that of its 
corresponding nucleoside (i.e. CTP<UTP<GTP<ATP) (See Brown et al. 1980; Brown 
1984; Perrett 1986). 

The order of elution of our model nucleoside and nucleotide standards using 
the RP-IP H P L C N V B conditions reproduced as part of the present study were shown 
to correspond to those of RP-IP H P L C N V B studies previously described (Brown 1984; 
Perrett 1986). Likewise, the retention times of each of our model compounds by RP-
IP H P L C N V B was also very similar to the retention times that have been reported for 
these compounds by other investigators (Fathi etal. 1991; Ally and Park 1992). 

For example, the first to specify an HPLC method for determining the plasma 
pharmacokinetics of PCV + + (in mice) used reverse-phase chromatography with an 
isocratic gradient of relatively high (10%) organic modifier concentration (Larsson et 
al. 1986). Because only the uncharged parent compound was of interest, ion-pairing 
was not a necessary feature of their methodology. In their study, isocratic elution of 
PCV was shown to take place at 3.55 min. In more recent studies (biodegradation 
analysis) of this antiviral agent, Hsu and co-workers eluted PCV at -17 min using 
reasonably similar isocratic RP-HPLC conditions ~ with the exception that only 5% 
organic modifier was used in the running buffer (Hsu etal. 1995). Parenthetically, the 
total time required by these authors for analysis was significantly reduced (from 22 
min down to 7 min) when the bioanalysis was, instead, performed using capillary 
zone electrophoresis (CZE). Interestingly, the difference between CPE and RP-HPLC 
assay sensitivities was, as described by these authors, only negligible (Hsu et al. 1995). 
Finally, an isocratic buffer containing only 3% acetonitrile (and no ion-pairing 
agent) was shown to also yield somewhat extended RP-HPLC elution times for PCV 
(15.2 min), as well (Shaw etal. 1996). 

Linear gradients and wavelength switches have also been described in RP-
HPLC bioanalyses of PCV and of several possible intermediate metabolites of 
famciclovir (FCV; the orally-bioavailable diacetyl 6-deoxy prodrug of PCV [Sec 
1.7.2.5]) (Winton etal. (1990). Similarly, a rapid HPLC method, used to help expedite 

* Despite having clearly registered the elution order of nucleosides as described in the main text, several figures 
presented by this author indicate that elution may have in fact been in the order C<U<G<T<A, an order, again, 
consistent with that described by others using RP-IP HPLC (See Hartwick and Brown 1976: Brown et al. (1980): 
Brown 1984). 

f t PCV (i.e. 9-[4-hydroxy-3-(hydroxymethyl)-butyl]guanine) is referred to in the study by Larsson et al. (1986) as 
3HM-HBG. 
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sample analysis in clinical evaluations of FCV, has also been described (McMeekin et 
al. 1992). In these and other studies, the retention time of PCV by gradient elution 
RP-HPLC (again, without ion-pairing) was shown to be -1.5 min (Winton etal. 1990), 
-7.2 min (McMeekin et al. 1992), -5.0 min (Filer etal. 1994), 13.5 min (Boyd etal. 1988) 
and 6.2 min to 9 min (depending on whether the sample originated from the urine 
or the plasma), respectively (Fowles and Pierce 1989). 

More sophisticated, still, is the previously mentioned HPLC method of Vere 
Hodge and Perkins (1989) and Shaw etal. (1996), who in addition to their use of 
isocratic and gradient elution RP-HPLC (respectively) also describe the addition of an 
ion-pairing agent to their buffer systems in order to facilitate the separation and 
quantitation of the bioactive (phosphorylated) anabolites of PCV. In their studies, 
the retention times of PCV and of its mono-, di-, and triphosphate esters were -10.8 
min, 16.4 min, 21.1 min, and 23.9 min, respectively (Vere Hodge and Perkins 1989), 
and -7.5 min (PCV) and 20.2 min (PCV-TP) (Shaw et al. 1996). Not unexpectedly, 
when anion exchange HPLC was instead used, the retention time of PCV-TP 
increased to 26 min, although elution of the parent compound decreased somewhat 
(relative to IP-RP HPLC) to 5.0 min (Shaw etal. 1996). In studies where ODS HPLC 
columns have been used to separate the large numbers of UV-absorbing peaks often 
present in biological samples (most of which represent physiologically significant 
purines and pyrimidines), gradients of organic solvents have also been described 
(Perrett 1986). Gradients which range up to 60 % methanol in a 10 mM phosphate 
buffer (at pH 5.5, or thereabouts) are common and allow for the resolution of most 
nucleotides and bases in biological samples to be achieved in roughly 30 min (Perrett 
1986). In the present study, all nucleoside, nucleotide and nucleoside analogue 
standards could be resolved by RP-IP HPLCNVB/UV254 in this amount of time. 

Despite having faithfully reproduced the RP-IP HPLC running conditions 
described by Vere Hodge and Perkins, the retention times we achieved for these 
analytes were appreciably (-60%) lower (5.3 min, 9.6 min, 13.0 min and 15.2 min, 
respectively). This unanticipated advance in the methodology may be explained by 
the moderately higher operating temperature (37°C) that was used as part of our 
own investigation. However, the benefit of having reduced the time needed for 
analysis, was somewhat tempered by a modest decrease (-24%) in the resolution of 
the chromatography (i.e. the time separating each peak), although near-baseline 
separation of each analyte was still maintained. 
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4.4.1.2 Development of a Volatile Buffer System Suitable for On-Line Mass Spectro
metric Determinations of Nucleotide Standards and their Antiviral 
Homologues: 

The development of a volatile buffer system for RP-IP HPLC of PCV and its 
phosphorylated metabolites, although not previously described, was necessary as 
part of our effort to combine RP-IP HPLC with on-line mass spectrometric detection. 
By substituting ammonium formate (and later, triethylammonium acetate) buffer 
containing dimethylhexylamine for the non-volatile phosphate buffer and 
heptyltriethyl ammonium phosphate as ion-pairing agent (respectively), we were 
not only able to formulate an HPLC buffer which was completely volatile (RP-IP 
H P L C N V B ) , but which also provided retention times of our model nucleosides, 
nucleotides and of PCV and its phosphorylated derivatives* that were comparable to 
those achieved with the use of conventional phosphate buffers. 

In their efforts to develop a method for determining the level of PCV and 
FCV in extracts of plasma and urine, Fowles and Pierce, and Filer and co-workers, 
submitted reports in which "HPLC/MS" is described as having been used to confirm 
UV254 peak homogeneity, and for the structural determination of several FCV 
break-down products (i.e. PCV — the monodeacetylated derivative of FCV and an as 
yet unidentified metabolite) in samples taken from healthy volunteers, respectively 
(Fowles and Pierce 1989; Filer etal. 1994). Although both authors chronicle the use of 
HPLC/MS in their respective studies, neither specifies the conditions that were 
used. Moreover, in the study by Fowles and Pierce, neither the type of mass 
spectrometer, its interface, operating parameters, nor any of the generated spectra are 
presented. However, because the mass spectrometric determinations that were 
made in these studies were "on-line" (i.e. HPLC/MS), these authors would have 
necessarily had to use a volatile mobile phase to deliver the samples to the mass 
spectrometer — although, its composition was never specified. Still, it can be 
assumed that because the samples in these studies were taken from uninfected 
individuals, the assay was not intended to determine the intracellular levels of 
PCV's phosphorylated anabolites but, rather, to serve as a method for monitoring 
the concentration of the parent compound(s) in the extracellular compartment. 
Also, because only the levels of the uncharged parent compounds were monitored, 
ion-pairing agents would not have been necessarily added to the volatile (?) buffers 
used to make these determinations. 

RP-IP HPLC, demonstrated that our P C V - T P N a standard solution was made of PCV-MP, PCV-DP and PCV-TP in 
proportions of approximately 20:70:10 (Sec. 3.3.2.2.1.2.1). 
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Although a RP-IP H P L C V B system has not been previously described for the 
bioanalysis of PCV and its metabolites, volatile buffer systems have been used to 
separate mixtures of a variety of naturally occurring nucleobases, nucleosides and 
nucleotides (Van Haastert 1981; Mahoney and Yount 1984; Fathi et al. 1991). 
Notwithstanding that the buffers used in these studies possessed evaporative 
properties, neither the buffer composition nor the conditions that were used for the 
chromatography were the same as what is described in the present study. For 
example, Mahoney and Yount (1984) used a triethylammonium bicarbonate buffer 
system to chromatographically separate adenosine and its nucleotides. However, 
these buffers were shown to be particularly unwieldy with respect to adjusting and 
maintaining desired pH. Their strategy also required the use of a specially 
pressurized solvent delivery system to prevent, what the authors themselves 
describe, as a severe outgassing of the bicarbonate buffers within the pump heads. 
Even so, the RP-IP H P L C V B of these nucleotides produced retention times similar to 
those generated in the present study (i.e. AMP: -14.9 min, ADP: 18.7 min and ATP: 
21.1 min vs 13.3 min, 16.4 min and 18.4 min, respectively) -- retention times that are 
consistent with what has been reported by others for a variety of purine and 
pyrimidine derivatives (See above). Interestingly, Verheij etal. (1991) also describe a 
volatile buffer system (formulated to contain a volatile ion-pairing agent) for the 
purpose of separating mixtures of AMP, ADP and ATP based on both the liquid 
chromatographic and the electrophoretic properties of the analyte. The technique, 
which they termed "pseudoelectrochromatography" (pEC)/mass spectrometry, was 
shown to deliver these nucleotides in a sequence corresponding to their order of 
phosphorylation. However, the retention times of several nucleotides by pEC/MS, 
were comparatively long (i.e. -35 min for ATP), although it was also later shown 
that analyses could be reduced to less than 20 min by increasing the applied voltage. 
Moreover, the spectra generated by pEC/MS also tended to indicate substantial 
tailing (as much as 10 min), particularly with the higher order nucleotides, although 
this too was somewhat amended with the application of higher voltages. 
Unfortunately, these authors describe the method as being limited by the generation 
of unacceptably high electric currents, of producing excessive heat and of forming 
gas bubbles within the capillary system whenever buffer concentrations exceeded 5 
mM (Verheij etal. 1991). Finally, a RP-IP H P L C V B system was also described in a 
study that was used to identify a 5'-0-glucuronide as a major plasma metabolite of 
carbovir (CBV; Sec 1.10.3.2) in uninfected animals (Remmel et al. 1989, 1990), 
although it was not used to determine the intracellular levels of the bioactive 
phosphate esters of this the anti-retroviral nucleoside analogue. 
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We have demonstrated that the ammonium formate /dimethylhexylamine 
volatile buffer system developed as part of the present study functioned particularly 
well in providing baseline separation of our model nucleosides and nucleotides, 
and of the nucleoside analogues and their phosphorylated derivatives that were also 
examined in the present study (See below). These buffers were further shown to be 
easily adjusted to (and to maintain) desired pH, these buffers are readily degassed 
using conventional methods of helium sparging, and the HPLC system in which 
they were used did not require the application of prohibitive voltages in order to 
function to desired capacity. The PJMP HPLC volatile buffer system developed as 
part of the present study, therefore, circumvents many of the difficulties associated 
with the bicarbonate buffer system described by Mahoney and Yount (1984), and of 
those utilizing pseudoelectrochromatography as described by Verheij et al. (1991). 

4.4.2 Mass Spectrometric Analysis of Nucleosides, Nucleoside Analogues and their 
Phosphorylated Derivatives: 

4.4.2.1 sL-SIMS MS Analysis of a RP-IP HPLCvB-Fractionated PCV-TP Standard: 

The RP-IP HPLCVB/UV254 system developed as part of the present study 
demonstrated a well-disposed capacity for separating PCV from its phosphorylated 
derivatives, such that definitive nucleotide fractions could be collected and then 
later concentrated from our PCV-TP]\ra "triphosphate" standard using vacuum-
assisted rotary evaporation. Even so, repeated attempts at generating static (s)L-
SIMS mass spectral profiles from each of these RP-IP HPLCVB/UV254-separated 
nucleotide fractions were (with the exception of a comparatively weak signal 
produced by the fraction corresponding to PCV-DP) entirely without success. That 
there exists a number of studies that have provided the mass spectra of a variety of 
nucleosides and nucleotides using static and dynamic FAB-MS (See Appendix; Sec 
1.10.4.3), suggests that this failure may have been a consequence of insufficient 
sample used in these analyses - this despite the fact that the amount of sample of 
each reconstituted RP-IP HPLCvB-fractionated analyte was calculated as being in the 
low-ug to the high-ng range. Unfortunately, most authors fail (at least, in the 
majority of the studies we reviewed) to provide the amount of sample that was used 
to generate a mass spectrum. In the few studies where these amounts were 
specified, the FAB-mass spectra of nucleobases (Langridge et al. 1993), nucleosides 
(Crow etal. 1984), nucleotides (Mallis etal. 1987) and dinucleotides (Moser and Wood 
1988) were generally produced using anywhere from between 5 ug to 15 ug of 
sample. 
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That the amount of nucleotide in each pooled/concentrated fraction may not 
have been adequate for generating a reliable MS tracing is also suggested by the fact 
that high-resolution sL-SIMS(+/") mass spectra (i.e. direct probe determinations) of 
our model nucleoside (guanosine) demonstrated high relative signal intensities 
shown to correspond to that of the protonated molecular form of the analyte (i.e. 
[M+H]+), and of several oligomeric clusters ([2M+HJ+ [3M+HJ+ [4M+H]+). 
Similarly, peaks corresponding to the protonated molecular form of the nucleoside 
analogues, PCV (and PCV-D5) and ACV (Sec 1.7.2.2), (i.e. [M+H]+ [2M+H]+, [3M+H]+) 
and of the deprotonated molecular form of our PCV-TP standards (i.e. [M-H]", [2M-
H]', [3M-H]-, [4M-H]-) could also be demonstrated*. However, the amount of sample 
needed to produce these spectra was relatively high, in that near pure standards 
were mixed directly in a thioglycerol carrier — in some cases without water or in a 
small amount of a methanol/water solution. It was by reason of the inconsistent 
nature of oligomer/cluster formations observed in sL-SIMS analyses, and of our 
inability to control such formations, that determinations made using sL-SIMS mass 
spectrometry were deemed largely unreliable**. It was also concluded that sL-SIMS 
analysis, in any case, would not afford the necessary level of sensitivity required to 
detect these nucleosidic agents at the ultratrace (pg to ng) level. It is because FAB-
MS is understood to be somewhat more fragmentary than other available methods 
of API mass spectrometry, and that other API techniques offer greater flexibility in 
the flow rates and the mobile phase that could be used (i.e. so as to better avoid ion 
cluster formations) that use of an alternative API interface (specifically electrospray 
[ionspray] ionization and atmospheric pressure chemical ionization mass 
spectrometry) was investigated. 

4.4.2.2 Electrospray (Ionspray) Ionization Mass Spectrometry (ESI MS) of Nucleo
sides, Nucleotides and their Antiviral Homologues: 

The ionization process used in ESI MS (Sec 1.10.4.4) is arguably the mildest of 
any thus far developed for mass spectrometry (Smith et al. 1992). Within the 
parameters of optimal utility, ESI MS tends to resist generating unspecified 
fragmentation of the analyte in the ion source. We thought it not unreasonable to 
assume, therefore, that a bioanalytical assay based on ESI mass spectrometric 

* In a report submitted to SmithKline Beecham Pharmaceuticals by the British Columbia Regional Mass Spectrometry 
Center as part of a feasibility study exarnining the possible use of direct L-SIMS probe analysis for quantitating 
these nucleoside analogues and their metabolites. 

t f In retrospect, it seems likely that much of the oligomer/cluster-ions that were observed in these sL-SIMS tracings 
were a result of our use of very high concentrations of analyte. This is supported by the observation that such 
formations were not as apparent when aqueous solvents were excluded from the thioglycerol matrix. It is also 
supported by the ESI-MS data in which cluster formations were much less apparent in analyses where only pg to 

' ng amounts of analyte were examined. 
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detection could provide a tangible increase in sensitivity over other available mass 
spectrometric techniques. 

ESI MS has become very popular in recent years — particularly in the study of 
large biopolymers such as oligonucleotides (See McLure and Schram 1994). 
However, there have only been a few studies that have described the use of ESI MS 
for the characterization of nucleobases, nucleosides and nucleotides, and fewer still 
that have used this methodology to study antiviral homologues (See Gelphi 1995; 
Niessen and Tinke 1995). Although ESI MS has been used (albeit rarely), to 
elucidate the structural properties of a nucleoside and its catabolites, remarkably, its 
use to determine an antiviral's bioactive (phosphorylated) anabolites — either as a 
standard in solution or as the minor constituent of a more complex (i.e. biological) 
sample has not, as far as we are aware, been previously described. As part of the 
present study we used positive- and negative-ion ESI to successfully generate spectra 
of a large selection of nucleosides, nucleoside analogues and, most importantly, of 
their phosphorylated derivatives. That the base peak (i.e. largest peak) in many of 
our ESI MS profiles were of the protonated ([M+H]+), or deprotonated ([M-H]-), 
molecular form of the analyte (depending on whether the analysis was performed 
in the positive-ion or negative-ion mode, respectively) suggests that very little of 
the analyte fragmented in the ion sourcef. This is in keeping with the relative 
mildness of the ESI MS ionization process (See Gelphi 1995). We also observed 
frequent non-specific/non-covalent high-mass cluster formations in several ESI MS 
tracings produced from samples having relatively high concentrations (See below). 
That the mass spectrometer could be operated so that these high-mass/electrostatic 
associations could be maintained during analyses further attests to the relative 
mildness of this ionization process. 

It is also interesting to note that non-specific complexes are observed 
routinely in mass spectrometry, especially when the concentration of the analyte 
extends beyond what is needed to obtain an appropriate signal-to-noise ratio (Ding 
and Anderegg 1995). However, many FAB and TSP analyses of nucleosides or 
nucleotides, appear to more closely correspond to ESI collision-induced dissociation 
(CID; See below) profiles. As discussed, it is because the ESI process is exceptionally 
mild that spectra most often demonstrate only the protonated or deprotonated form 
of the analyte (Gelphi 1995). The relative mildness of the ionization, for example, 
can preserve non-covalent associations even into the gas phase, and these gas phase 

+ This is true of the ESI MS spectra of nucleosides and nucleotides generated in the positive-ion mode, and of negative 
ion ESI spectra of the nucleotides, as well. However, this was not the case in ESI MS of nucleosides generated in 
the negative-ion mode which, instead, demonstrated a very conspicuous [B]_ ion fragment. 
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ions are formed directly from a solution at atmospheric pressure by protonation or 
deprotonation and evaporation (Bayer etal. 1994). As such, it has been possible to use 
ESI MS to study the non-covalent organization of biomolecules including 
apoenzyme and prosthetic group enzyme-product (Katta and Chait 1991), enzyme-
substrate (Ganem etal. 1992a), receptor-ligand (Ganem etal. 1992b), enzyme-inhibitor 
(Baca etal. 1992), protein-GDP (Ganguly etal. 1992), protein-protein (Smith etal. 1992), 
and nucleotide complexes (Light-Wahl etal. 1993; Jaquinod etal. 1993; Li and Henion 
1993; Ding and Anderegg 1995). That such weak associations (both specific and non
specific) may, in fact persist, is reasonable if dissociation energies do not exceed those 
needed for solvent removal (Smith etal. 1992). 

Most ESI MS profiles tend to be largely devoid of information (i.e. 
fragmentation patterns) which could be used to determine the chemical structure of 
the analyte of interest (Gelphi 1995). Ironically, higher capillary-end/skimmer offset 
potentials are sometimes deliberately used to make conditions temperately harsher 
within the ESI ion source1, such that the weaker molecular interactions associated 
with a particular analyte are transgressed (Little etal. 1994). In the present study, 
there was evidence of high-mass clusters in several of the ESI MS spectra generated 
from our nucleoside analogue triphosphate standard. In our efforts to identify the 
source of these clusters, we used higher skimmer potentials to demonstrate that 
these high-mass events were, in fact, non-specific/non-covalent electrostatic 
associations of the parent compound. 

4.4.2.2.1 ESI MS (Single Ion Recordings) of Nucleoside and Nucleotide Standards: 

4.4.2.2.1.1 ESI MS in the Positive-Ion Mode: 

In the present study, positive-ion ESI MS (ESI+ MS) analysis of adenosine, 
guanosine, and of several other purine and pyrimidine standards, produced 
relatively intelligible MS profiles, in which the base peak almost invariably 
corresponded to the formula weight of the protonated quasimolecular form 
([M+H]+) of the standard. These findings are consistent with the profiles of 
nucleosidic compounds that have been provided by other investigators using EST1" 
MS (See Appendix). For example, Ikonomou and co-workers (1990) describe the 
positive-ion ESI+ MS of several nucleobases including: cytosine (m/z 112), adenine 
(m/z 136) and guanine (m/z 152) -although the mass spectra of individual analytes 

+ The skimmer potential is used to regulate the acceleration of ions through the intermediate pressure region of the ion 
source. Increasing the skimmer potential, therefore, tends to increase relative excitation o f these ions such that more 
fragmentation (nozzle skimmer dissociation) of these molecules take place (See Little et al. 1994). 
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were not provided. These authors also set the limit of detection of their ESI+ MS 
assay as approaching 10~16 M when specific running conditions such as the use of 
very low concentrations of electrolyte in a mobile phase of appropriate pH were 
used (Ikonomou etal. 1990). In other studies, Whitehouse etal. (1985) describes the 
use of electrospray mass spectrometry in the analysis of the mono- and di
phosphates of adenosine. Interestingly, these authors also describe the use of 
positive-ion ESI MS to produce MS profiles of these negatively-charged analytes (an 
AMP/ADP mixture), in which the base peaks (m/z 348, and m/z 428) were shown to 
correspond to AMP and ADP, respectively. Although no fragmentation of the 
parent compound could be seen in the provided spectra, there were, as would be 
expected, substantial sodium adducts present (See below). 

4.4.2.2.1.2 ESI MS in the Negative-Ion Mode: 

In much the same way that ESI+ MS of our uncharged nucleosides generated 
spectra with base peaks corresponding to the protonated quasimolecular form of the 
analyte, comparable MS profiles of their negatively-charged phosphorylated 
derivatives were also generated when we, instead, performed the ESI analysis in the 
negative-ion mode (ESI- MS). ESI" MS of our various nucleotides generated base 
peaks which corresponded to the deprotonated nucleotide ([M-H]"). Because these 
analyses could be performed under moderately alkaline conditions, we were able to 
significantly suppress the formation of cationic adducts and thus, both simplify the 
MS spectra, as well as increase (up to an order of magnitude) the sensitivity of the 
bioanalysis. 

An important consideration in the ESI MS of a nucleotide is the greater 
sensitivity that these highly-charged molecules have for the negative-ion spectrum. 
Nucleotide diphosphates (NDP's) and nucleotide triphosphates (NTP's) are 
relatively strong acids that can dissociate three or four protons from their condensed 
phosphoric residues, respectively (Lehninger 1974), and this is largely a consequence 
of the extent of dissociation of the acidic phosphate groups in the liquid matrix of 
the solvent used to deliver the sample to the ion source. That a nucleotide (or most 
any negatively-charged analyte) is more appropriately analyzed in the negative-ion, 
rather than the positive-ion mode (and that reciprocally, nucleosides are more 
appropriately examined in positive-ion mode), has been previously described (See 
McLure and Schram 1994). This was also true of most analyses of the present study, 
where poorer quality of MS profiles tended to be produced from nucleotides 
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examined by ESI in the positive-ion mode and whenever negative-ion ESI MS 
analyses were performed on nucleosides. 

Mass spectrometric analysis of NDP's and NTP's using the positive-ion mode 
was also shown to facilitate and/or maintain the conditions which favoured 
complexation of these compounds with whatever alkali-metal cation was present in 
the sample. Recall that the cytoplasm of intact cells is commonly high in M g + + (and 
sometimes Ca+ +), and intracellular nucleotide di- and triphosphates are often 
complexed to these divalent cations. The phosphate group of nucleotides, because 
of their relatively high alkali-metal ion affinity, generally give rise to an abundance 
of such adducts — even when only trace amounts of these impurities are present in 
the sample. Most often, and as was observed in many of the mass spectra generated 
in this and in other studies, it is sodium which substitutes with these exchangeable 
hydrogens (Mallis etal. 1987; McClure and Schram 1994). Conditions that promote 
the generation of these cationized species mostly serve only to reduce the 
detectability of the desired analyte, as well as unduly complicate the generated 
spectra. Interestingly, however, there are certain instances where useful structural 
information can be provided by the pattern of formation and dissociation of these 
alkali-metal ion "attachments". This has been used, for example, to distinguish 
between structural isomers of specific complex organic molecules (Mallis etal. 1987). 
Parenthetically, the cluster ions formed by flow injection of solutions of alkali metal 
salts in aqueous acetonitrile is also sometimes useful for the mass calibration of 
ionspray mass spectrometers (See Anacleto etal. 1992). 

EST MS analysis of a variety of nucleotides produced relatively 
uncomplicated profiles in which the base peak generally corresponded to the 
deprotonated form of the compound. These findings are largely consistent with 
what few EST MS profiles of nucleotides have been presented by other investigators 
(See Appendix). For example, Hiraoka and Kudaka used their instrument in 
negative-ion mode (EST MS) to generate mass spectra of an adenosine 
triphosphate•disodium salt (CioHi4NsOi3P3»Na2; i.e. FW 551.1). In their study, ESI-
MS profiles of this nucleotide showed that the base peak was that of the doubly-
charged negative ion ([M-2H]=). In addition to the ions which corresponded to the 
deprotonated parent compound ([M-H]-; m/z 506) and its sodium adduct ([M-H+Na]-

; m/z 528) were [M-H2P03]- (m/z 426) and [M-HP03+Na]- (m/z 426), which 
corresponded to ADP and ADP«Na f, respectively. Interestingly, the EST MS spectra 

[M-HPCh+Na]- is defined in the submitted figure as [M-Na-HP03]-, although the ion signal is clearly shifted to the 
right of the ion signal defined as [M-H2PO3]- (ADP). 
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of their ATP standard also showed the presence of ions signals corresponding to 
those of [PO3]- and [H2PO4]- (Hiraoka and Kudaka 1990). 

In the present study, the base peak in negative-ion ESI MS profiles of our 
nucleobases, nucleosides and nucleotides corresponded largely to the quasi
molecular form of the deprotonated analyte. More importantly, however, was that 
ESI" MS (unlike ESI+ MS) produced ion fragments corresponding to the orthophos-
phate (m/z 79) and pyrophosphate (m/z 158) fragments of the nucleotides mono
phosphate and diphosphate group*, respectively. Although not evident at the time, 
this finding would be of great significance in our subsequent efforts to develop an 
ESI MS technique which could be used to determine the presence and levels of 
specific nucleotides (as well as their antiviral analogues) in samples prepared from 
complex biological samples (See below). 

4.4.2.2.1.3 Dissociation Pathway of Nucleosides, Nucleotides and their Antiviral 
Homologues: 

All of the major nucleobases, nucleosides and nucleotides have been 
examined using both conventional EI/CI mass spectrometry, as well as with most of 
the early API mass spectrometers previously described. It is also evident that 
elementary differences exist between many of the ESI MS profiles generated as part 
of the present study, and those that have been produced using alternative API (i.e. 
TSP, FAB and APcI) mass spectrometers. The most conspicuous of these differences 
is that in most (but not all) ESI MS analyses, there are few fragments generated from 
the parent molecule. In other words, the largest peak (the base peak) in ESI spectra 
generated in our (and in other) ESI studies, has generally corresponded to the 
molecular weight of the protonated (or deprotonated) parent molecule, whereas the 
base peak of nucleosides generated using alternative API MS methodologies have 
been shown, instead, to frequently corresponded to that of the nucleobase. That any 
peak corresponding to that of the molecular weight of the analyte's nucleobase 
would be present in the mass spectra of a nucleosidic agent (i.e. [B+2H]+ and [B]-, 
respectively) is an indication that sample ionization has fragmented the molecule, 
and that this break has taken place at the N-glycosyl linkage which links the sugar 
and base moieties together. 

In ESI - MS spectra of nucleotides, the relative intensity of [P0 3] _ was always higher than [HPOJ - . Interestingly, 
the relative intensity of the [P0 3]" ion in ESI MS spectra of nucleotides was much greater than what was seen in 
corresponding CID spectra. 
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The increased frequency and magnitude with which nucleosides and 
nucleotides tend to fragment in the ion source of alternative API interfaces is 
evidence of the higher internal energy of the incident ion. Takeda and co-workers 
(1994b), for example, produced positive- and negative-ion FAB MS spectra of the 
protonated and deprotonated nucleosides: cytidine (m/z 244/242), uridine (m/z 
245/243), guanosine (m/z 284/282) and adenosine (m/z 268/266), respectively. 
However, unlike our findings and the findings of others who have analyzed 
nucleosides using ESI+ MS (described above), these tracings also indicated fragment 
ions corresponding to the nucleobase (i.e. cytosine [m/z 112], uracil [m/z 113], 
guanine [m/z 152] and adenine [m/z 136], respectively). Moreover, the [B+2H]+ 

fragment ion was also shown as constituting the base peak in both the spectra of 
cytidine and guanosine. These authors went further to demonstrate, as well, that in 
the negative-ion FAB spectra of cytidine, adenosine and uridine (but, interestingly, 
not guanosine), there was a higher relative intensity of the [B]_ fragment ion than 
the signal generated by the deprotonated nucleoside. This is consistent with the 
findings of the present study and with the FAB analyses described by Crow et al. 
(1984), in which the deprotonated molecule of guanosine (but not that of adenosine) 
constituted the base peak in the negative-ion spectra of these nucleosides. 

In the study of Crow et al. (1984), the protonated and deprotonated quasi
molecular form of a nucleoside and its corresponding base were shown to be the 
most prominent constituents of the positive- and negative-ion FAB spectra of each 
and every compound they examined. Also evident was that the [B+2H]+ fragment 
ion constituted the base peak in the mass spectra of nucleosides in positive-ion 
mode more frequently than [B]_ when these compounds were examined in the 
negative-ion mode, respectively. This suggests that, contrary to the corresponding 
negative-ion (ESI) MS profiles of nucleosides that were generated as part of the 
present study, nucleosides analyzed in positive-ion FAB MS tended to fragment 
more than nucleosides analyzed using the negative-ion mode. Similarly, these 
authors found that [B+2H]+ and [B]" ions represented the largest peak in positive-
and negative-ion FAB MS profiles (respectively) of many nebularines (i.e. 
structurally similar 7- and 8-substituted purines), as well. They also demonstrated 
that the largest peak in the negative-ion FAB MS profiles of several tubercidins (i.e. 
6-substituted purines) also corresponded to the base ([B]-). Interestingly, however, 
the largest peak in positive-ion FAB MS profiles of several tubercidins 
corresponded, instead, to the protonated parent compound (Crow etal. 1984). 
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That FAB MS analysis of nucleotides in the positive-ion mode may be more 
fragmentary than the use of the negative-ion mode is also supported in a study by 
Takeda etal. (1994a), in which dinucleotides not only showed significantly more 
fragments present in FAB + spectra, but the largest peak was also shown to 
correspond to the base fragment of one (i.e. BjFy"1"), and sometimes both (i.e. B1H2]"1" 
and B2H2]+) nucleotides. Interestingly, ion signals registering to of [PO3]" (m/z 79) 
and [HPO4]" (m/z 97) fragments, were also evident in the FAB' MS traces provided by 
these authors. In a similar study, Hotta et al. (1993) used HPLC/positive-ion FAB 
analysis of the dinucleotide ApCp (adenylyl [3'-5'] cytidine-3'-phosphate) to 
demonstrate cytosine and adenine, along with modest signals corresponding to 
those of an AMP (m/z 348) and a CDP (m/z 404) fragment. In their analysis of 
nucleotides, however, there was no evidence of either the orthophosphate (m/z 80), 
or the pyrophosphate (m/z 160) fragment in positive-ion spectra — the significance of 
which is addressed below. 

TSP MS of nucleosides, nucleotides (and nucleoside analogues; See below) 
similarly generate spectra in which ions possessing the highest relative intensities 
are frequently shown as corresponding to those of the compound's base (Blakley etal. 

1980a; Edmonds etal. 1985; Takeda etal. 1991; Fathi etal. 1991; Eder and Hoffman 1993; 
Filer etal. 1994), although some exceptions have also been demonstrated (Blakley et al. 

1980a, Esmans etal. 1987; Berger etal. 1992; Eder and Hoffman 1993; Filer etal. 1994). As 
was seen in the ESI" MS spectra of the present study and in the many FAB analyses 
previously described, negative-ion TSP MS of adenosine generates a base peak 
corresponding to that of the quasimolecular form of adenine ([B]"), while in the 
positive-ion mode, the base peak often corresponds to that of the protonated parent 
compound ([M+H]+), instead. For example, in TSP MS analyses of adenosine and 
AMP, Blakley et al. (1980a) demonstrated that the base peak of the nucleotide 
corresponded to the quasimolecular form of the nucleobase (i.e. [B+2H]+ or [B]"), 
regardless of the ion-mode that was used to generate the spectrum. In positive-ion 
TSP MS profiles of the nucleoside, however, the most intense peak corresponded to 
that of protonated adenosine. Although these findings appear to support the 
understanding that nucleosides are generally better analysed in the positive-ion 
mode, it also suggests that the analysis of the charged nucleotide by TSP" MS was 
more fragmentary than the ESI" MS used in the present study — but exactly how 
much fragmentation may have resulted from the pyrolysis of AMP once subjugated 
to the high temperatures associated with the TSP process (Blau et al. 1987) was not 
specified. It is because of the high temperatures that are normally associated with 
the APcI nebulizer and those generated by corona discharge, that similar 
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uncertainties also exist in APcI mass spectrometric analysis of such thermally labile 

compounds (See Sec 1.10.4). 

Investigators who have used FAB MS and TSP MS to analyze nucleosides and 

structurally related molecules have demonstrated that several other fragments are 

also commonly generated. For example, both F A B MS (Crow etal. 1984; Langridge et 

al. 1993; Takeda etal. 1994b; Newton etal. 1995) and TSP MS spectra (Esmans etal. 1987), 

have shown that the sugar group of many nucleosides and nucleoside analogues 

(including most nebularines, tubercidines — as well as several of their halogenated 

congeners) often undergo a predictable decomposition pathway. In these analyses, 

nucleosides were shown as commonly issuing fragments corresponding to that of 

the nucleobase attached to one of two remnants of the sugar moiety (i.e. that of the 

Base+[C 2H 30] and of the Base+[CHO]), designated Si (+42f amu) and S 2 (+28 amu), 

respectively. Similarly, Si and S 2 fragments have also been demonstrated in the 

H P L C / F A B M S (and H P L C / F A B M S / M S ) profiles of several adenosine-substituted 

cytokinins as well (Greco etal. 1992; Imbault etal. 1993). In other studies, it has been 

shown that some nucleosides (at least in F A B MS analyses of uridine) also undergo 

a somewhat predictable decomposition which, unlike Si and S2, involves the base of 

the molecule. These ion fragments of uridine have been identified as H N C O (43 

amu) and [M-HNCO]+ (m/z 200; i.e. that of the nucleoside less H N C O ) (Crow et al. 

1984; Claereboudt e£ a/. 1993). Interestingly, in the study of Crow, both the Si and S2 

nucleoside fragments, as well as the N H C O fragment of the base, could be 

demonstrated in the FAB M S / M S profile of several (but not all) of the nucleosides 

examined (Crow et al. 1984). Claereboudt, on the other hand, although having 

identified a Si fragment in F A B MS spectra of their uridine standard, did not 

identify one which corresponded to that of S2 (Claereboudt etal. 1993). 

Ion fragments of nucleosides which correspond to the molecule's base were 

similarly demonstrated in several of the ESI MS spectra generated as part of the 

present study. Inexplicably, however, such fragmentation was only observed in ESI 

analyses of nucleosides and only when the mass spectrometer was operated in the 

negative-ion mode. However, [B+2H]+ or [B]_ ion peaks were not apparent in the 

ESI spectra of nucleosides or nucleotides analyzed in the positive-ion mode, or of 

nucleotides analyzed in negative-ion mode, respectively. Of the unexpected 

instances in which the base peak did not correspond to the molecular weight of the 

injected sample, the most conspicuous was in the ESI+ MS spectra of P C V , as well as 

in the ESP MS spectra of our PCV-TPNa triphosphate standard (discussed below). 

* This is true of ribonucleosides. In analyses of deoxyribonucleosides, the [B+42]+ fragment is replaced by a 
[B+28]+ fragment which is a reflection of the missing 2'-hydroxyl group. 
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4.4.2.2.2 ESI MS of Nucleoside Analogue Standards and their Phosphorylated 
Derivatives: 

The tendency of a nucleoside to generate an ion fragment that corresponds to 
its base has been demonstrated in the positive-ion mass spectral analyses of a 
number of antiviral nucleoside analogues. For example, ions corresponding to the 
nucleobase, uracil (m/z 113), were demonstrated in FAB+ MS spectra of the anti-
retroviral nucleoside analogue 2',3'-dideoxyuridine (ddU), although, interestingly, 
this fragment could not be determined in similarly generated profiles of several 
"masked-phosphate" ddU-phosphoramidate derivatives such as: 2',3'-
dideoxyuridine 5'-bis (2,2,2-trichloroethyl) phosphate, 2',3'-dideoxyuridine 5'-(ethyl 
methoxyalaninyl) phosphate and 2',3'-dideoxyuridine 5'-(phenyl methoxyalaninyl) 
phosphatef (McGuigan etal. 1994). Using TSP analysis instead, Jajoo and Bennett 
(1992), produced mass spectra of a related anti-retroviral nucleoside analogue, 2',3'-
dideoxycytidine (ddC), which again showed peaks of fragments corresponding to the 
nucleobase (in this instance cytosine [m/z 112]). Blau etal. (1987), also used TSP+ MS 
to show that two other closely related anti-retroviral dideoxynucleosides, 2',3'-
dideoxyadenosine (ddA) and 2',3'-dideoxy-inosine (ddl), similarly demonstrated in 
their mass spectra, fragments corresponding to each compound's respective 
nucleobase (i.e. adenine [m/z 136] and hypoxanthine [m/z 136]), although exactly how 
much of this fragmentation was due to the thermolysis of the nucleoside analogue 
in the TSP interface was, once again, not determined. FAB+ MS/MS has also been 
used to characterize three synthetic guanine-cyclophosphamide adduct standards in 
which all three compounds generated spectra indicating the presence of a dominant 
m/z 152 ion (protonated guanine) which was produced following loss of the alkyl 
side chain and the concurrent gain of a hydrogen (Naylor etal. 1993). Finally, in 
separate studies by Greco etal. (1992) and Imbault etal. (1993), positive-ion FAB MS 
(and MS/MS) profiles of the cytokinins: zeatin, methylzeatin, dihydrozeatin, 
isopentyladenine (as well as several others) were all shown to yield the [B+2H]+ ion 
of the corresponding nucleobase (adenine). Interestingly, FAB+ MS/MS of several, 
but not all, of the 9-/?-D-ribosides in their investigation (for example: zeatin riboside, 
isopentenyl-adenosine, but not dihydrozeatin ribose) produced an adenosine (m/z 
268) fragment as well. Somewhat unexpectedly, FAB+ MS/MS of deoxyzeatin 
riboside (a recently identified phytochrome) was not shown to have generated the 

* These phosphoramidate derivatives were shown as having variable anti-HIV activity. 
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deoxyadenosine (m/z 252) fragment, although the [B+2H]+ ion fragment 
corresponding to adenine (m/z 136) was clearly identifiable (Imbault etal. 1993). 

Although not of nucleoside analogues analysed independently of one 
another, ESI MS (MS/MS) has also been used to characterize the fragmentation 
profile of modified oligonucleotides containing one of several antiviral compounds 
(Barry etal. (1995). In the mass spectra provided by these authors, for example, ion 
signals of the naturally occurring nucleobases (cytosine, adenine and guanine) could 
be identified (m/z 110, m/z 134, and m/z 150, respectively), as could the ion peaks 
corresponding to ethyldeoxyuridine and triflorodeoxythymidine, as well. In their 
study, a shift in the mass-to-charge ratio of the base ion [M-H]- was shown to 
correspond to the specific derivative (i.e. ethyldeoxyuridine, iododeoxyuridine, 
bromovinyldeoxyuridine or trifluorodeoxythymidine) that was present in the 
oligonucleotide, although the ion peak(s) representing these substituents could not 
be identified because the scan range of the spectra did not extend below m/z 330 
(Barry etal. 1995). 

In the only other report which provides MS spectra of penciclovirf, Filer et al. 
(1994) used TSP MS in the positive-ion mode to characterize both a PCV standard, as 
well as urine fractions collected from healthy volunteers given this antiviral agent. 
The base peaks of the MS spectra provided in their study were shown to correspond 
to the protonated base, guanine ([B+2H]+; m/z 152), and no other ion fragments were 
present in significant amounts. 

In the present study, EST MS profiles of this nucleoside (apart from 
demonstrating a substantial ion signal corresponding to that of deprotonated 
guanine [m/z 150]) suggested little evidence of any of the previously described ion 
fragments. In no ESI MS profile was there an ion signal corresponding to the S1/S2 

fragment, or to the NHCO fragment of the nucleobase described by Claereboudt (See 
above). This was also true of the ESI MS profiles generated from our other 
nucleosides and the two antiviral homologues examined. 

Interestingly, it was only in the ESI+ MS analysis of PCV and in the EST MS 
analysis of our PCV-TPNa standard that the base peak in the generated spectra did 
not correspond to the anticipated molecular weight of the sample. The former, 
however, could be explained because the PCV "standard" used in these analyses was, 
in fact, prepared from the clinical pharmaceutical and, by design, consisted not only 

Determination of the phosphorylated metabolites of PCV (PCV-MP, -DP and -TP) were not considered in the study 
of Filer et al. (1994) y 
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of the nucleoside analogue, but also (mostly) of the fillers typically included in such 
pharmaceutical preparations*. Similarly, the base peak in the ESI" MS spectra of our 
supposedly pure PCV-TP]\ja standard was shown, unexpectedly to correspond to 
PCV-DP. It was determined, however, that this was a result of the triphosphate 
having mostly decomposed to PCV-diphosphate (m/z 411), as well as (though to a 
lesser extent) to PCV-monophosphate (m/z 332). This is supported by our earlier RP-
IP HPLC/UV254 analyses which indicated that the principal UV absorbing peak in 
these samples had a retention time which corresponded to that of PCV-DP. 
Subsequent ESI" MS analysis of a replacement batch of PCV-TP (a TEA salt) produced 
spectra which clearly demonstrated that the base peak did indeed correspond to that 
of the deprotonated triphosphate and suggested, further, that the decomposition of 
our original triphosphate standard was not necessarily the result of the ESI MS 
ionization process. 

Any number of factors have been shown to influence the quality of the 
spectra produced by mass spectrometer. Many of these influences are subtle, 
whereas others tend to be more categorical. The factors most consequential to the 
mass spectral profile of nucleosidic compounds are generally those associated with 
sample ionization and the methods used in its processing. Consequently, it is 
evident, that even within the bounds of similarly equipped and operated 
instruments there is often some discrepancy between the generated spectra (Blakley 
etal. 1980a). 

Within the limits of the ionspray mass spectrometry which was used as part 
of the present study, the operating parameters that most influenced mass spectra 
included changes in ionization energies, cone voltages, gas pressures, operating 
temperatures and of the pH of the delivery solvent in relation to the analyte and the 
ion-mode used to perform these analyses. Unfortunately, the availability of nothing 
more than a general description of the operating parameters that have been used in 
other investigations (and sometimes, of not even that) makes it impossible to 
unequivocally determine the source of this inter- (and intra-) assay variability. In 
any case, other and indeed all inconsistencies in the fragmentation pattern of 
nucleosidic agents, as well as how frequently such fragments tend to occur, can be 
explained, in large part, by the differences in the harshness of the ionization process 
associated with the use of a particular MS interface. 

Nonmedirinal ingredients in the clinically available antiherpesvirus agent, Famvir (Famciclovir), for example, 
include: hydroxypropyl cellulose, hydroxypropyl methylcellulose, lactose, magnesium stearate, polyethylene 
glycols, sodium starch glycolate and titanium dioxide (Compendium of Phamaceuticals and Specialties, 1996). 
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4.4.2.2.3 Discriminating Nucleotides and their Antiviral Homologues in Cell 

Extracts Using ESI Tandem Mass Spectrometry: 

Although ESI MS has been used to confirm the synthesis and /or structural 

elucidation of antiviral analogues and of their chemical intermediates, only rarely 

has it been adopted as a method for quantifying these antiviral homologues i n 

biological samples (Ehlhardt et al. 1993; Zimmerman et al. 1993; Zhou et al. 1997). 

However, even in these rare instances, it is only the parent compound which has 

been determined and samples for assay are, without exception,, derived from an 

extracellular, rather than an intracellular, compartment (Sec. 1.9). As far as we are 

aware, mass spectrometry has not been previously used to identify nor quantify the 

bioactive (phosphorylated) anabolites of a nucleoside analogue, either in a biological 

sample or even as a standard in solution. 

In the present study, direct-injection/loop-injection ESI MS (single ion 

recordings; SIRs) of specific nucleotides using a single mass analyzer (i.e. MSi ) could 

be produced because pure (or nearly pure) triphosphate standards were used in the 

making of these determinations. Although several naturally occurring nucleotides 

could be tentatively identified in whole-scan ESI spectra of extracts prepared from 

virus-infected/drug-treated cells (rather than from purified commercial standards), 

our attempts at using this technique to determine the presence of these same 

antiviral anabolites in cell extracts were without success. This is because of the 

many "interfering" ions+ that are naturally present in such biological samples (See 

below) — though the ion(s) having equivalent m/z ratios as those of the 

phosphorylated derivatives of P C V were not presently identified. Combining our 

previously developed H P L C (VB) methodology with mass spectrometry offered one 

method of addressing this uncertainty (See Sec 4.4.1.2). A more direct approach for 

dealing with the presence of these interfering ions, however, was to exploit our 

instrument's tandem MS capabilities. In other words, to implement the second 

mass analyzer to monitor, instead, the collision-induced dissociation (CID) 

product(s) of the analyte. As part of the present study, therefore, tandem mass 

analyzers were used to first generate, and then to identify, the transitions which 

would then be used to monitor the desired analyte in a complex biological sample. 

The "interfering ions/substances" present in cell extracts are those having the same mass-to-charge ratio as that of 
PCV and its phosphorylated derivatives, making it impossible to unambiguously determine the levels of these 
nucleotides by SIR. o r o j 
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4.4.2.2.3.1 ESI MS/MS (Multiple Reaction Monitoring) Profiles of Nucleotides and 
Nucleotide-Analogue Standards and in Drug-treated Herpesvirus-
infected SW Cell Extracts: 

It is because the nucleotide'"*-phosphoryl transitions were observed in the 
CID" (daughter-ion) MS spectra of all the nucleotide standards we assayed, and the 
relative intensities of the generated signals were both highly robust and 
reproducible, that these decomposition channels were chosen as the method by 
which the levels of nucleotides and/or nucleotide analogues would be determined 
in cell extracts. Parent-ion spectra confirmed these fragment ions as originating 
from the nucleotide and, to a lesser extent, from one or more of its corresponding 
cationic adducts. 

Despite other studies having demonstrated phosphoryl fragment ions in the 
mass spectra of many nucleotides (See above), the significance of monitoring the 
nucleotide/nucleotide analogue""*orthophosphate/pyrophosphate transition has 
not been previously described. By monitoring the m/z492»'*m/zl58 (and 
m/z492'"*m/z78) transitions of PCV-TP (i.e. MRM), we were able to demonstrate 
unambiguously and for the first time, ultratrace levels of this bioactive anabolite in 
herpesvirus-infected/drug-treated cell extracts, directly — without the use of 
radiolabels, or of having to derivatize or concentrate sample extracts. 

As already mentioned, cell extracts generally contain an entire complement of 
naturally occurring nucleotides. Although the mass-to-charge ratio of a particular 
nucleotide may be unique with respect to any of the other nucleotides or nucleotide 
analogues present in a complex biological sample, there will be many other ions in 
these samples (i.e. ions of non-nucleotide constituents) that also possess an 
equivalent mass-to-charge ratio. This is why single-ion recordings could not be used 
to determine specific nucleotides in cell extracts. This is also why single-ion 
recordings of each and every nucleoside-associated fragment was similarly useless as 
a method for determining the level of the original nucleotide in these samples. It 
was quickly recognized, however, that the many "interfering" ions which preclude 
an accurate SIR determination of most nucleotides in complex biological samples 
were not likely to yield an equivalent decomposition channel (i.e. generate identical 
CID spectra). Although the fragmentation of nucleotides may produce many of the 
same decomposition remnants, it is the uniqueness* of the starting mass of the 

f Using a mass spectrometer for discrinimating between nucleotides having nearly identical mass requires that the 
instrument be used with operating parameters set for obtaining high-level resolution - a manuver which is 
generally at the expense of instrument sensitivity. 
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parent nucleotide that confers specificity to an assay based on monitoring a 

molecular transition. In other words, the nucleotide/nucleotide analogue111* 

phosphoryl transition is, itself, unique, even though both the parent compound and 

its associated CID fragments may, when considered separately, have common 

properties with substances normally found in, or generated from, complex biological 

samples. 

Not surprisingly, the CID spectra of both natural and antiviral nucleotides i n 

the negative-ion mode were considerably different from spectra generated using the 

positive-ion mode. In positive-ion mode, the CID spectra of nucleotides 

demonstrated base peaks corresponding to the respective nucleobase ([B+2H]+). In 

this regard, our findings are similar to those of Filer et al. (1994), who demonstrated 

in TSP MS profiles of P C V + that the base peak corresponded to that of guanine (See 

above). In the present study, however, the corresponding nucleobase fragment ([B]-) 

was not observed in EST (negative-ion) MS profiles of PCV-TP. Instead, it was the 

remnants of the phosphate group (specifically P C V [m/z 79] and HP2CV [m/z 158] 

fragments) which invariably represented the ion signals having the greatest relative 

intensity. It was also because CID spectra generated in the negative-ion mode were 

comparatively less complex than those generated in the positive-ion mode (i.e. 

fewer fragments with diminished evidence of cationized adducts, and that in any 

case, these charged nucleotides are, as has been discussed, more appropriately 

analysed in the negative-ion mode) that the negative-ion mode was used i n 

subsequent CID and M R M analyses. 

Although most of the rest of the molecule was seen to disintegrate under the 

conditions used to effect CID in the present study, a large proportion of the 

nucleotide's (and nucleotide analogue's) phosphate group was shown to be 

surprisingly refractory to fragmentation. This is in agreement with the findings of 

others who have used EST MS and EST M S / M S to examine the same, or similar, 

compounds (See appendix). Several studies have demonstrated that many of the 

fragments produced from the CID of nucleotides (in negative-ion mode) include 

PO3- (m/z 79)/H2P04" (m/z 97) for nucleotide-monophosphates and above, HP2O6" 

(m/z 159)/H3P2C>3~ (m/z 177) for nucleotide-diphosphates and above, and H2P3O9-

(m/z239)/FLtP 3Oio-(m/z257) for nucleotide-triphosphates (e t c). 

As mentioned previously, Hiraoka and Kudaka (1990) not only demonstrated 

the deprotonated nucleotide ([M-H]-) in their EST MS profiles of A T P , but were also 

f Determination of the phosphorylated metabolites of PCV (PCV-MP, -DP and -TP) were not considered in the study 
of Filer et al. (1994). 
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able to identify fairly robust ion signals corresponding to [PO3]" and [H2PO4]" as well. 

In a study similar to that by Hiraoka and Kudaka - although not specifically of 

nucleotides run independently of one another, Habibi-Goudarzi and McLuckey 

(1994) used ESI" MS (MS/MS) to determine the relative abundance of ions produced 

by the collision-induced dissociation of the 2'-deoxymononucleoside 3'- (and 5'-) 

monophosphates of adenosine, guanosine, cytidine and thymidine. These authors 

were able to demonstrate that with the use of adequate resonance excitation, the 

major decomposition channel for these nucleotides included the loss of the neutral 

base, as well as the generation of a [PO3]" fragment. In fact, the [PO3]" transition 

fragment was shown to constitute the base peak in the CID spectrum of 2'-

deoxyguanosine 5'-monophosphate. Similarly, Boschenok and Sheil (1996), in their 

investigation of the dissociation pathway of oligonucleotides of various length and 

composition, were able to show that ESI+ M S / M S spectra of the dideoxyribo-

nucleotide monophosphate, d(AC), demonstrated ions corresponding to the parent 

molecule ([M+H] +), and of an adenine (m/z 136) and cytosine (m/z 112) fragment as 

well. There was also evidence of a [H2P03]+ fragment ion (m/z 81) in positive-ion 

analyses, and a [PO3]" fragment ion often represented the base peak in ESI" M S / M S 

spectra. Again, the relative intensity of these transitions was shown to largely 

correspond to the energies used to effect dissociation. 

Similar decomposition channels for nucleotides have also been demonstrated 

using alternative API M S interfaces (FAB, TSP and APcI). For example, Mallis et al 

(1987) used FAB+ MS and FAB+ M S / M S to show that a number of transition 

particles (as well as several associated sodium adducts) were generated from the 

fragmentation of the phosphates of UTP, including: [H3P04J+ (m/z 98), [H3P04Na] + 

(m/z 121), [r l4P 2 0 7 Na] + (m/z 201), r l 4 P 3 O i 0 N a ] + (m/z 281). Similarly, Verheij et al. 

(1991) used F A B MS (although, in the negative-ion mode) to analyze U T P (and 

UDP). The scans provided by these authors demonstrated that the base peak was the 

deprotonated parent compound ([M-H] -; m/z 483) but, unlike the spectra of Mallis 

(above), they indicate the presence of only two+ other fragments originating from 

the triphosphate group (i.e. [HP2O6]"; m/z 159 and [H4P3O10]"; m/z 257), with a 

somewhat higher intensity ion-signal produced from the large phosphate-associated 

remnant relative to that of the smaller fragment (See below). In addition, only one 

peak (other than that of the deprotonated parent compound [i.e. [M-H]"; m/z 403]) 

could be demonstrated by these authors in the F A B " MS profile of U D P (i.e. 

[H3P2O7]'; m/z 177). However, this too, was derived from the fragmentation of the 

* The presence of a [PO3]" (rr/z 79), fragment could not be identified, as the lower limit of the mass spectra provided 
by these authors did not go below 100 amu. 
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diphosphoryl group. In other studies, fairly robust [PC>3]~ and [F^PQi]" ion signals 
were demonstrated in the negative-ion FAB MS/MS spectra of a dehydro-
retronecine deoxyguanosine 5'-monophosphate adduct (Tomer et al. 1986). These 
and other phosphate-associated ions (including [P206Na]" and [FL^C^Na]") were 
similarly identified in all of the negative-ion FAB MS spectra which were obtained 
from a wide variety of sugar-nucleotides (Ii etal. 1993). Finally, in a study by Sakurai 
etal. (1989), FAB" MS and FAB - MS/MS were used to produce mass spectra of several 
nucleosides and nucleotide-monophosphates. Although the profiles provided by 
these authors show the presence of an m/z 79 ([PO3]") and m/z97 ([H2PO4]") ion peak, 
it is again only in the CID decomposition spectra that the [PO3]" ion is most 
conspicuous*. 

In the present study, the relative intensity of the [PO3]" transition that was 
generated from the CID of nucleotides and antiviral homologues (although much 
higher than that of [H2P3O9]") was shown to be almost always lower than the 
amount of [HP206]" ion produced. This finding was somewhat unexpected, not only 
because of the greater number of sites at which a triphosphate moiety may fragment 
to produce these smaller transitions, but also because fragmentation of the larger 
[HP2O6]" ion would, in itself, contribute to the relative abundance of the [PO3]" ion. 
These findings may be explained, however, by the fact that the bonds holding the 
various phosphate residues together are not equally resilient against physical (and 
also enzymatic) disruption. For example, pyrophosphate fragments are known to be 
generated from a selective enzymatic hydrolysis of the a-fi phosphate bond of 
certain NTP's, and this has been described in many cellular ATP-utilizing reactions 
(Lehninger 1974). Similarly, it is also generally understood that under conditions of 
high heat and low pH, the /3-phosphate of a nucleotide diphosphate (NDP), and the 
/5- and y-phosphates of a nucleotide triphosphate (NTP), are more easily hydrolyzed 
to yield the inorganic phosphate, whereas the a-phosphate tends to resist such 
hydrolysis (Lehninger 1974). It is interesting, for example, that Takeda et al (1991), 
who in using TSP MS to examine several NDP's, detected the analyte of interest in 
the form of the corresponding nucleoside, this, because of the dissociation of the 
molecule which took place in the heated spray of the thermospray interface. Finally, 
Langridge et al (1993), using FAB+ MS CID/MIKES analysis of AMP-PCP (adenylyl-
[J3, y-methylene]-diphosphate), demonstrated (among their other findings), that this 
ATP analogue had a tendency to fragment specifically between the a 

* Whether this was also true of the other common phosphoryl ions (such as HP2OY; rr/z 158 - and above) could not 
be determined because the scales defining rr/z values in the figures provided by these authors are incorrect. It can 
be assumed, however, that because the tracings were of guanosine ^'-monophosphate, the fragments generated from 
the phosphate group could not possibly exceed that of the monophosphate itself. 
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and f3- phosphate residues. It is possible, therefore, that a mass spectrometer 
operated under the parameters described in the present study could favour the 
fragmentation of a NTP at its a-fi phosphate bond and yet spare those bonds linking 
the a-phosphate to the nucleoside. This may explain the higher relative abundance 
of m/z 158 over m/z 79 in the ESI" CID spectra of nucleotides — although the precise 
location of NTP fragmentation which produced these pyrophosphate residues was 
not determined. 

The nucleotide pools in mammalian cells are made up primarily of the 
mono-, di- and triphosphate ribonucleotides of thymine, cytosine, uracil, hypo
xanthine, guanine and adenine. Conveniently, none of these naturally occurring 
ribonucleosides (or ribonucleotides) have been shown to possess a molecular weight 
that corresponds to either of the nucleoside analogues (ACV and PCV) assayed as 
part of the present study. In other words, the risk that these naturally occurring 
nucleotides would interfere with ESI MRM determinations of our antiviral was 
minimal. There are, however, several deoxi/ribonucleosides that have a molecular 
weight nearly equivalent to that of PCV. The molecular weight of deoxyinosine-TP 
(dITP) and dATP, for example, fall within 1 amu of that of PCV-TP. However, there 
were no nucleotide analogue'"*phosphoryl-"specific" transitions observed in the 
ESI" MRM spectra of PCV-treated (and untreated)/uninfected control extracts. The 
reason why only very little, if any, interference from these molecules could be 
demonstrated in these spectra is most likely because dNTD's are naturally present in 
mammalian cells at less than one-hundredth the level of their corresponding 
ribonucleotides (McKeag etal. 1984). This great concentration differential would 
therefore place whatever capacity these dNTDs may have had for interfering with 
our MRM analyses beyond the sensitivity of the mass spectrometer. 

4.4.2.2.3.2 Pharmacokinetics of PCV-TP in Drug-treated/Herpesvirus-Infected SW 
Cell Extracts as Determined by ESI MS/MS: 

Several investigators have described the use of HPLC for determining the 
levels of PCV and/or FCV in both extracompartmental fluids (Larsson etal. 1986; 
Boyd et al. 1988; Fowles and Pierce 1989; Winton et al. 1990; McMeekin et al. 1992; 
Fowles etal. 1992, 1994; Sutton and Boyd 1993; Filer etal. 1994) and as standards in a 
defined solution (Hsu et al. 1995). Few studies, however, have described the 
intracellular pharmacokinetics of these, or of related agents, in detail. Standring-
Cox et al. (1994) and Hamzeh et al. (1995a,b), for example, describe the use of HPLC-
based assays in which they compare the intracellular pharmacokinetics of both ACV 

302 



and PCV, in VZV and HSV-infected cultures, respectively. However, the methods 
that were used (described in separate scientific presentations) were not provided in 
sufficient detail to allow for a comprehensive comparison of their techniques, or of 
their findings, to those of the present study. The only published report to detail a 
method for determining the intracellular levels of the phosphorylated anabolites of 
PCV (and ACV) in herpesvirus-infected cultures is that of Vere Hodge and Perkins 
(1989); later used by Earnshaw etal. (1992), and then finally reproduced by us (Sacks et 

al. 1994; Bebault etal. 1995a,b). However, The technique of Vere Hodge and Perkins, 
requires sample concentration (i.e. evaporation/reconstitution), makes use of a 
radiolabeled parent compound, and involves the specialized instrumentation and 
methodologies (RA) necessary for tritiated-analyte (i.e. ISOFLO®) detection. 
Although Vere Hodge and Perkins achieved moderately greater assay sensitivity 
with their RP-IP HPLC/RA than what was achieved in the present study using DI-
ESI" MS/MS, their use of tritium (and the lack of a substitutable group on PCV for a 
clinically acceptable radionuclide) precludes RP-IP HPLC/RA pharmacokinetic 
determinations being performed directly on humans. 

In related studies, Lowe et al. (1995) describe HPLC-based assays (ion-exchange 
and reverse-phase methodologies) which they used to compare the intracellular 
pharmacokinetics of ACV, PCV and H2G+ in herpesvirus-infected MRC-5 and, 
interestingly enough, uninfected" HepG2 (human liver carcinoma) cells. Shaw etal. 

(1996) also used IE-HPLC to demonstrate that PCV-TP (but not ACV-TP) could be 
determined in uninfected/PCV (and ACV)-treated HepG2 cells (respectively), and 
that similar levels of the triphosphate could be also be demonstrated in HBV-
transfected hepatoblastoma cells as well. However, both of the above studies, again, 
involve the use of radiolabeled (tritiated) parent compound which is not conducive 
to in vivo studies involving human subjects. In this respect, the DI-ESI" MS/MS 
assay described as part of the present study offers a particularly significant 
advancement. Because detection of the analyte is not dependent on the use of 
radiochemicals, it is more readily implemented in in vivo studies of humans. 
Moreover, DI-ESI MS/MS may also prove advantageous in retrospective analyses of 
archival cell/tissue samples, where radiochemicals have not been used, or perhaps 
in situations where samples have been stored beyond several half-lives of the 

* H2G: ((R)-9-[4-hydroxy-2-(hydroxymethyl)butyl]guanine is a nucleoside analogue which, structurally, is closely 
related to PCV (i.e. ~3-(hydroxymethyl)~ ), and which also demonstrates similar antiherpesvirus activity 
(Johansson et al. 1986; Larsson et al. 1986; Lowe et al. 1995). 

f t Using relatively high (25 U.M) concentrations of the given antiviral agent, uninfected HepG2 cells and, to a lesser 
extent, uninfected MRC-5 cells have been shown to phosphorylate H2G and PCV, although levels of PCV-TP in 
these culture systems were only 0.67 pmol/10 6 and 0.17 pmol/10 6 cells, respectively. This low-level 
phosphorylation is thought to originate from mitochondrial deoxyguanosine kinase (m-dGK) activity (Lowe et al. 
1995). Corresponding levels of ACV-TP are -135X and 25X lower, respectively (Lowe et al. 1995). 
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radionuclide — which would make any radiometric determination unreliable. 
Finally, DI-ESI MS/MS will also work well in circumstances where the amount of 
sample available for analysis is somewhat limited. 

As is common with the data generated by any complex piece of scientific 
equipment, the interpretation and the validity of mass spectrometric data tends to be 
adversely influenced by fluctuations in instrument performance. We have 
demonstrated how several factors influenced the sensitivity of the DI-ESI" MS (and 
MS/MS) assay developed as part of the present study. Although every effort was 
made to ensure optimum performance of the instrument, the very nature of 
equipment available as part of a multi-user facility sometimes made it difficult to 
avoid the conditions known to be detrimental to the generation of negative-ions 
and thus to analyses performed in the negative-ion mode. This included the effects 
of antecedent exposure of the mass spectrometer to the organic solvent TFA which 
is commonly used in positive-ion mass spectrometric analyses. For example, 
residual TFA — which would persist in the flow-system of the mass spectrometer for 
several days after exposure, was shown to strongly suppress the generation of 
negative-ions as well as increasing baseline noise. Others factors which contributed 
to changes in instrument sensitivity, as previously discussed, included the presence 
of inorganic salts in sample extracts (Sec. 1.10.3.3; 4.4.2.2.3.2). However, despite 
having demonstrated that some variability existed in the sensitivity of the DI-ESI 
MS (and MS/MS) assays developed as a part of the present study, we were still 
generally able to determine PCV-TP to levels of roughly 100 ppt, with sensitivities 
for our model nucleotide (ATP) being somewhat greater. These limits of detection 
are of a similar order of magnitude to those achieved, independently, by others 
having reproduced our methodology* (M. J. Duffy, Personal communication). In the 
analysis of this and of related nucleosidic compounds, therefore, the sensitivity and 
selectivity of our DI-ESI MS/MS assay was shown to be much greater than the HPLC 
methods which make use of conventional UV-spectrophotometric detection 
(Reviewed by Riley etal. 1990). 

With appropriately treated cell monolayers (i.e. with the use of both a volatile 
wash and extractant), we were successful in removing most, if not all, of the ion-
suppressing/non-volatile salts associated with a sample extract - salts that would 
have otherwise precluded any such determinations made using this or any other 
configuration of mass spectrometer. The use of a volatile wash and extractant 

f Sensitivities and specificities of ESI MS (and MS/MS), are described in a report issued by Elemental Research Inc., 
prepared for SmithKline Beecham Pharmaceuticals as part of a study examining the feasibility of assaying PCV-TP 
levels in blister fluids of VZV-infected patients receiving PCV antiviral therapy. 
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allowed the mass spectrometer to be used to detect PCV and its phosphorylated 
anabolites in biological samples, providing us, further, with the opportunity to 
determine several intracellular pharmacokinetic properties of its bioactive 
triphosphorylated derivative as well. 

By monitoring the PCV TP-specific transition (m/z492"»*-mA58 [and even m/z 
492"l+m/z78]), with the DI-ESI MS/MS assay developed as part of the present study, 
we were able to determine intracellular levels of this nucleotide in extracts prepared 
from PCV-treated/herpesvirus-infected neural cells. Such analyses demonstrated 
that PCV follows a relatively straightforward pattern of phosphorylation in both 
VZV and HSV type 1-infected neuronal (SW) cells. In this respect, our findings are 
similar to what has been demonstrated using different analytical techniques in a 
variety of other human cell lines, including: MRC-5 embryonic human lung 
fibroblasts (Vere Hodge and Perkins 1989; Earnshaw etal. 1992; Bacon etal. 1993; Vere 
Hodge et al. 1993; Standring-Cox et al. 1994) and Hs68 human foreskin fibroblasts 
(Bacon et al. 1993). Using DI-ESI MS/MS, we also demonstrated that the 
phosphorylation of PCV increased with time (at least to 9 H), that it increased with 
the concentration of drug in the external medium (1 uM vs 10 uM), and that it 
increased relative to the amount of thymidine kinase-competent herpesvirus (moi 1 
vs moi 10) used to infect cultures (See below). Because it had not yet been 
determined whether ESI MS could in fact be used to detect the phosphorylated 
anabolites of ACV and PCV in cell extracts, measures were implemented, in our 
early experiments, which we believed would maximize the amount of triphosphate 
generated and thus increase the likelihood of detecting the analyte. These measures 
included the use of high parent drug concentrations and of the use of artificially 
high multiplicities of infection. That differences in the capacity of specific 
herpesvirus strains to anabolize a particular nucleoside analogue exist among the 
various cell types has been well documented (Field etal. 1980; Harmenburg etal. 1980, 
1982; Harmenberg 1983; Johansson etal. 1986; Datema etal. 1987). However, in order 
to compare the intracellular pharmacokinetics of PCV-TP determined using the i n 
vitro culture system of the present study to what has been offered by other 
investigators, it was necessary to assume that the HSV type 1-directed thymidine 
kinase activity present in KOS-infected SW cells was equivalent to the culture 
systems (typically SC16-infected MRC-5 cells) used by other investigators. That the 
concentration of the parent compound in the external medium influenced 
phosphorylation to a greater extent than. the amount of virus used to infect these 
cultures may be explained in terms of the saturability of the culture system with 
drug, and may also reflect a decreased proficiency of the herpesviruses for infecting a 
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particular cell type at a higher moi. Within the experimental parameters of this 
portion of our study, drug concentrations ranged from between 1 |iM and 10 |lM -
the same as those described by Vere Hodge and Perkins (1989). These drug 
concentrations were used because they tended to correspond to workable plasma 
levels attainable in humans (Vere Hodge and Perkins 1989). That equivalent 
increases in the amount of triphosphate formed with 10-times as much virus was 
not achieved relative to what was produced using 10-times as much antiviral, 
suggests that HSV-thymidine kinase was not the limiting determinant, and that 
infection of a SW cell with more than one (or as many as 10) virus particles may 
have been somewhat less efficient. This is also suggested by the findings of Vere 
Hodge and Perkins (1989), in which the use of a much higher viral moi produced 
only a modest increase in the level of PCV-TP synthesized (See below). 

Given the experimental conditions used in the present study, the amount of 
acyclonucleotide produced by our herpesvirus-infected neural cell-line falls within 
the range of what has been described by others investigating the same or very 
similar compounds, and any variance may well be attributed to differences in the 
experimental protocols used by the individual investigator (See Vere Hodge 1993). 
For example, in determining the intracellular pharmacokinetics of PCV (1 uM and 
10 uM) in HSV type 1-infected cells, Vere Hodge and Perkins, concluded that the rate 
of synthesis of PCV-TP was 1360 pmol (min^g)"1 MRC-5 cells (Vere Hodge and 
Perkins 1989). In a continuation of these studies, this group later demonstrated that 
HSV type 2-infected/PCV-treated cultures also gave comparable (i.e. 1200 pmol 
(min^g)"1 MRC-5 cells) levels of the anabolite (Earnshaw etal. 1992). Interestingly, 
the rate of PCV-TP synthesized in "similarly" treated+/VZV-infected cultures was 
shown to be almost an order of magnitude lower (i.e. 146 pmol [min^g]"1 MRC-5 
cells) than that of the simplexvirus-infected cultures (Earnshaw et al. 1992). 
Compared to those of the present study, the finding that less of this nucleotide was 
generated by VZV-infected cells relative to amounts produced by HSV-infected 
cultures (although this was only double, rather than ten-times as much) is similarly 
consistent. However, it should be stressed that VZV, being a cell-associated virus, 
was only added to uninfected monolayers in cells that had been infected with the 
virus previously. It is, therefore, difficult to accurately duplicate equivalent moi's 
between these very different virus-culture systems. 

+ Even though these authors made every effort to duplicate the conditions of infection between HSV- and V Z V -
infected systems (for the purposes of directly comparing the amounts of PCV-TP synthesized by each respective 
virus strain), VZV, being a cell-associated virus, was added to uninfected cultures as a VZV-infected cell 
suspension (as is generally the case), making it difficult to accurately determine the actual multiplicity of infection. 
Similarly, the growth characteristics of VZV, not being as robust as that demonstrated by the HSV type-1 and -2 
strains, also make it difficult to compare, other than in the most general terms, the pharmakokinetic behavior of this 
virus to other herpesvirus strains. 
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In the present study, the amount of PCV-TP synthesized by HSV(ffc+) type 1-
infected/PCV-treated (10 uM and 1 uM) SW cells after a 6 H drug treatment was 
determined to be 11500 pmole (106)"1 and 2440 pmole (106)"1 SW cells, respectively. 
In adopting the assumptions made by Vere Hodge and Perkins (1989), and then by 
Earnshaw et al. (1992) — that roughly 2.5xl08 MRC-5 cells weighs approximately 1 
gram, we calculate the rate of PCV-TP that was synthesized in our system was 
approximately 16500 pmol (min-g)"1 and 3500 pmol (min*g)_1 SW cells, respectively 
(again, assuming that these different cell types weigh roughly the same). Although 
these amounts are higher than those described by Vere Hodge and Perkins, it should 
be noted that these investigators used 100-times less virus inoculum (moi 0.01), and 
treated infected cultures with the antiviral for only 4 H compared to the 6 H 
incubation used by us in making these particular determinations. Similarly, Lowe et 
al. (1995) determined that the amount of PCV-TP generated by HSV type 1-infected 
MRC-5 cells (after a 24 H incubation in 5 uM of PCV) was 2500 pmol (106 cells)"1, 
levels that are more in line with what we observed in experiments using a 
somewhat lower moi (1.0), a lower concentration of the antiviral (1 uM) and a 
shorter incubation in the antiviral agent. We did, however, use a 1 H virus adsorp
tion and a 8 H infection prior to adding the antiviral, whereas Lowe et al, used, 
instead (and, again, only presumably), a 1 H adsorption period in combination with 
only a 2 H infection*. These differences could, therefore, figure significantly in 
explaining why the PCV-TP levels synthesized by our virus culture system appears, 
again, to be moderately higher than those reported by other investigators. 

Additional information, also provided in the study of Lowe et al. (although 
not repeated as part of the present study) may also serve to explain these somewhat 
higher levels. For example, these authors demonstrated that adding PCV to their 
culture system at 4 H post-infection or sooner, allowed viral titers of only 
approximately 0.6-2* 105 PFU/ml to be reached. When, on the other hand, the 
antiviral was added to infected cultures after a 6 H incubation period, viral titers 
increased to 7-8* 106 PFU/ml. Finally, if prior to exposing cultures to the antiviral, 
the infection was allowed to continue for at least 8 H (as in some of our 
experiments) — or longer (up to 16 H), maximum virus titers (~108 PFU/ml) were 
reached. In a reciprocal manner, Lowe et al. also demonstrated that when infected 

* Again, there appears to be some discrepency between descriptions of experimental protocols offered by the 
Materials and Methods section of the study of Lowe et al. (1993), and that described in a figure legend, fn the 
Materials and Methods, no post-adsorption incubation step is described for HSV-infected cultures. Instead, only a 
1 H adsorption of virus is indicated. Although this information was not given in the legend of the corresponding 
table (Table 1.; which indicates the rate of formation of PCV-TP and of other nucleotide analogues), it is in a 
related figure (Fig. 2.; which instead illustrates the formation of phosphate derivatives of the closely related 
compound, H2G [See Lowe et al. 1995]), that the inoculum is described as being removed after 2H. In any case, a 2 H 
infection is more in keeping with PCV-TP levels of 2500 pmol (106)"1 MRC-5 cells, considering the amount of virus 
and the amount of antiviral that was used. 
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cultures were, instead, exposed to nucleoside analogue for less than 6 H, viral titers 
were shown, again, to increase by a similar order of magnitude (Lowe etal. 1995). 

If we were to apply these observations to those of the present study, it might 
suggest that even though more virus and nucleoside analogue was used as part of 
the experimental protocol of Lowe and others, it was because these investigators 
(presumably) used only a 2 H virus infection (compared to the 8 H infections that 
were used in the present study) that there could have been as much as 35- to 135-
times more virus (and of the correspondingly higher levels of the herpesvirus-
encoded enzymes needed to anabolize the antiviral into its bioactive form) present 
in our culture system when the PCV was eventually added. Although antiviral 
incubations also tended to be comparatively longer in the study by Lowe etal, it was, 
again, because the duration of the antiviral treatment used by us was of a minimum 
sufficient duration (according to Lowe et al, to be 6 H), so that no significant 
difference in virus titre should have been realized between studies. Finally, it is also 
possible that the levels of herpesvirus-induced thymidine kinase may have been a 
determining factor in how much of the nucleotide triphosphate was produced in 
both the studies of Vere Hodge and Perkins and of Lowe et al, as others have 
demonstrated that with infections of short duration (i.e. of approximately one hour 
or less), expression of virally-encoded thymidine kinase in all infected cells may 
have not had sufficient time to take place. 

Circumstances less well understood (i.e. those that are unrelated to the 
amount of HSV present in a particular virus-culture system) may have also played a 
role in introducing discrepancies between the observations made by us and those 
previously determined. A good example of this exists in the differences between the 
findings of Vere Hodge and Perkins and those of Earnshaw etal, in which the rates 
of synthesis of the triphosphate inexplicably demonstrated an increase of 47% (from 
1360 pmol [min«g] _ 1 cells to 2000 pmol [min^g]"1 MRC-5 cells, respectively), — this, 
despite the use of equivalent experimental protocols including the use of identical 
cell cultures and virus strains. 

Interestingly, in the intracellular half-life determinations of PCV-TP that 
were made by Vere Hodge and Perkins (See below), t0 (the time at which the assay 
was begun and the time at which the maximum level of PCV-TP would have been 
present in infected cultures) indicated that PCV-TP levels were roughly 2800 pmol 
(106)'1 MRC-5 cells — even though cultures were incubated in antiviral for 
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(presumably*) only 90 min longer. The rate of triphosphate synthesis, therefore, 
would have been higher still - roughly 3800 pmol (min«g) - 1 MRC-5 cells. Although 
the same amount of input virus (moi 1) was used in the half-life determinations of 
Vere Hodge and Perkins as those used in the present study, the duration of the 
herpesvirus infections that were used were (again, presumably), only 1.25 H 
(compared to the 8 H infections used by us), and our cultures were incubated longer 
in the antiviral (i.e. 9 H, as compared to 5.5 H, respectively). 

In other experiments, we demonstrated how DI-ESI" MS/MS could be used to 
determine the intracellular stability of PCV-TP over time following the removal of 
the acyclonucleoside from the cell culture medium. In HSV t f c + type 1-infected/PCV-
treated SW cells, the intracellular half-life of PCV-TP was determined to be 16.5 H. 
This finding, too, is well within the range of the half-life of PCV-TP described by 
other investigators (See Vere Hodge 1993; Bebault et al. 1998), as well as half-life 
determinations of the intracellular stability of PCV-TP in VZV-infected SW cells (i.e. 
17 H) made by us in a previous study (Bebault et al. 1998) using the analytical 
techniques (RP-IP HPLC/RA) originally described by Vere Hodge and Perkins (1989). 
For example, in the study of Vere Hodge and Perkins, the intracellular half-life of 
PCV-TP in HSV type 1-infected cultures was determined to be 10 H (Vere Hodge and 
Perkins 1989). In the study of Lowe etal, the intracellular half-life of PCV-TP in HSV 
type 1-infected MRC-5 cells was determined to be 14 H (± 2 H), which is similar to 
what they determined for the acyclonucleoside, H2G. Interestingly, the intracellular 
half-life of PCV-TP in uninfected cultures of human liver carcinoma (HepG2) cells 
(also studied as part of the investigation of Lowe etal) was found to be 11 H (Lowe et 

al. 1995). In a study by Shaw etal, the intracellular half-life of PCV-TP, again, in 
uninfected HepG2 cells (as well as in Hepatitis-B Virus (HBV)-transfected [2.2.15] 
hepatoblastoma cells) was 18 H (+3 H) (Shaw etal. 1996). Finally, as part of the study 
of Earnshaw etal, the intracellular half-life of PCV-TP in HSV type 2-infected MRC-5 
cells was shown to be moderately longer (20 H), although in VZV-infected cultures 
the intracellular half-life of PCV-TP was only 7.2 H (Earnshaw etal. 1992). 

Although a natural assumption would be that the intracellular stability of an 
antiviral anabolite should be relatively similar between equivalent cell culture 
systems — regardless of the strain of virus used to make these determinations (i.e. 
f Unfortunately, in the half-life determinations described by Vere Hodge and Perkins (1989), and then by Earnshaw 

et al. (1992) (later reiterated in a review of these findings by Vere Hodge 1993), the length of time that virus was 
allowed to adsorb onto uninfected MRC-5 monolayers, the length of time that the virus was allowed to infect these 
cultures, and finally the length of time that infected cultures were exposed to the antiviral derivative is difficult to 
determine because of discrepencies between descriptions of experimental protocols offered in the Materials and 
Methods section of their reports, those offered by their respective figure legends, and then again those listed in their 
results section. For comparative purposes, we assume that cultures were infected for 1.25 H and that the antiviral 
analogues were added for a period of 5.5 H . 
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such that when the triphosphate of a particular nucleotide analogue is synthesized 
in a given cell type, the breakdown of the anabolite would be largely a function of 
the cell), in all actuality, the intracellular stability of these anabolites clearly varies 
with the strain of virus used to infect the cultures (See above). According to Lowe et 
al., the factor that most likely contributes to these differences resides, not so much in 
the rate of the breakdown of the anabolite, as it does with the re-anabolism of the 
breakdown product (Lowe etal. 1995). For example, the intracellular half-life of PCV-
TP in a given cell type infected with VZV significantly differs from the half-life 
determined in the same cell infected with a Simplexvirus (See Earnshaw etal. 1992), 
supposedly because once the triphosphate has been intracellularly catabolized into 
the parent molecule, this breakdown product is, when again, (more) rapidly 
phosphorylated back into the nucleotide. Because re-anabolism is primarily a 
function of the enzymes encoded by the infecting virus, differences in the half-life of 
an antiviral agent, within the limits of a given cell type, may therefore be better 
understood. This reasoning, however, does not serve to explain why the 
intracellular half-life of HSV type 2-infected cells was exactly twice that 
demonstrated in HSV type 1-infected cultures in the study of Earnshaw et al. (1992), 
even though the rate of phosphorylation of PCV by HSV type 1-infected cells was 
shown to be 12% higher (Vere Hodge and Perkins 1989) and 60% higher (Earnshaw 
etal. 1992) than those demonstrated in HSV type 2-infected cultures (See above). 

4.4.3 RP-IP HPLC/ESI MS (and MS/MS) of Nucleosides, Nucleotides and their 
Antiviral Homologues: 

We have demonstrated that when careful consideration is given to both the 
composition of the pre-extraction wash solution and the cell extractant, direct 
injection (DI)-ESI MS/MS analysis can provide an exceptionally powerful and a 
surprisingly straight-forward method for determining the intracellular levels of 
penciclovir and its highly polar anabolites in extracts prepared from PCV-
treated/herpesvirus-infected neural cells. In this way, it was also possible for us to 
examine several of the intracellular pharmacokinetics of this nucleoside analogue 
as well. By developing a RP-IP HPLCVB system and combining it with ESI MS (and 
then MS/MS), we were also able to completely separate and unambiguously identify 
nucleoside and nucleoside analogue standards from their phosphorylated 
derivatives. 

As discussed, UV spectrophotometry combined with HPLC is used routinely 
in the study of nucleosidic agents (See Sec 1.10.2-1.10.3; 4.4.1). In recent years, the 
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study of nucleosidic compounds by "stand-alone" mass spectrometry has also 
advanced significantly (See Sec 1.10.4). Unfortunately, there are only very few 
studies that describe the analysis of such compounds using an on-line combination 
of both (HPLC and MS) techniques. Unless the chromatographic and mass 
spectrometric profiles of a nucleoside, nucleotide or an antiviral homologue are 
considered separately (See above), or unless weighed against on-line HPLC/MS 
analyses performed on other, unrelated, substances, there is very little information 
against which this aspect of the present study may be contrasted. 

One study already briefly referred to (See Sec 4.4) is that by Verheij and co
workers (1991), who describe combining a variation of conventional chromato
graphy (pseudoelectrochromatography; pEC), on-line, with mass spectrometry 
(pEC/MS), a technique which they used to separate and identify (among other 
compounds) the di- and triphosphate nucleotides of uridine. These authors also 
used volatile buffers with microbore isocratic chromatography in combination with 
FAB-MS (as well as with pEC/MS) to generate tracings of an ITP standard that 
demonstrated a retention time of roughly 17.0 min and 7.5 min, respectively. In this 
respect, the findings of Verheij etal. (1991) largely correspond to the RP-IP HPLC/ESI 
MS findings of the present studyf. 

Finally, DI-ESI MS/MS, when used alone, was clearly inadequate for the 
detection of PCV TP-specific transitions in FACS-enriched (HSV type 1-infected) S W 
cells — even with the conscientious application of appropriate washes and 
extractants (See below). 

4.4.4 Demonstrating Penciclovir Triphosphate in Extracts Prepared from 
Immunocytologically-Defined/FACS-enriched (HSV-Infected) Cells using RP-
IP HPLC/ESI MS MS: 

Multiparameter flow cytometry can provide simultaneous quantitative 
measurements of many different structural and/or functional cellular attributes at a 
rate of several thousand cells per second (See Muirhead et al. 1985; McSharry 1994). 
These include determination of both intrinsic (i.e. cell size, shape, cytoplasmic 
granularity, viability and even pigmentation [hemoglobin, chlorophyll]) as well as 
extrinsic cellular properties (i.e. surface antigens, lectin binding and nucleic acid 
[RNA, DNA] content). In the present study, the analysis and sorting capabilities of a 

+ Recall that the retention times that were determined for the corresponding purine standard of adenosine (and each 
of its mono- di- and triphosphorylated nucleotides) were 12.0,13.3,16.4 and 18.4 min (RP-IP HPLCVB/UV254) and 
12.5 (12.3),13.5 (13.3), 15.5 (15.3), and 17.1 (16.9) min (RP-IP HPLCVB/ESI MS [SIR]), respectively (See Table 3.3 
and Fig 3.56). 
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fluorescence-activated cell sorter were examined as a method for selectively 
harvesting herpesvirus-infected cells from uninfected cells in experimentally mixed 
SW cell populations, and then scrutinizing extracts prepared from these cells, for 
PCV-TP-specific transitions using electrospray tandem mass spectrometry. 

It is because ESI MS/MS does not require the use of a radionuclide-labeled 
parent compound, that this technology can be used to study the pharmacokinetics of 
the intracellular metabolites of penciclovir (or famciclovir) in humans, a feature 
which, correspondingly, could contribute greatly to the development of a method 
useful in monitoring the therapeutic efficacy of this and of related nucleoside 
analogues. For example, cells obtained from the vesicular fluid of zosteriform 
lesions could be analyzed to determine the PCV-TP levels in individuals with 
herpes zoster and thus afford an opportunity to vary the antiviral therapy 
accordingly. To reliably determine the intracellular levels of these bioactive 
metabolites, however, would require the capacity to isolate from lesions, sufficient 
numbers of herpesvirus-infected cells for ESI MS/MS analysis*. It was with this 
understanding that the cell sorting capability of a fluorescence-activated cell sorter 
(FACS) was considered. However, with famciclovir being only very recently 
approved for the treatment of herpes zoster (Sec 1.7.2.5), samples of blister fluid 
from FCV-treated herpes zoster patients were, at the time of this study, not yet 
available for analysis. It was for this reason that we applied flow cytometry to 
collecting herpesvirus-infected/PCV-treated cells, instead, from experimentally 
reconstructed populations of infected and uninfected cells, and then using ESI 
MS/MS to analyze extracts prepared from cell harvests. 

Although flow cytometry has been used predominantly in immunology as a 
tool for preparing and studying isolated populations of viable immune effector cells, 
more recently it has also come to be used in other fields of scientific research, 
including cell and molecular biology, pathology, as well as in diagnostic 
microbiology and even antiviral pharmacology (See Lovett etal. 1984; Hughes 1993; 
Wattre 1993; McSharry 1994; Mann and Woods 1995). For example, several non-
human herpesviruses have been identified and quantitated using flow cytometry, 
including: pseudorabies virus (Saalmuller etal. 1993), and Bovine HSV (Liang etal. 

1993). 

According to Morse etal. (1993), the plasma levels of acyclovir (if not most ifc-dependent nucleoside analogues) is the 
same as these of the parent drug in the blister fluid of herpesvirus-induced lesions. However, exactly how closely 
the intracellular levels of the bioactive triphosphates of these agents compare to levels found in blister fluid - if 
any, has yet to been determined. Therapeutic drug monitoring of these agents (or more precisely, of their bioactive 
metabolites), therefore, would be more appropriately determined in the herpesvims-Wected cells contained by 
these lesions. 1 
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Certainly, many different aspects of infection by most, if not all, the human 
herpesvirus strains have also, at some point, come to be examined with flow 
cytometry. Predictably, many of these studies have focused on gauging the immune 
response of the host to the virus infection. For example, FACS has been used for the 
detection and quantitation of antibodies to HSV type-1, HSV type-2 (McHugh et al. 
1988; Caruso etal. 1993) and of antibodies to HCMV in human sera (McHugh etal. 

1988). Flow cytometry has also been used to demonstrate modifications to immune 
effector cells (i.e. macrophages, granulocytes, natural killer cells and cytotoxic T-cells) 
during HSV infection (Berra etal. 1994; Azumi and Atherton 1998) and to determine 
HSV type-1 and HCMV-induced expression of the cell adhesion (ICAMi) - a 
molecule thought to play a critical role in the initiation and amplification of the 
immune response (Yamamoto etal. 1993; Stuart etal. 1997). FACS has even been used 
to study the induction of apoptosis in human peripheral T-lymphocytes 
(characterized by the fragmentation of nuclear DNA into 180-200 base-pair apoptotic 
elements [See Wattre etal. 1996]), as a result of HSV type-1 (Tropea etal. 1995; Ito etal. 

1997), HHV-6 (Inoue etal. 1997), as well as EBV (Akbar etal. 1993; Wilson etal. 1998) 
and VZV infection (Akbar et al. 1993). Flow cytometry has similarly been used to 
measure the lymphoproliferative response in primary (Maingay etal. 1989) as well as 
recrudescent HSV type-1 orofacial infections (Maingay etal. 1989; Vesty etal. 1989) to 
demonstrate the changes that occur to human peripheral blood mononuclear cell 
reactivities following primary HSV type-1 infection (Yamamoto etal. 1993), and to 
measure changes in the intracellular levels of several different cytokines (including: 
interleukin-1 alpha, -1 beta, -2, -4, -6, -10 and -12 [ILia, -2, -4, -6, -10, -12], interferon-
gamma [INFy] and tumor necrosis factor-alpha [TNFa]) (Yamamoto et al. 1993; 
Ghanekar et al. 1996; Ito et al. 1998). FACS has also been used to demonstrate the 
presence of HSV receptors on different human lymphoid cells (Bouayyad and 
Menezes 1990), to demonstrate cytokine [INFa, -p]-producing (and an accumulation 
of INFa, -p-dependent) leukocytes in the regional lymph nodes of HSV type-l-
infected mice (Riffault etal. 1996) and to demonstrate that INF a, -y decreases the 
expression of herpesvirus-specific antigens on cultures of HSV type-l-infected 
human foreskin fibroblasts (Steele-Moritmer etal. 1990; See below). 

In studies of Epstein Barr virus (EBV), flow cytometry has been used to 
examine the binding of biotinylated virus onto susceptible cells (Inghirami etal. 1988) 
to identify, quantitate and determine the persistence and regeneration (turnover) of 
the EBV-receptor on both normal as well as certain tumor cells (using instead), 
fluorescein-conjugated EBV (Wells etal. 1981; McCune and Volsky 1984) and it has 
even been used to demonstrate this virus's ability to infect epithelial cell cultures 
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transfected with the CR2 EBV-receptor molecule (Li et al. 1992). Others have used 
flow cytometry to demonstrate that EBV-receptors are present on B-lymphocytes 
(Inghirami et al. 1988), how these receptors are distributed among the various B-cell 
subpopulations (Harabuchi et al. 1988) and that they are not present on T-
lymphocytes, natural killer cells or monocytes (Inghirami etal. 1988). Similarly, flow 
cytometry has been used to characterize the latent and replicative phase of EBV 
infection of peripheral blood B-lymphocytes by measuring the binding of EBV-
specific/multiple fluorescein-labeled antisense oligonucleotide complexes (Crouch et 
al. 1997; Stowe et al. 1998). Likewise, flow cytometry was used to demonstrate 
fluctuations in membrane potential in EBV-bound B-lymphocytes, and that such 
fluctuations were not apparent in similarly exposed T-cells (Rosenthal and Shapiro 
1983). Interestingly, Sauvageau etal. (1990) used flow cytometry to show that certain 
human T-cell lymphomas, as well as a specific T-cell subpopulation, may bind EBV, 
although this binding did not necessarily lead to an expression of EBV-induced 
surface antigens on cells. Flow cytometry was also used to measure the intracellular 
expression of early gene products of in vitro EBV infections (Lidin etal. 1993), as well 
as to study the expression of EBV-encoded latent membrane proteins in infected 
cells and to relate such expression to specific changes in culture conditions (Boos et al. 
1990). More recently, flow cytometry was used to investigate the in vitro chemical 
induction of latent EBV (Jenson etal. 1998) and of activation of EBV replication by 
HHV-6 infection (Flamand etal. 1993). Finally, others have used flow cytometry to 
examine the tumorigenic potential of the herpesviruses (in particular, EBV), the 
changes induced in the B-cell phenotype (Gamier etal. 1993) and to detect retroviral 
vectors in tumor cells carrying the HSV i f c gene — a property that renders these 
HSVf/c competent cells susceptible to GCV treatment (Kaneko etal 1995; [See Munshi 
etal. 1997]). Interestingly, FACS has also been used to measure cellular thymidine 
kinase (TK) activity in mixtures of both normal and neoplastic cells (Hengstschlager 
and Wawra 1993). 

In studies of cytomegalovirus (CMV), flow cytometry has been used to detect 
the presence of CMV-induced antigens on fibroblasts (Elmendorf etal 1988; Schols et 

al. 1989; Basgoz et al. 1992) and freshly isolated monocytes (Maciejewski et al. 1993). 
More interestingly, from a pharmacological perspective, flow cytometry has more 
frequently been used to determine the antiviral properties and the cytotoxic profiles 
of a number of compounds on laboratory strains and clinical isolates of HCMV 
(Nyets etal. 1991), including: GCV (McSharry etal. 1998a,b); GCV and PFA (Lipson etal 

1997); GCV and HPMPC (Nyets et al. 1990), GCV and both HPMPC and HPMPA -
along with some their cyclic (cHPMPC and cHPMPA) congeners (Snoeck et al. 1991) 
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and of most of the above agents as well as that of ACV (Andrei etal. 1991). Nassiri et 

al. (1990) similarly describes the use of flow cytometry to determine the cytotoxic 
profiles of a panel of acyclic halogenated tubercidins in uninfected human 
neoplastic cells, before assessing (again by flow cytometry) their antiviral activity 
against CMV (Nassiri etal. 1991). Flow cytometry has also been used to as a method 
for detecting antiviral resistance of modified CMV strains against several anti-
HCMV nucleoside analogues (Engers etal. 1997; Kesson etal. 1998). In a similar study, 
the in vitro antiviral sensitivity of HHV-6 to ACV, PCV, GCV, BCV, BVDU, PFA, 
HPMPA and HPMPC was shown to correspond to that demonstrated by HCMV. 
This was done by quantitating the expression of virus-specified antigen on virus-
infected cells using flow cytometry (Reymen etal. 1995). 

In studies of VZV, flow cytometry has been used to detect virus-specified 
glycoproteins on the membrane surface of infected cells (Snoeck et al. 1992), their 
temporal expression (Litwin etal. 1990) and how this expression is influenced by a 
variety of cytokines including: INFa, -p, -y; TNF a , -p; and ILip, -6 (Ito etal. 1992). FACS 
analysis was also used to evaluate the anti-VZV activity of a panel of anti-
herpesvirus agents (including: BVDU, HPMPA, HPMPC and possibly ACV and 
PFA+) against both ^-competent (VZV f f c +) and ^-deficient (VZV f f c') VZV strains 
(Snoeck et al. 1992). In a more recent study, these, as well as a number of other 
antiviral agents (including araA, araT, PFA, PAA, FIAC, BVaraU, GCV, H2G and 
PCV), were also evaluated for their activity against VZVtk+ and VZVtk~ strains 
using flow cytometry (Andrei etal. 1995) 

Finally, flow cytometry was instrumental in the initial detection, isolation 
and subsequent identification of HHV-7 (Frenkel etal. 1990). 

The present study has demonstrated that the fluorescence-activated cell sorter 
can quickly and reliably discriminate between both the light scatter and immuno
fluorescence profiles of HSV type-l-infected and uninfected cells. In this respect, our 
findings are similar to other studies that have used flow cytometry to demonstrate 
HSV type-1 (and HSV type-2) - specific immunolabeling of cultures infected with 
laboratory strains or clinical isolates of the virus (Aurelian etal. 1979; Aurelian 1982; 
Jennings etal. 1987; Goolsby etal. 1988; McSharry etal. 1990; Steele-Mortimer etal. 1990; 
Sodora etal. 1991; Dolter etal. 1992; Skoff and Holland 1993; Pavic etal. 1997). 

Although the report by Snoeck etal. (1992) suggests that both acyclovir and phosphonoformate were examined as 
part of their investigation, no mention of the findings associated with the use these compounds is provided in the 
results or discussion of their report. 
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Although not a focus of the present study, other investigators have 
demonstrated that the level of sensitivity and specificity provided by flow cytometric 
assay in the study of the human herpesvirus as being excellent (See McSharry 1994). 
For example, flow cytometry was shown to correspond closely to (Nyets et al. 1991), 
and in several ways even exceed the usefulness of, conventional fluorescence 
microscopy (Garner et al. 1984; Jenson et al. 1998). Flow cytometry has also been 
described as being a far more objective, and a less labour-intensive and time-
consuming substitute to using cytopathic effect-based assay systems, such as the 
plaque reduction assay (McSharry et al. 1990; Steele-Mortimer et al. 1990 Pavic et al. 
1997). 

From a pharmacological perspective, Herpes Simplex Virus infections have 
been studied using flow cytometry to determine changes in the uptake and 
distribution of several antimetabolites as a consequence of infection. For example, 
FACS was used to determine the amount of bromodeoxyuridine (Lehtinen et al. 
1989), and mithramycin+ uptake (Dunn et al. 1978) in HSV type-2 and HSV type-l-
infected tumor and normal eukaryotic cell lines, respectively. FACS has also used to 
investigate both the antiviral (Rosenthal et al. 1987; Steele-Mortimer et al. 1990) and 
cytotoxic properties (Rosenthal et al. 1987) of several anti-HSV agents (including 
INFa, -y, phosphonoacetic acid and acyclovir) — although, in the study by Rosenthal 
et al. (1987), herpesvirus-specific immunolabeling was not used++. In a more recent 
study, Pavic etal. (1997) describes the development of a quantitative flow cytometric 
method for determining HSV type-1 susceptibility to ACV, GCV and PFA, based on 
the measurement of virus-specific antigen expression in HSV type-l-infected 
human foreskin fibroblasts. 

In the present study, FACS was used to selectively harvest, according to pre
defined light scatter and immunofluorescence parameters, herpesvirus-infected SW 
cells from experimentally reconstructed populations of herpesvirus infected and 
uninfected cells for the purpose of ESI MS analysis. Although we were able to 
demonstrate that collisional activation of cell extracts, when analyzed by flow-
injection tandem mass spectrometry, is a very rapid and sensitive method for 
determining the intracellular levels of the bioactive (triphosphorylated) metabolites 
of herpesvirus-infected/penciclovir-treated cells in vitro, it was apparent that neither 
single ion recordings or multiple reaction monitoring of these extracts could be used 

f Mithramycin (Plicamycin) is a highly cytotoxic antibiotic which has been shown to provide some clinical benefit 
in the treatment of certain testicular neoplasms (Calabresi and Chabner 1990). 

t + Instead, the cytotoxic and antiviral activities of these agents were gauged as a measure of HSV-induced changes in 
the cellular D N A content as indicated by the amount of propidium iodide staining present. 
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to detect a definitive PCV TP-specific ion signal any time samples were flow/direct-
injected into the mass spectrometer. This was almost certainly a consequence of the 
inorganic salts introduced into samples when preparing cells for FACS analysis and 
sorting. We have already stressed how non-volatile/inorganic salts in sample 
extracts can interfere with the ionization process of a mass spectrometer (Sec. 
1.10.3.3; 4.4.2.2.3.2). Our experience has been that even minimal levels of these non
volatile/inorganic salts in cell extracts can interfere with analyte desorption and, 
thus, greatly influence background ion currents. Not surprisingly, this was also true 
of the DI-ESI MS (and MS/MS) assays developed as part of the present investigation. 
Unlike extracts prepared from a cell-adherent monolayer, extracts prepared, instead, 
from cell suspensions (such as those offered by FACS enrichment) were much more 
difficult to wash free of non-volatile/inorganic salts. Despite our best efforts to 
remove these inorganic salts, both the immunocytochemical labeling of cell 
suspensions (used to prepare cells for FACS), as well as the buffers used in the FACS 
analysis and in the cell sorting process itself (which was, in our case, PBS), resulted 
in unsuitably high levels of non-volatile/inorganic salts being present in sample 
extracts — levels that clearly precluded detection by mass spectrometer using direct-
injection methodologies. 

It was only in a final series of experiments — in which direct /flow-injection 
techniques were substituted with our previously developed RP-IP H P L C V B system, 
that we were able to chromatographically separate the non-volatile salts in the 
sample (shown to be carried in the solvent front) from the analyte of interest and, 
thus, discriminate by mass spectrometry, the intracellular levels of the bioactive 
(triphosphorylated) metabolites in herpesvirus-infected/penciclovir-treated cells. 
More simply put, the RP-IP H P L C V B / E S I MS MS assay described as part of the 
present study provided a reliable method for discriminating nucleotide analogue-
specific transitions in cell extracts, even when samples contain an inordinate 
amount of inorganic salt. 

As one final note, ESI MS detection of RP-IP HPLC output (rather than the 
use of mass analyzers in tandem), although not investigated as part of the present 
study, may afford yet another alternative for examining cell extracts prepared from 
FACS sorts. 
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4.5 Concluding Remarks: 

The last several years have witnessed an unprecedented growth in the 
pharmacology of antiviral derivatives. These gains have come, not only from the 
development of nucleoside analogues with ever increasing antiviral efficacy, but 
stem, also, from many significant technological advances as well. 

As the specificity of antiherpesvirus nucleoside analogues continue to 
increase, so too does the impetus to use these agents as molecular indicators of viral 
infection. Logically enough, the availability of such highly-directed antiviral agents 
makes their use as herpesvirus-specific probes ever more practicable. From a 
clinical perspective, for example, radiolabeled antiherpesvirus agents can provide a 
relatively straightforward method for identifying, isolating and thus more closely 
examining herpesviruses expressing antiviral resistance. Within this framework, 
closer examination of HSV thymidine kinase (ffc)-deficient variants may also help to 
provide valuable insight as to why these organisms exhibit largely abated neuro
tropic properties relative to their wild-type counterparts. 

As a part of the present study, we were successful in developing an autoradio
graphic technique which we then used to visualize the diffusable (metabolically-
trapped) bioactive metabolites of the ^-dependent nucleoside analogues: IVaraU 
and PCV. We demonstrated, further, how these radiolabeled antiherpesvirus 
nucleoside analogues (when used in combination with immunocytochemistry) 
could expeditiously and unambiguously discriminate in experimentally 
reconstructed populations of these viruses, tfc-competent from tfc-deficient human 
herpesvirus strains, a novel application of both these antiviral derivatives (Smyrnis 
etal. 1993). Finally, this autoradiography technique was also used to confirm both the 
growth of herpes simplex virus and of varicella-zoster virus in primary cultures of 
rabbit neuroglia, and in cultures of a human neural cell line, respectively. 

Combining computer-assisted image densitometry and our method of plaque 
autoradiography provides the foundation for automating in vitro determination of 
antiviral resistance in patient samples — in which radiolabeled nucleoside analogues 
(even those agents which are not incorporated into DNA) are used to probe for 
antiviral resistance in large numbers of samples at a time. Because not all drug-
resistant herpesvirus strains demonstrate equivalent resistance to all ffc-dependent 
nucleoside analogues, this methodology could be used to determine the suitability 
of alternative nucleoside analogues used to treat a particular herpesvirus infection. 
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Our objective of demonstrating the in vivo radioimaging utility of [*I]-IVaraU 
in an animal model of HSE was not nearly as forthcoming. Although we were able 
to generate X-ray film images from histological sections of HSE rabbit brain, these 
images — in general agreement with direct gamma counts of corresponding tissue 
sections, were very faint, requiring computer-assisted enhancement before even 
attempting to make comparative analyses. Although immunohistochemical 
staining of these sections indicated that herpesvirus could be detected in the 
ipsilateral olfactory-temporal regions of these brains, still, only the most heavily 
infected (far rostral) brain areas (again, determined by immunohistochemistry), 
were shown to generate — what was even then, weak autoradiographic images. 
With this in mind, several failed attempts at producing a definitive external gamma 
camera scintigraphic images of regionally sequestered [*I]-TVaraU in HSE animals, 
although singularly disappointing, was not altogether unexpected. This still begs 
the question: that if, indeed, IVaraU maintains a distinguished measure of 
herpesvirus-directed specificity, that by substituting a gamma-ray emitting isotope of 
iodine into the native structure of this halogenovinyl nucleoside analogue endows 
the molecule with an energetics-profile suitable for external scintigraphic detection, 
that this derivative resists in vivo degradation, and that the molecule appears to 
possess sufficient lipophilicity to enter herpesvirus-infected tissues, then why were 
scintigraphic images of this radioiodinated antiviral not obtained from these 
animals? Of course, there is no single definitive explanation for this deficiency, 
although several important factors could have contributed collectively to this 
shortcoming. For example, IVaraU's demonstrated propensity for binding serum 
albumin and the time needed to clear unmetabolized (although, still, radioactive) 
parent compound would have certainly maintained levels of background 
radioactivity sufficiently high so as to obscure regio-specific detection of weaker 
signals. Similarly, although the equipment used to image HSE rabbits was very 
sophisticated, the external gamma camera was, nevertheless, obviously intended to 
visualize the distribution of radioisotopes in humans. Our use of what was clearly 
too large a collimator/line detector for such a small animal would have necessarily 
only added to our inability to identify a regio-specific gamma source. Finally, even 
though the animal model used in the present study had been instituted (both by us 
and by others) in previous investigations of herpesvirus infections of the CNS, the 
protean nature of such infections put into question if, in fact, adequate focal 
involvement of these deeper CNS regions had allowed sufficient accumulation of 
radiolabeled metabolites necessary for detection. Certainly, much of the 
immunohistological evidence presented in this study seems to suggest that perhaps, 
in all cases, it had not. However, as recently evidenced by those who have 
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accurately monitored, in animal models, the HSV tfc-specific uptake of structurally 
related analogues by retrovirus transduced glioma cells, there remain strong 
indications to suggest that external gamma camera imaging of herpesvirus-specific 
derivatives may still provide a means for vizualizing focalized herpesvirus 
infections in the CNS — if not with this particular nucleoside analogue, then 
perhaps with a different, yet to be developed, antiherpesvirus derivative. 

It is clear that a fundamental principle in defining the pharmacological 
properties of any antiviral derivative resides in the capacity for accurately detecting 
these agents (or more specifically, their bioactive metabolites) within a complex 
biological matrix. As we have seen in our studies of IVaraU, the use of radiolabels 
can greatly facilitate such designs. However, the implementation of all but a few 
radionuclides necessarily precludes their use in in vivo pharmacological studies 
involving humans. It was for this reason that, in a progressive series of 
experiments, we endeavored to develop, and then apply, a method of assaying cell 
extracts for the presence of the bioactive metabolites of clinically-relevant nucleoside 
analogues in an assay that would permit pharmacokinetic determinations of these 
metabolites in humans — without the use of radiolabels. 

We were successful in duplicating the conditions of a previously described 
HPLC/radiometric assay, which was then used to examine the pharmacokinetics of 
acyclovir and penciclovir in a continuous human neural cell line infected with 
varicella-zoster virus (Sacks etal. 1994; Bebault etal. 1995a,b). However, because it was 
our intention to develop an assay that would necessarily avoid the use of 
radionuclides, we sought to develop, in a parallel series of experiments, an assay 
system based on the selectivity and sensitivity afforded with mass spectrometric 
detection - both independent from, as well as in combination with, high-
performance liquid chromatography. Towards this end, we were able to formulate a 
volatile buffer system which we used to chromatographically separate (RP-IP 
HPLCVB/UV254) and collect (from mixed laboratory standards in solution) PCV and 
each of its phosphorylated derivatives (Smyrnis et al. 1996c). We followed this by, 
again, using our volatile buffer system to chromatographically separate a standard 
mixture of PCV and its phosphorylated derivatives - but then identified individual 
analytes, instead, using electrospray (ionspray) mass spectrometry (Smyrnis et al. 
19961), using a technique (RP-IP H P L C V B / E S I MS/MS), which we were later able to 
use to detect PCV-TP in extracts prepared from cultures of herpesvirus-
infected/PCV-treated neural cells (Smyrnis etal. 1996b). 
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In concurrent experiments, we also demonstrated that "stand-alone" (direct-
injection) ESI mass spectrometric analysis (in this case, the use of a single mass 
analyzer; SIR) could be used to detect PCV and each of its phosphorylated 
derivatives in solutions prepared from experimental standards. However, we also 
discovered that the level of specificity afforded with the use of a single mass 
analyzer was insufficient for discriminating these analytes in samples prepared from 
cell extracts. 

Near equivalent sensitivity ~ with an exceptional increase in assay specificity, 
was ultimately achieved when direct-injection analyses of cell extracts were, instead, 
performed using two mass analyzers operated in tandem — although this required 
that an analyte-specific transition first be determined. Significantly, this series of 
investigations revealed the phosphoryl moiety of all the nucleotides and nucleotide 
analogues examined to be particularly refractory to fragmentation during collisional 
activation. In substantiating both high reproducibility and robustness, it was 
decided that the nucleotide'"*phosphoryl transition was the most reliable indicator 
of these analytes in MRM analyses. Having resolved the most appropriate method 
of extracting these metabolically-trapped nucleotides from cell cultures, we then 
used DI-ESI MS/MS to determine PCV-TP levels in cell extracts prepared from a 
HSV type-l-infected human neural cell line (Smyrnis etal. 1995). We later used DI-
ESI MS/MS to compare the relative amounts of PCV-TP and ACV-TP produced by 
similarly infected cell cultures (Smyrnis et al. 1996e), and then used this mass 
spectrometric assay to determine the intracellular pharmacokinetics of PCV-TP, 
again, in a tissue culture system (Smyrnis et al. 199d). Finally, in affiliating this 
combination of liquid chromatography and mass spectrometry, further still, with 
flow cytometry, we were ultimately able to detect the bioactive metabolites of PCV in 
immunologically-defined (herpesvirus-infected) cell sorts (Smyrnis etal. 1996a). 

The ramifications of maintaining a capacity for accurately determining the 
intracellular levels of a nucleoside analogue and its metabolites in human 
specimens without the use of radiolabels could be far reaching — not only impacting 
on the pharmacology of this antiherpesvirus nucleoside analogue, but of antiviral 
derivatives in general. 

At the time we began this investigation, famciclovir had not yet been licensed 
for the treatment of herpes zoster infection. As a consequence, we did not have an 
opportunity to determine if our method of on-line RP-IP H P L C V B / E S I MS/MS 
analysis of cell extracts of FACS cell sorts could be used to monitor the intracellular 
levels of PCV-TP in the cells contained in zosteriform blister fluid. Now that a 
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patient base is available, such an undertaking not only becomes practicable, but may 
be well advised. Another logical, although not altogether removed, extension of 
these studies would be to apply this highly sophisticated combination of analytical 
methods to determining the pharmacological profile of newly developed (as well as 
presently available) antiretroviral nucleoside analogues. This is important, not only 
because of the narrow therapeutic drug concentrations possessed by many of these 
derivatives, but also because of the already referred to inter- and intra-patient 
variability demonstrated by these agents and their metabolites. Undoubtedly, as 
new antiretroviral agents are introduced, ever changing combinations of these 
derivatives will continue to be examined as methods for managing to HIV-
infection. Not only might RP-IP H P L C V B / E S I MS/MS be used to determine 
therapeutic drug concentrations in patients taking these agents, but that the levels 
(of several) of these derivatives and their metabolites could be monitored in extracts 
prepared from specific immunocytologically-defined (presumably CD4+) immune 
effector-cell subsets, in a single assay. 

We have emphasized how developing a method that can discriminate the 
metabolites of an antiviral agent from the structurally-cognate elements contained 
in the cellular milieu represents a formidable challenge. As antiviral agents with 
perpetually increasing efficacy are introduced, ever more powerful methods will 
have to be developed to accurately measure their presence in complex biological 
samples. Our technique of combining RP-IP HPLC with ESI tandem mass 
spectrometric detection provides the groundwork for developing a method that 
could be used to monitor in — or near, real-time drug level concentrations in 
individuals receiving antiviral therapies, a technique that would be especially 
useful in maintaining close and continuous vigilance on antiviral therapies 
involving the use of agents of more narrow, or of uncertain therapeutic benefit. 

The last 25 years have given us many extraordinary technological advances, 
including: the development of reverse-phase HPLC, the introduction of API mass 
spectrometry, the development of the fluorescence-activated cell sorter/hybridoma 
(monoclonal antibody) methodologies and, of course, the introduction of the 
nucleoside analogue-class of antiviral derivative. Each has contributed collectively 
to bringing the present study to fruition. Understandably, it is with confident 
expectation that we look toward the benefits that developments such as these will 
bring to the field of antiviral pharmacology and therapeutics as we prepare to enter 
the new millennium. 
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