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Abstract

To help determine the sites of action of cholinergic drugs in man, for the first time, in
vitro autoradiographic techniques were employed to characterize the anatomical
distributions of muscarinic acetylcholine binding sites and three different muscarinic
receptor subtypes in the post-mortem human eye. Additional studies included in situ
hybridization localization of one of the muscarinic receptor subtypes, and the examination
of the distributions of two second messenger molecules of the inositol phosphate pathway
to which several muscarinic receptor subtypes are believed to be coupled. To localize nonsubtype specific muscarinic receptor binding sites, in vitro autoradiography was performed
on anatomically intact sections of the human eye using the radioligand [^HJquinuclydinyl
benzylate (QNB). Muscarinic binding sites were detected in the ocular smooth muscles and
the ciliary epithelium in the anterior segment of the eye, but not in the cornea. They were
also localized in the retina, retinal pigment epithelium and choroid of the posterior segment.
These qualitative results were consistent among all the different eye specimens studied,
however there were marked variations in the quantitative densitometric measurements of the
relative amounts of binding between different donor eyes.
To specifically localize Ml. M2. and M3 muscarinic receptor subtype binding sites,
[3H]pirenzipine, [^tPoxotremorine, and [3H]4-diphenylacetoxy-N-methyl-piperidine
methiodide ([3H]4DAMP) were used respectively. In the anterior segment.
[^Hlpirenzipine binding sites ( Ml) were found in the iris, ciliary muscle, and ciliary
epithelium while [^HJoxotremorine binding sites (M2) were specifically localized only in
the longitudinal portion of the ciliary muscle. The distribution of M3 binding sites
determined indirectly by [^HJDAMP competition with pirenzipine was in all structures
labelled by [^HJQNB, and in addition, was detected in both the corneal epithelium and the
actively dividing cells of the lens epithelium. In the posterior segment, both
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[3H]pirenzipine and [3H]oxotremorine binding sites were specific for the retina only, in
contrast to the M3 binding sites found in the retina, retinal pigment epithelium, and
choroid.
As the distribution of M3 binding sites was determined indirectly by [3 H] D A M P
competition with pirenzipine, this subtype was further explored at the m R N A level.
Northern Blot Hybridization on total R N A extracted from the human eye anterior segment
was performed using a [32p] m3 oligonucleotide, and detected a single transcript. By in
situ hybridization, using an fi^S] m3 oligonucleotide, the m3 mRNA was localized in the
same structures identified as having M3 binding sites, and in addition, was detected in the
trabecular meshwork and corneal endothelium.
Two second messenger molecules, IP3 receptor and PKC were localized by in vitro
autoradiographic studies with [^Hlinositol ( 1,4,5) triphosphate and [3H]phorbol-12, 13dibutyrate. They were found in all of the structures found to localize M l and M3
muscarinic receptor subtypes.
Muscarinic receptor subtypes were localized by in vitro autoradiography and in situ
hybridization. The results may be valuable to understanding the effects and side effects of
cholinergic drug therapy, to the rationalization of new therapeutic strategies in diseases of
the eye, and to the further research of these and other receptors in normal and
pathologically affected human donor eyes.
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CHAPTER 1: INTRODUCTION
" What are the distributions of muscarinic receptor subtype binding sites
in the human eye ?" has been the question that has driven this thesis work.
In order to understand the nature of the ocular cholinergic system in the
eye, it is important to be familiar with its neurochemical organization. The
anatomical localization of the specific receptors with which cholinergic
drugs interact, is fundamental to deteirnining their primary sites of action
in the eye. Recent technological advances in pharmacology and molecular
biology have provided the tools with which to localize muscarinic receptor
binding sites in post-mortem eye tissue, and have also expanded previous
knowledge about muscarinic receptor subtypes. In order that the reader
understand the initial and ongoing interest behind the experimental work
undertaken to describe the anatomical organization of muscarinic receptor
subtypes in the human eye, I would like to start this thesis with some
general background information. The main topics to be covered include:
advances and importance of receptor identification and localization, the
general functional diversity of muscarinic receptors,

the muscarinic

cholinergic system in the eye and its exploitation in ophthalmological
conditions including glaucoma, pharmacological and molecular biological
evidence for muscarinic receptor diversity, second messenger systems in
general, muscarinic receptor subtypes coupling to second messengers, and
the importance of localizing muscarinic receptor subtypes in the human
eye.
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Background
Much of modern pharmacology derives from attempts to understand
and to exploit the regulatory proteins involved in the translation of
extracellular signals into intracellular physiological events. Many of these
proteins are components of plasma membranes and serve as receptors for
neurotransmitters, hormones, and a multitude of drugs. The capacity of
cells to discriminate between numerous extracellular chemical stimuli is
through the presence of highly selective receptors, which recognize a given
chemical signal. This is the first step in the signal transduction process
through which cell responses are mediated.
The elucidation of physiological receptors in the eye depends heavily on
pharmacological tools such as drugs and ligands. Thus, much of our
understanding of the regulation of ocular pharmacology comes from
observations of functional ocular responses to the actions of drugs. In spite
of this, the functions of ocular cells types in the eye are poorly understood
with respect to underlying molecular mechanisms. This has hampered
interpretations of both therapeutic and adverse ocular drug effects, and the
ability

to rationally design new pharmacological

strategies.

Before the mid 1970's, there were few ways in which to study the
interaction of neurotransmitters, hormones, or drugs with cells. The most
widely used approach was to observe the functional response to applied
agonists and antagonists in an intact isolated organ, for example, the ciliary
muscle. This method has provided an important wealth of information
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regarding the efficacy and functional activity of agonists on various tissues
in the eye. The experimental approach to the study of receptors was
improved substantially in the mid-1970's with the introduction of direct
radioligand binding (1,2), a technique that uses labelled drugs with high
specific radioactivity, and a high affinity for the receptor, allowing the
identification and study of receptors directly. Since then, receptors have
become a central focus of investigation of drug effects and their
mechanisms of action.
The cholinergic system of the eye regulates numerous functions,
including the lowering of intraocular pressure. This is the therapeutic goal
of medical therapy in the treatment of glaucoma. However, the exact
mechanisms by which most normal ocular events occur in response to
cholinomimetics are far from understood.

Acetylcholine and Muscarinic Receptors
In the eye, acetylcholine is the neurotransmitter of the parasympathetic
division of the autonomic nervous system, and in general, regulates the
activities of structures that are not under voluntary control. To describe
those neurons which liberate Ach, Dale in 1954, proposed the terms
cholinergic. He further classified "cholinoceptive" postjunctional sites

acted upon by Ach into muscarinic-like and nicotinic-like, based on the
effects of two alkaloids, muscarine and nicotine (3). By convention, the
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cholinomimetic effects of Ach and related drugs at autonomic effector cells
are referred to as muscarinic effects. These effects are initiated by their
interaction with muscarinic receptors.
Muscarinic receptors found in many different cell types (4), are
involved in numerous physiological processes. They are involved in nerveto-nerve transmission, and a variety of neurons in both the central and
peripheral nervous systems express muscarinic receptors (5). Most smooth
muscles contain muscarinic receptors that in general mediate contraction
(6, 7). In cardiac muscle, muscarinic receptors decrease the rate and
strength of contraction (8). Most endocrine cells have muscarinic
innervation, (9), and muscarinic receptors are also found on exocrine gland
cells throughout the body (10, 11). Various cell types in the lung (12) and
gastrointestinal tract (7, 10) also have muscarinic receptors. As will be
shown later, muscarinic receptors are also found on many ocular
structures.
The identification and localization of muscarinic receptors in these
systems has been an important step toward increasing the clinical usefulness
of muscarinic receptor agonists and antagonists in many pathological
processes. Those agonists and antagonists have been used therapeutically
for many years (3), and although the list is exhaustive, their numerous
applications in various organ systems include anti-tremor treatment in
Parkinsonian patients, the stimulation of contraction in urinary bladder
hypotonia, the reduction of airway resistance in patients with chronic
obstructive lung disease, the reduction of acid secretion in peptic ulcer
disease, and the lowering of intraocular pressure in glaucoma.
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Although the presence of muscarinic receptors in tissues throughout the
body often lends the same drugs to numerous clinical uses, this usefulness is
at the same time limited, because often the therapeutic effects in one tissue
are accompanied by undesired effects in others.

Cholinergic System of the Eye
The presence in the human eye of all the elements of a strong
cholinergic input is supported by a wealth of experimental data. Its rich
parasympathetic innervation has been histologically studied, with the nerve
fibres originating predominantly from the Edinger-Westphal nucleus,
localized in the postero-superior part of the oculomotor complex in the
midbrain, and synapsing in the ciliary ganglion. Most of the continuing
postganglionic parasympathetic fibers terminate in the ciliary muscle and
the iris. Acetylcholine has been detected in many different ocular
structures, including the cornea, iris, ciliary body, retina, choroid, retinal
pigment epithelium, and retina (13-19). Biochemical binding techniques
(1,2) have identified muscarinic receptors in the eyes of many non-human
species.
The functional responses of the smooth muscles, the iris sphincter and
the ciliary muscle, to topically or systemically apphed muscarinic agonists
and antagonists, can be predicted from their neuroanatomy. When bound
by muscarinic agonists, muscarinic receptors located on these muscle cells
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transduce the chemical signal and the effects are pupillary constriction
(miosis), cyclotonia, and accomodation.

Accordingly, antimuscarinic

agents induce mydriasis, cycloplegia, and loss of accomodation. In the
clinical setting, these agents are used daily in the diagnosis and treatment of
variety of ophthalmic disorders.
Pupillary constriction in response to Ach instillation into the eye was
first noted in 1949 (20), and since then,

miotic therapy with

chohnomimetics has had wide applications in ophthalmologic settings. The
clinical use of Ach was first reported in routine cataract extraction postoperatively (21) and today, muscarinic agonists are routinely used for their
miotic effects in the post-operative management of numerous ocular
procedures. In addition, miotics are often alternated with mydriatics in
order to break or prevent the development of adhesions between the iris
and the lens that form as a result of inflammatory conditions such as iritis.
Cholinergic agents are also useful in overcoming the effects of a previously
administered mydriatic such as atropine.
Atropine effectively and reversibly blocks the activation of muscarinic
receptors in parasympathetically innervated ocular structures. An extract
of the plant Atropa belladonna, this alkaloid was used during the
Renaissance to dilate pupils for cosmetic purposes, and thus its name
belladonna (Italian, " beautiful lady "). Administered topically, or in
ointment form, antimuscarinics are widely used in the practice of
ophthalmology, and for the most part, the smooth muscles of the anterior
segment of the eye are the targets of their therapeutic actions. Ciliary
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muscle paralysis is often indicated in the case of young patients in whom
accurate measurement of refractive error is desired. When prolonged
effect is indicated, as in inflammatory conditions such as uveitis and iritis
for the prevention of synechiae formation between the lens and iris,
antimuscarinics are used to paralyze the iris sphincter muscle resulting in
pupillary dilatation (mydriasis).
Apart from the benefits of miotic therapy brought about by the direct
action of muscarinic agonists on iris smooth muscle, these agents also lower
intraocular pressure. Historically, this has been exploited in the treatment
of chronic open-angle glaucoma. Thus cholinergic agents are a mainstay of
therapy in glaucoma today. Although the mechanism by which this occurs
has long been speculative, it is now known that muscarinic agonists lower
intraocular pressure by enhancing aqueous outflow. The topical
admimstration of muscarinic agonists in the monkey and human increases
outflow facility (22, 23), while muscarinic antagonists have the opposite
effect (24, 25, 26). In addition, voluntary accomodation in the human
(27)., and electrical stimulation of the cat third nerve have both been
shown to increase outflow facility (28, 29).
Although these studies suggest that the intrinsic ocular smooth muscles
are involved in the lowering of intraocular pressure, recent investigations
to determine the respective contributions of the iris and of the ciliary
muscle, have shown that the ciliary muscle and not the iris is responsible
for enhancing the outflow of aqueous humour (30, 31, 32, 33). It is now
well accepted that indeed ciliary muscle contraction increases the outflow
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facility seen after cholinergic drug administration, in the absence of an
apparent direct effect on the trabeculum, and thus, the ciliary muscle is the
therapeutic target of cholinergic therapy in glaucoma. Predicted by the
anatomy of ciliary muscle attachment to the trabecular meshwork, the
proposed mechanism is the contraction of a specific bundle of fibres
located most anteriorly within the muscle, and referred to as the
longitudinal ciliary muscle. The tendons of these fibres insert into the
trabecular meshwork ( Figure 1 ). The mechanism of augmented bulk
outflow is considered to be an alteration of the anatomical disposition of
the trabecular meshwork; however, how and where this modification
occurs is unknown.
Although it is clear that cholinergic therapy has numerous applications
in the clinical setting, it is often limited by the general effects that it
produces. For example, in conditions in which constriction of the pupil is
desired, cholinomimetics prove very useful. However, in the treatment of
open angle glaucoma, the miotic effect of these agents is undesirable, and is
considered a "side effect". The decrease in vision secondary to miosis may
preclude the use of these agents in elderly patients with already
decompensated vision due to lens changes. The commonest causes of
treatment failure in the young are the often severe local side effects such as
accomodative spasm. Although less common deleterious effects of these
agents have been documented, it is likely that many other intraocular
processes are affected, the nature of which is as yet unknown.
Additional problems arise in situations where long-term cholinergic
maintenace therapy is required, as in chronic open-angle glaucoma. As a
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Figure 1
Diagram of the ciliary muscle and the relationship of the longitudinal portion to the
trabecular meshwork. Contraction of this muscle improves outflow of aqueous humour.
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consequence of long-term drug administration, not infrequently, the
intensity of effect of a given dose is decreased. Although the mechanism by
which subsensitivity occurs is not clear, it is thought that the target tissue
may be adapting to changes in stimulation by decreasing its muscarinic
receptor numbers (34), its second messenger coupling efficiency (35), or
both.
Although the great utility of these cholinergic drugs is not to be denied,
it would be an advantage to have a drug that accomplished the same
therapeutic goal in a more selective way. In the last 10 to 15 years,
considerable advances have been made in neuropharmacology and
molecular biochemistry. Pharmacological refinements have facilitated
more accurate recognition of receptor molecules allowing much greater
ability to identify and discriminate between different receptor subtype
populations. Advances in molecular biology, through the cloning of
receptor molecules, have provided definitive evidence as to whether a
single receptor subtype represents a distinct gene product. In addition, it
has provides a way in which the genetic material (mRNA) encoding a
receptor protein can be identified. These recent advances have already
greatly increased our understanding of the role of muscarinic receptors in
the physiological and pathophysiological settings of numerous organ
systems, and may be of considerable value in understanding cholinergicmediated processes in the eye.

11

Muscarinic Receptor Diversity: Pharmacological and Molecular Evidence
Until recently, all acetylcholine muscarinic receptors were thought to
be alike. In the last decade however, it has been shown that these receptors
form a heterogeneous population. Evidence for this was initially
pharmacological in origin. Those receptors having high affinity for
pirenzipine were classified as M l muscarinic receptors (36, 37), and those
with low affinity for Pirenzipine were called muscarinic M2 receptors.
Evidence has been presented to suggest that the latter are not a
homogeneous group (38) and more recently, muscarinic receptors
classifications include an M3 subtype (39). The distinction between M l and
other muscarinic subtypes has been further strengthened by evidence for
predominant associations of different muscarinic subtypes with differing
effector systems. The dominant pattern that has emerged in signal
transduction pathways, is one that supports M l and M3 receptor coupling
to inositol phosphate, and M2 coupling to adenylate cyclase (40). Progress
in identifying the M l , M2, and M3 muscarinic receptor subtypes has been
made by using receptor subtype-specific pharmacological ligands.
The most recent and definitive evidence for multiple muscarinic
receptors has come from genetic cloning techniques delineating at least five
different muscarinic subtypes (41, 42, 43). The nomenclature for the
molecular forms has been denoted by the lowercase m's, m l to m5 (41,
42), in contrast to the upper case M l , M2, and M3 muscarinic subtypes
identified pharmacologically.

/

The muscarinic receptors belong to the growing family of seven-helix
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receptors in which are included the rhodopsin and beta adrenergic
receptors, with an extracellular amino terminus and an intracellular
carboxy terminus (44-48). The features of signal transduction common to
this group of receptors include binding the ligand extracellularly, and
transduction of the signal through intermediary cytoplasmic guanosine
triphosphate -binding proteins or G proteins (49). The shared structure of
these receptor proteins by hydropathicity analysis (50) is a single chain of
amino acids that are thought to span the membrane seven times, creating
four extracellular and four intracellular loops ( Figure 2 ). Thought to be
important in the binding of Ach, the transmembrane domains are highly
conserved among the five human muscarinic receptor subtypes (48, 51).
Where these receptors diverge dramatically, is in the large third
intracellular loop connecting the 5th and the 6th transmembrane domains
(52). It is this region that is thought to confer the differential capacity of
muscarinic subtypes to couple to distinct biochemical effectors or ion
channels (53). Moreover, the most distal ends of the loop appear to be
involved in the selective G-protein coupling of the receptor subtypes (54).
Consistent with the primary G-protein specificity of the subtypes in this
region (40, 42), the m l , m3, and m5 molecular species share the greatest
amino acid homologies, as do the m2 and m4 species.
The relationship between the ligand binding site, and the molecular
nature of the mRNA encoding the receptor has been examined, and
although not unambiguously proven, from the testing of a number of
selective antagonists on cell lines expressing individual cloned receptors
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Figure 2

An illustration of the shared general amino acid structure of the muscarinic receptor
subtypes, m l to m5. (Peralta et al, The E M B O Journal. 6(13): 3923-3929,1987)
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(55),

it appears that the m l sequence corresponds to that of the M l

receptor, m2 to the M2 receptor and m3 to the M3 receptor. The
pharmacology of the candidate M4 receptor as well as that of the expressed
m4 and m5 species, while being different from M l , M2, and M3 receptors,
have not been characterized well enough to allow a definite assignment of a
pharmacological M4 ( or M5) receptor subtype.

Second Messenger Systems
The examination of surface receptors in relation to the intracellular
consequences of receptor activation is crucial to understanding the
relationship between a given drug or neurotransmitter, the membrane
receptor, and eventual cell response. The membrane receptor, once bound
by the neurotransmitter or drug, must communicate the information
intracellularly. It does this via two ubiquitous transmembrane signalling
systems, also known as the adenylate cyclase and inositol triphosphate
second messenger systems (Figure 3).
The adenylate cyclase system is well accepted as a major transmembrane
signalling system, pioneered by the discovery of cyclic AMP in the 1950's
by Earl Sutherland and Theodore Rail. Stimulation of the adenylate cyclase
enzyme, leads to the formation of cAMP. Receptors that produce their
actions via the adenylate cyclase pathway first interact with a guanyl
nucleotide binding protein (G protein). The receptors linked or coupled to
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Figure 3
An illustration of receptor-mediated signal transduction pathways following the activation
of adenylate cyclase and phospholipase C.
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Cellular response
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the adenylate cyclase system may act in a stimulatory or inhibitory fashion,
and do so via their interaction with different G proteins that either
stimulate (Gs) or inhibit ( Gi ) the catalytic unit ( C ) of the enzyme.
Although the exact mechanism by which this system operates is not known,
the molecular properties of this system have become increasingly clear in
the last decade. Both the Gs and Gi proteins have been purified to
homogeneity (49, 56, 57) and more recently, have been sequenced and
cloned (58).
In the past 5 years, the inositol triphosphate (IP3) molecule has received
wide appreciation as another major second messenger, and is now believed
to be an integral component of many signal transduction processes linked to
intracellular calcium mobilization (59, 60).

The stimulus for IP3

formation in a cell is the activation of a cell membrane receptor by a
neurotransmitter or drug. This initiates activation of a membrane enzyme
called phospholipase C (PLC), which triggers the breakdown of a
phospholipid cell membrane component called phosphatidylinositol 4,5biphosphate (PIP2), into IP3. Like the adenylate cyclase system, the
interface between transmitter receptors and the phosphoinositide system is
composed of G proteins. The accumulation of the IP3 molecule in the cell
causes the release of intracellular calcium stores most likely from the
endoplasmic reticulum (61). Intracellular calcium can regulate cell function
in many ways.
In addition to IP3 formation, PLC activity leads to the fomation of
another product called diacylglycerol (DAG). DAG is often referred to as
the second limb of this PLC mediated pathway. DAG activates protein
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kinase C (PKC), a phosphorylating enzyme of numerous proteins involved
in signal transduction ultimately leading to cell response (62).

Second Messenger Coupling To Muscarinic Receptor Subtypes
Atempts to define differences in the functional properties of muscarinic
receptor subtypes have led to the observation that muscarinic receptors do
differ in their ability to regulate second messenger formation. On the basis
of the functional responses of individual muscarinic subtypes, two
categories have been established, one containing the odd numbered
species ( m l , m3, m5 ), with the even numbered in the other ( m2, m4 ).
Measurements of agonist-induced responses in Xenopus oocytes and
NG108-15 neuroblastoma-glioma hybrid cells expressing the individual
mAChR species, demonstrate that the ml, m3, and m5 receptors, albeit not
exclusively, couple to the same effector system. In general, these receptors
stimulate the metabolism of inositol phosphates through a pertussis toxininsensitive G protein and also stimulate the release of arachidonic acid,
although via independent pathways (63, 64, 65, 66). This general pattern
for the odd numbered species has also been shown for four human
mAChR subtypes in transfected human kidney cell lines (40). Although
these receptors have also been shown to stimulate an increase in cyclic
AMP levels, it appears that this effect is secondary to inositol phosphate
accumulation (64), as it is known that both IP3 and DG, products of PI
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hydrolysis, increase intracellular calcium and protein kinase C, which then
activates adenylate cyclase (62, 67, 68, 69). On the other hand, in the same
cell lines, the m2 and m4 even numbered receptor subtype species cause a
decrease of cAMP through a pertussis toxin-sensitive G protein.
Occasionally however these even numbered species have also been shown to
weakly stimulate the inositol phosphate response, and although the
mechanism is unclear, it may be that these receptors do not have absolute
selectivity for a single G protein.
The evidence for multiple muscarinic receptor subtypes which appear to
be functionally different based on their coupling with distinct effector
systems has tremendous implication in our further understanding of the
muscarinic mediated physiological and pathophysiological processes in the
eye. A knowledge of the differences between these receptor subtypes at the
molecular level has already produced new and highly selective
pharmacological tools with which to understand their functions. This, and a
knowledge of the specific location of the muscarinic receptor subtypes,
makes it possible to direct drug therapy toward the appropriate subtype,
with potentially new therapeutic cholinergic strategies in clinical medicine.
As yet, the identification and localization of the muscarinic receptor
subtypes is relatively unexplored in human ocular tissues. In the chapters
succeeding General Methods ( Chapter 2), the systematic localization of
several muscarinic acetylcholine receptor subpopulations and second
messenger molecules in donor human eyes will be described in the
following manner: distributions of non-subtype specific muscarinic
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receptors, and the

M l , M2, M3 muscarinic receptor subtypes

pharmacologically determined by in vitro autoradiography studies,
distribution of the messenger RNA for the M3 muscarinic receptor subtype
by the molecular biological approach of in situ hybridization, and
localization of second messenger molecules PKC and IP3 receptor by in
vitro autoradiography. I will conclude the thesis with a general discussion
of the results of these studies and their implications.
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C H A P T E R 2: G E N E R A L M E T H O D S

Specimens
The experiments reported in this thesis utilized the eyes of 35
human donors, obtained post-mortem from the Eye Bank of British
Columbia as outlined in Table 1. We established several criteria for
investigations performed on these specimens. Whole eye globes from
patients having no documented history of acquired or hereditary ocular
disease, of either sex, and between the ages of 24 years and 75 years.,
were accepted within a post-mortem interval not exceeding 12 hours,
during which time the eyes were kept at 4°C following enucleation. The
12 hour period limit was decided on the basis of receptor
autoradiography experiments which indicated that eyes used beyond this
time limit (included in Table 1 ), had significant artifactual binding.

General Processing of Whole Globes
Upon receipt, each pair of donor eyes was oriented using
anatomical landmarks to identify the superior and inferior aspects of the
left and right globes. Beginning with the superior aspect of the globe,
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SEX/

POST-

AGE (yrs)

MORTEM

CAUSE OF DEATH

[3H]

[3H]

QNB

PIREN-

INTERVAL(hrs)

ZIPINE

M/30

7

CARDIOVASCULAR ACCIDENT

M/88

7

MYOCARDIAL INFARCTION

M/61

8

MYOCARDIAL INFARCTION

F/51

9.5

PULMONARY EMBOLUS

M/61

9.5

DROWNING

F/48

9.5

BREAST CANCER

M/62

10

CARDIOMYOPATHY

M/63

11.5

BREAST CANCER

M/75

12

DIABETES

M/59

13

LUNG CANCER

M/66

14

CHRONIC RENAL FAILURE

M/66

14

CHRONIC RENAL FAILURE

M/57

17.5

MYOCARDIAL INFARCTION

F/50

17.5

SUBARACHNOID HAEMORRHAGE

M/60

19.5

SUBARACHNOID HAEMORRHAGE

F/37
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BRONCHOPNEUMONIA

M/57

30

MYOCARDIAL INFARCTION

M/64
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CONGESTIVE HEART FAILURE

[3H]

[3H]

OXOTREM- 4-DAMP

[3H]

[3H]

[32P]

TOTAL

PDBU

IP3

m3

RNA

OLIGO

EXTRACTION

ORINE

*

*
*

*
*
*
*

*
*
*

*
*
*

*
*
*
*
*
*
*
*
*
*

*
*
*
*

*

*
*

*
*

*

*
*
*
*
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AGE (yrs)

MORTEM

CAUSE OF DEATH

[3H]

[3H]

[3H]

[3H]

[3H]

[3H]

[32P]

TOTAL

QNB

PIREN-

OXOTREM-

4-DAMP

PDBU

IP3

m3

RNA

ZIPINE

ORINE

OLIGO

EXTRACTION

INTERVAL(hrs)

M/62

1.5

CARDIOVASCULAR ACCIDENT

M/72

2.5

CARCINOMA OF OROPHARYNX

M/72

2.5

MYOCARDIAL INFARCTION

M/75

3

BRAIN TUMOUR (GLIOBLASTOMA)

M/40

3.5

MYOCARDIAL INFARCTION

M/71

4.5

LUNG CANCER

F/45

4.5

BREAST CANCER

M/58

5

LUNG CANCER

F/42

5

CERVICAL CANCER

M/41

5

MULTIPLE SCLEROSIS

M/39

5

MYOCARDIAL INFARCTION

F/41

5

MULTIPLE SCLEROSIS

M/42

6

LUNG CANCER

F/46

7

BREAST CANCER

M/34

7

BRONCHOPNEUMONIA

*
*

*

*
*

*

*
*

*
*

*

*
*
*
*
*
*
*
*

*
*

*

*
*
*

*

*

*

*

*

*
*

*
*

*
*
*

*

approximately 1.0 cm posterior to the limbus (Fig. 4 ), sterile
microsurgical instruments were used to create an opening of
approximately 1 cm length in the sclera, exposing the vitreous. This was
frozen by apposition with a metallic spatula dipped in liquid isopentane
cooled to -80°C, and an additional opening performed on the inferior
aspect of the globe. The globe was gradually lowered ( 1 min.) into
liquid isopentane cooled to -80°C on dry ice until fully immersed, while
vitreous was seen to extrude through the opening. The hole made in the
sclera was necessary to allow an escape route for the expanding
vitreous, thereby removing the risk of breaking weak anatomical
connections within the globe, maintaining its overall anatomical
integrity. Each eye was individually wrapped in plastic wrap, then
aluminum foil, labelled, and stored at -20°C until further use.

Tissue Preparation For In Vitro Autoradiography
The advantage of this technique was the ability to study the
distributions of receptors in anatomically intact ocular tissue sections.
This was performed in the absence of tissue fixation. The globes were
mounted onto a cryostat chuck with Tissue Tek ( O.C.T. Miles, Inc.)
and positioned for sectioning in a Reichert-Jung cryostat set at between
-18°C to -23°C. Using a sharpened Reichert microtome knife, frozen
tissue sections were cut on a cryostat at a thickness of 20 pm and
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Figure 4
Whole globe of a post-mortem human eye before freezing.
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I

mounted onto subbed glass slides ( 1 % gelatin, 0.001% chromium
potassium oxide). To permit maximal inspection of most ocular
structures, the antero-posterior horizontal plane was used in sectioning.
Due to the lack of tissue fixation, there was considerable difficulty in
maintaining anatomical intactness during sectioning. For each individual
eye, this required the manipulation of parameters such as temperature
of the cryostat, and the orientation of the tissue on the cryostat chuck.
Sections were stored in slide boxes at -20°C for up to 4 weeks before
use, with no apparent effect on receptor binding.

General Receptor Binding Methods
Investigations to define the pharmacokinetic nature of binding sites
were performed by assessing the amount of tritiated ligand which had
bound to an eye section under varying incubation times, wash times, and
concentrations of radioligand employed.. Specific regions of slide
mounted ocular sections were scraped with a single-edged razor blade,
placed onto Whatman filter paper, and counted in a 1218 LKB Rackbeta
scintillation counter, after suspension in Beckman EP scintillation fluid
( 4 mis ). The resulting measurements of radioactivity were used as
indicators of the amount of ligand which had bound to a section.
Where assessments of the quantity and affinity of a receptor in
ocular tissues was desired, sections of tissue were incubated in the
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appropriate buffer, containing increasing concentrations of tritiated
ligand. To determine the total number of binding sites in the tissue
( Bmax), and the equilibrium dissociation constant ( Kd ) which reflects
the binding affinity of the ligand, Scatchard analysis (70) was
performed using the curve fitting program LIGAND (71). To express
the quantity of receptor protein in a tissue section as a portion of the
total protein, the amount of protein in some tissue sections was
determined by the method of Lowry et al (72).
In studies where equilibrium or steady state conditions were
determined, tissue sections were incubated and washed for varying
lengths of time, in buffer containing radioligand at a fixed
concentration. As described above, the radioactivity bound to the tissue
was then measured. By calculating the rate of formation ( association
rate constant or k+1 ) and the rate of dissociation ( dissociation constant
or k-1) of the radioligand-receptor complex, an independent estimate of
the Kd, equal to k-l/k+1 could be calculated.

In Vitro Autoradiography
A l l of the radioligands used in the experiments were labelled with
tritium ( Hydrogen - 3 ( H). The tritium half life is 12.43 ±0.11 years,
3

and therefore the labelled sections could be stored for repeated use. The
type of decay is beta particle emission with a maximum emission energy
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of 0.0186 MeV and mean of 0.0057 MeV. Film for high speed, high
resolution direct autoradiography of tritium labelled compounds and
other weak beta-emitting isotopes is used to detect the location of the
radioligand remaining bound to the tissue sections. Beta particles
emitted by tritium can penetrate only a few um of brain tissue.
Therefore, the closer the film emulsion to the section, the less chance of
overlapping trajectories of radioactive particles and a higher degree of
resolution. Section thickness also influences the degree of resolution, the
thicker sections having a higher probability of overlapping particle
trajectories. Although sections for this technique are cut between 10 um
to 20 um thick, all eye sections were cut at 20 um due to the difficulty
in obtaining thinner sections in an acceptably intact form. The end result
of the apposition of the labelled eye sections to L K B Ultrofilm-

is the

visualization of reduced silver grains ( 1.8 i 0.3 um ) reflecting the
location of the bound radioligand. Since the film response curve is not
linear with exposure time ( radioactivity X time ), autoradiographs may
have relatively different density patterns depending on the time of
exposure. Maximum exposure time was not allowed to go beyond
saturation as determined by tritium standards.
Receptor labelling procedures by in vitro autoradiography were
performed in the following general way. After removal from the
freezer, slide mounted sections included in the experiments were placed
on a tray and allowed to thaw for 5 minutes. Two mis of solution
containing the desired concentration of a radioligand in its appropriate
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buffer were placed onto each slide, and the reaction allowed to proceed.
As a control for non-specific binding, all studies included sections to
which were added additional unlabelled competitor at a concentration
1000 fold the radioligand concentration used in the incubation medium.
Slides were placed in slide racks, and separate washes were performed
for slides with and without unlabelled ligand in dishes containing the
appropriate buffer. Immediately after the wash, sections were dried
under a stream of cool air and stored under a vacuum with dessicant for
12-16 hours. Slides were then mounted onto acid-free board, apposed to
tritium-sensitive film ( LKB Ultrofilm, Amersham ) under dark room
conditions (see Figure 8 ). Exposure times for all experiments varied
from 2 weeks to 13 weeks. The films were developed for 5 minutes,
fixed for 5 minutes ( Kodak GBX ), and then rinsed in running cold
water for 20 minutes before being hung to dry.

Nissl Staining
On a routine basis, several eye sections used in each experiment
were stained with cresyl-violet for detailed anatomical comparison with
the autoradiogram following in vitro receptor autoradiography. In this
way, the Nissl substance in cells is stained. Briefly, the sections were
processed in the following way: several dips in distilled water, cresyl
violet stain (0.5% cresyl-echt violet and 0.2% sodium acetate ( Sigma
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Chemical Co.), pH 3.4) 5 min., 70 % ethanol 30 seconds, 95% ethanol
30 seconds, 100 % ethanol 2 min. X 2, xylene 2 min. X 2. They were
then coverslipped before examination under the microscope.
The anatomical integrity of 20 jam tissue sections, after having
undergone autoradiography and cresyl violet staining, was relatively
good. This is demonstrated in the histological sections shown in Figures
5a through 5e, in which major anatomical ocular structures and cell
types are identifiable and intact, enabling reliable and adequate
comparison with corresponding autoradiograms.

Computerized Densitometry
In order to calibrate receptor binding quantitatively by image
analysis, a series of tritium tissue standards of similar thickness,
prepared by Amersham, were apposed to LKB ultrafilm together with
the sections of each eye, and exposed at the same time. All grey values
of the autoradiograms were calibrated against the optical density
readings of co-exposed density standards (Amersham) made from
tritium-labelled brain grey matter tissue with intervening polymer
layers ( Fig.6 ). The 8 known values of tissue equivalent tritium
concentrations ranged between 0.07 - 6.5 nCi/mg tissue. The
autoradiograms were transilluminated with a fluorescent light source
which was designed to provide a highly uniform field of illumination
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1

Figure 5a and 5b
Human anterior segment histology (Nissl)
Abbreviations: a =anterior chamber angle, c = cornea, e = ciliary epithelium, i = iris,
lm = longitudinal portion of ciliary muscle, m = ciliary muscle, t = trabecular meshwork,
pe = pigmented epithelium, npe = non-pigmented epithelium.
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Figure 5c
Human iris histology (Nissl)
Abbreviations: a = anterior stromal border, p = posterior iris epithelium, s = stroma.
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Figure 5d
Human cornea histology (Nissl)
Abbreviations: c = corneal epithelium, e = corneal endothelium
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3S

Figure 5e
Human posterior segment histology (Nissl)
Abbreviations: c = choroid, g = ganglion cell layer, ip = inner plexiform layer, in = inner
nuclear layer, op = outer plexiform layer, p = photoreceptor layer, rpe = retinal pigment
epithelium. Note: space be ween rpe and c is artifactual separation of the layers.

39

40

Figure 6
A n example of an exposed density standard (Amersham) made from tritium-labelled brain
grey matter tissue with intervening polymer layers. Each of the 8 bands varying in silver
grain density represents a known value of tissue equivalent tritium concentrations ranging
between 0.07 - 6.5 nCi/mg tissue from right to left. By image analysis, mean grey levels in
autoradiograms are calibrated with the optical density readings of a co-exposed tritium
standard, allowing the quantitation of mean grey levels in the region of interest.
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TRITIUM

STANDARDS

r

Al

( Aristo Grid Products Inc. ) and the images were captured and
analyzed by the program IMAGE on a Macintosh II computer equipped
with a video camera and frame grabber. Standard errors were
calculated on the basis of optical density measurements made between a
minimum of 5 adjacent sections on a single sheet of film, in addition to
at least triplicate measurements of a single structure within an eye
section.

Image Analysis System
The imaging system used to capture and quantify autoradiographic data
was composed of the following equipment: Aristo Light Table, Nikon
Micro-Nikkor 55 mm 1:28, Nikon F-C adaptor, Panasonic WV-BD400
CCD ( charge coupled device) Camera, 0.002 uF Capacitor, Sony Trinitron
P V M - 8200J Monitor, Data Translation Quick Capture Board, Macintosh
Ilfx computer, and the Image 1.23 computer program (written by Wayne
Rasband at NIH).
The film containing the autoradiogram to be captured and analyzed
densitometrically by the computer imaging system was first placed on an
Aristo Light Table. This provided an even high intensity source of
illumination. The lens, connected to the camera by a Nikon F-C adaptor,
was used to focus the autoradiogram. The connected camera produced a
linear response to light, such that although absolute quantities changed
proportionately with varying degrees of light, relative quantitative

43

measurements on the autoradiogram were the same. The incoming light
was digitized by the charge coupled device of the camera, converting it to
an electrical signal. A coaxial cable transmitted the electrical signal to a
Sony Trinitron PVM-8200J output monitor, where the image could be
viewed. The same electrical signal was sent to a Data Translation Quick
Capture Board inside a Macintosh Ilfx computer. This board contained
chips called analogue to digital converters (ADC chips) which converted
the incoming electrical signal to digital information assigning it a value of
between 0 and 255, thereby representing the optical density of a single
pixel. These pixels were then assigned a colour reflecting a grey value.
This information was then transferred to and processed by the main logic
board of the computer. Once in the digital form and in its visible form on
the computer screen, no further changes to the information occurred. The
tritium standard with which the autoradiogram was to be calibrated, also
on the same film, was used to obtain absolute measures provided that the
same light level, the same aperture on the camera, and the same focal
distance were maintained.
The use of a high intesity source of illumination avoided artifacts that
are produced by low intensity light flickering. A good quality lens made
the possible error introduced by dust or lens imperfections negligible.
Because the camera that was used produced an artifial high-frequency
signal which was added to the image signal, a 0.002 uF capacitor was added
to the connecting cable as a simple high-frequency filter. This may have
also filtered the image signal resulting in a lower quality of image
resolution. Quantization noise normally introduced at the level of the ADC
chip, resulting from a continuous analogue signal being sampled to a digital
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signal was minimized by using high quality equipment.

M O L E C U L A R B I O L O G I C A L TECHNIQUES
Eye Preparation for In Situ Hybridization
The detection of mRNA was carried out on entire sections of human eye
specimens. Gloves were used for all steps to avoid RNAase contamination.
With no prior treatment, donor human eyes were removed from the 20°C freezer, and 20 (im thick frozen sections were cut in an anteriorposterior horizontal plane on a cryostat set at temperatures varying
between -20°C and -23°C. The cryostat sections were attached to subbed
poly L-lysine-coated slides as they were cut, in order to prevent tissue
detachment during the long hybridization and post-hybridization
treatments, and high temperature washes. The slide mounted tissue was
stored at -20°C for up to two weeks prior to further processing for the in
situ hybridization procedure.
To process the slides, no proteinase K digestion was necessary to
increase the penetration of our probes, as these studies were restricted to
the use of oligonucleotide probes no longer than 50 nucleotides. Selected
slides were removed from the freezer, placed in a slide rack, and allowed
to warm to room temperature. The slides were then placed in a freshly
prepared solution of 4 % paraformaldehyde in PBS fixative for 30 minutes,
and rinsed in PBS. Next, the slide mounted sections were incubated in a
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fresh solution of 0.25% acetic anyhdride in 0.1 M triethanolamine and
0.9% saline, pH 8.0, for 10 minutes to block any positive charges on tissue.
This was followed by a quick dehydration of the tissue in a series of
ascending concentrations of fresh ethanol (50% EtOH, 70% EtOH, 95%
EtOH, 100% EtOH, 100% EtOH) for 3 minutes each. The slides were
drained ( 1 minute ), followed by a defatting of the tissue by incubation
twice in chloroform each time for 5 minutes. The slide mounted tissue
sections were allowed to dry at room temperature for 1 -2 hours. These
sections were then ready for the hybridization procedure and were either
immediately processed, or stored for up to 2 weeks prior to use, at room
temperature in a dust-free slide box reserved only for tissue processed for
hybridization.

Synthetic Oligodeoxynucleotide Labelling

The method that was used to radioactively label these probes consisted
of 3' end labelling using the DNA 3' End Labelling Kit ( Molecular
Biology, Boehringer Mannheim). All probes used were synthetic
oligodeoxynucleotides prepared with free 5' and 3' hydroxyl groups (New
England Nuclear , Dupont Canada). The principle of this labelling
technique involves the addition of deoxynucleotide 5' triphosphates to the
3' end of nucleic acids in a template independent reaction. Using the
nucleotide analogue deoxyadenosine 5' ([35s]alpha thio) triphosphate, a
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homopolymeric tail was produced. Tehninal deoxynucleotidyl transferase
from calf thymus, 25 units/ul, was used to add [oc-35s]dATP (Amersham )
to the 3' end of the oligodeoxynucleotide probe.
To make up the labelling reaction, 10 pm ( 5 p i ) of the probes, stored
at -20°C, was added to 1ml eppindorf microfuge tubes. 5 pi of the reaction
buffer provided by the kit: 5-times concentrated potassium cacodylate, 1
mol/1; Tris-HCl, 125 mmol/1; bovine serum albumin, 1.25 mg/ml; pH 6.6 at
25°C was added to this amount of probe, in addition to 3 pi of the cobalt
chloride solution: 25 mmol/1 provided 5 pi of [a-35s]dATP which had
been stored at -80°C and allowed to thaw for 15 minutes prior to use.
Deionized distilled water, (Millipore), was added to make up a final
reaction volume of 30 pi. Terminal transferase, 5 pi was added last,
removing it from the -20°C freezer just prior to its addition to the reaction
mixture. Quickly, centrifugation of the contents of the reaction mixture for
under 5 seconds was carried out to bring the contents of the microfuge tube
to the bottom. The labelling reaction mixture, now complete, was placed in
an incubator pre-heated to 37°C and allowed to incubate for 1 hour. In this
way, several probes were often labelled simultaneously. To terminate the
reaction, the mixture was placed on ice and to it, 400 pi of 0.1M Tris-HCl,
pH 7.7, 10 mM Triethylamine ammonium acetate (TEA), ImM EDTA
( Reagent A ) was added. This reagent had been previously prepared and
could be stored at 4°C for up to one month before use. The probes, now
labelled, were either purified immediately, or stored at -80°C for extended
periods of time, prior to purification.
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Probe Purification
In order to separate the [35s] labelled oligodeoxynucleotides from
unincorporated radioisotope, protein, salt, and other low molecular weight
materials, column purification was carried out. A Nensorb T M 20 Nucleic
Acid Purification Cartridge ( New England Nuclear) was attached to a
stand up clamp as a secure support, and the sides tapped to settle the resin.
Using an adapter and syringe used to form an air-tight seal, pressure was
applied to induce a flow rate of less than 1 drop per 2 seconds for each
step, without letting the bed go dry in between solution loading to the bed.
After a methanol rinse ( 2 mis ), a rinse with 0.1 M Tris-HCl, pH 7.7 at
25°C, 10 mM Triethylamine ( TEA ), ImM EDTA solution ( 2 mis
Reagent A ) was performed. The radiolabeled oligonucleotide was then
added ( total volume 400 pis), and allowed to pass through the resin. A
rinse with 2 mis of Reagent A was then performed twice. 1 ml of 20%
ethanol was then apphed as the final step in the purification process, during
which the first 20 drops of the effluent was collected in an Eppendorf tube.
This was counted in a 1218 LKB Rackbeta scintillation counter with 44.5%
efficiency using Beckman scintillation fluid ( 4 mis), and stored at -80°C
until needed for the hybridization procedure.
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Hybridization
Hybridization buffer was prepared as a stock solution and stored at
-20°C until used. Pure formamide was deionized with a resin and added at
a concentration of 50% to the hybridization buffer. Dextran sulphate was
made up with DEPC water volumetrically, and dissolved for 3-4 hours at
68°C in a water bath, stored at -20°C. This was added to the hybridization
buffer at a concentration of 10%. Dextran sulphate is a large, non-reactive
polymer that increases effective probe concentration at the tissue surface.
To stabilize the probe and reduce background hybridization, 5 times
Denhardt's solution, a mixture of proteins ( 100 mg Ficoll (Sigma), 100
mg polyvinylpuralidone (Gibco), and 100 mg BSA Fraction V(Sigma)),
made up to a total of 100 ml with DEPC water, filtered, sterilized,
aliquoted, and stored at -20°C) was also added to the hybridization solution.
To aid in reducing background and non-specific binding of the probe to
ribosomal RNA, and non-target mRNAs, very pure, RNAase free transfer
RNA (tRNA, Boehringer Mannheim) was added at a concentration of 250
pg/ml. The hybridization solution was made up in 2 times saline sodium
citrate (2 X SSC) buffer determined empirically. Once made up, the
hybridization buffer was stored for up to 1 month at -20°C. Just before
use, an appropriate aliquot was withdrawn from the stock solution and
heated for 10 minutes in a 65°C water bath. Because S^5 labelled probes
were used in the detection procedure, to this, dithiothreitol (DTT, Sigma),
an anti-oxidant was added to improve the stability of the radioactive sulfur
to adenine bonds by maintaining the sulfur ions in a reduced state. This was
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kept frozen at - 2 0 ° C and added at a final concentration of 100 m M .
A n illustration of the general in situ hybridization procedure is shown
in Figure 7. T o each eye section, 250 p i of buffer containing 5,000 cpm/pl
of labelled probe was added, and covered with a glass coverslip. Incubation
was performed i n a humid chamber at 3 2 ° C for 18 hours. Following
hybridization, sections were washed in 2 X S S C for 10 min., 1 X S S C for
20 min., at 4 5 ° C , and then 0.5 X S S C for 2 X 30 minutes at r o o m
temperature.
Controls were as follows: 1. Specificity of the receptor oligonucleotide
was determined using Northern analysis ( see Northern Blot Hybridization
below). 2. Adjacent sections were treated with RNase ( 20 p g RNase A )
for 60 minutes at 3 7 ° C prior to hybridization as per above. Sections from
both experiments were placed against tritium sensitive film (Amersham)
and exposure time, determined empirically, was 5-10 days.

Total R N A Isolation
Three pairs of eyes from different specimens were used for total R N A
extraction ( see Table 1 ). These eyes had been previously chosen,
dissected, and stored for this purpose on the basis of post-mortem interval,
using eyes that were received within as little time as possible after patients
death ( see Table 1 for details ). This was done in order to ensure minimal
R N A degradation.
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Figure 7
The in situ hybridization techique is illustrated. A complementary strand of D N A can be
used to probe highly specific gene sequences in cells of interest. The complement ( c D N A )
of a unique region of the transcript encoding a protein ( mRNA ) is radiolabeled. The
c D N A probe anneals (hybridizes) to the mRNA, and its distribution in the slide mounted
tissue sections is detected by autoradiographic methods. By this method, genetic sequences
encoding specific proteins can be localized in ocular tissue sections.
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IN SITU HYBRIDIZATION
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Upon receipt, sterile surgical instruments were used to quickly dissect
out the anterior segment of the eye excluding the cornea and the sclera of
the posterior segment. En bloc, the structures that were then frozen in
liquid isopentane and stored at -80°C included the iris, the trabecular
meshwork, the ciliary muscle, the ciliary epithelium, and the lens. The
cornea was excluded due to difficulty in homogenizing this tissue
adequately.
In preparation for the RNA extraction, care was taken to avoid
inadvertently introducing RNAase activity into the tissue sample during or
after the isolation procedure. Precautions included wearing gloves at all
times, and for handling RNA, using wherever possible, sterile disposable
plasticware. Non-disposable glass- and plasticware was treated before to
ensure that it was RNase-free. Glassware was baked at 200°C overnight
and plasticware was thoroughly rinsed before use with 0.1N NaOH, ImM
EDTA followed by RNase-free water. Solutions that were not supplied by
the kit were treated with 0.05% diethylpyrocarbonate ( DEPC) overnight
at room temperature and then autoclaved for 30 minutes to remove any
trace DEPC.
RNAgents T M Total RNA Isolation Kit was used for the total RNA
extraction from the anterior segment of the human eye. Wherever possible,
the following procedure was performed on ice.
Tissue was removed from the freezer, and the typical weight of both
anterior segments from a pair of eyes approximated 1 to 1.4 grams. To
adjust the initial weight of the tissue sample to the desired weight of 1
gram, part of the lens was removed.
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1 gram of tissue was homogenized in 12 mis ( 1 volume) of denaturing
solution ( 4 M Guanidine Thiocyanate, 25 mM Sodium Citrate pH 7.0,
0.5% sarcosyl, 0.1 M 2-mercaptoethanol) using a polytron homogenizer.
0.1 volume of 2M Sodium Acetate was added and mixed thoroughly by
inversion. Following this, an equal volume of water-saturated phenol was
added and again mixed by inversion. One fifth the original volume of
chloroform: isoamyl alcohol mixture (49:1 ) was then added, vigorously
shaken for 10 seconds, and then chilled on ice for 15 minutes. This was
then transferred to a 50 mis polyproylene tube ( DEPC- treated) and
centrifuged at 10,000 X g for 20 minutes at 4°C. The top aqueous phase
containing the RNA was carefully collected and transferred to a freshly
DEPC-treated tube. To allow precipitation, an equal volume of isopropanol
was added. This was stored in the freezer at -20°C for 30 minutes and
followed by centrifugation for 15 minutes.
The pellet was completely dissolved in 0.4 volume of denaturing
solution, and then re-precipitated by adding an equal volume of
isopropanol as before. The supernatant was discarded, and the remaining
pellet was washed with one volume of 80 % cold ethanol, and then
centrifuged for 5 minutes. The pellet was dried in a speedvac for 15
minutes and resuspended

in RNase-free, deionized water. The

concentration of RNA was determined by measuring OD26O
isolated RNA was stored at - 80°C.
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Northern Blot Hybridization
Total RNA ( 10 pg) was denatured in 2.2 M formaldehyde, 50%
formamide,

1 mM EDTA,

5mM sodium acetate,

20 m M

morpholinopropane sulphonic acid (MOPS) pH 7.0, for 15 minutes at 55°C
and electrophoresed though a 1.1 % agarose gel containing 20 mM MOPS,
ImM EDTA, 5mM sodium acetate, 0.66 M formaldehyde ( pH 7.0).
Electrophoresis was at performed at 50 V for 3 hours on 10 cm wide gels.
The RNA samples for marker lanes contained 1 ug of ethidium bromide
prior to loading on to the gels. Thus, staining of the lanes after
electrophoresis was not necessary and ethidium bromide in the marker
lanes did not interfere with subsequent transfer of RNA to membranes.
Electrophoresed RNAs were transferred to a nylon based membrane
( Gene Screen, New England Nuclear ). In this method, the gel was rinsed
once in distilled water for 15 minutes and then rinsed twice (15 minutes
each) in 0.025 M potassium phosphate buffer (PPB). Prior to tranfer, the
nylon membrane was rinsed in distilled water and then soaked in 0.025 M
PPB. In a buffer consisting of 0.025 PPB buffer, the RNAs were allowed
to transfer overnight using the following apparatus. As a sohd support, an
upside down glass buffer dish larger than the size of the gel was used, onto
which a piece of Whatmann 3MM filter was placed. Onto this, the gel was
placed in an inverted and centered position. This was placed inside a large
baking dish, which was filled with 0.025 PPB until the level of the liquid
almost reached the top of the sohd support. A nylon membrane 1mm
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larger than the gel in both dimensions was cut, wet with deionized water,
and then immersed in buffer for 5 min.and placed on top of the gel. Two
pieces of 3MM paper cut to the same dimensions as the gel were placed on
top of the nylon membrane. A stack of paper towels of 10 cm was placed
on top of this. The transfer of RNA molecules eluted from the gel and
deposited on the membrane was allowed to proceed overnight for
approximately 16 hours.
Following the transfer, the filters were rinsed in 0.025 PB with the
RNA side up for 5 minutes.After wrapping them in saran wrap, they were
U V cross-linked with a transilluminator for 2 minutes.

The nylon

membranes were dried by baking at 80°C.
Filters containing total RNA were pre-hybridized and hybridized in
900 mM NaCl, 6 mM EDTA, 1% Triton-X 100, 10% dextran sulphate, and
5 X Denhart's solution. DNA probes were labelled as described in the
Oligonucleotide Labelling section, using p32 dCTP instead of S^5 labelled
adATP to a specific activity of approximately 5 X 10 8 cpm/pg. After
hybridization the filters were washed twice for 30 minutes at 40°C in 1 X
SSC, 0.02 % Triton X -100, and then for 1 hour at 40°C in 0.5 X SSC, 0.2
% Triton X -100. Filters were autoradiographed using X A R -5 films in the
presence of an intensifier screen for 1-3 days.
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CHAPTER 3: THE DISTRIBUTION AND
QUANTIFICATION OF MUSCARINIC
RECEPTORS IN THE HUMAN EYE
Through the development of homogenate binding techniques which
identify drug and neurotransmitter receptors directly (1, 2), muscarinic
receptors in the eyes of many non-human species have been extensively
characterized by binding assays. A major limitation of the homogenate
binding technique is that it provides no information on the anatomical
distribution of receptors, and to date, no detailed examination of the
distribution of muscarinic acetylcholine receptors in the eye of any species
has been performed.
In the last decade, the introduction of the method of in vitro
autoradiography (73) ( see General Methods, Chapter 2 ) has essentially
solved this problem. This approach has been used most extensively in the
brain to map receptors under both in vivo (2) and in vitro conditions (73).
Under in vitro conditions that optimize the ability of a drug to remain
bound to the receptor in situ, a radioactively labelled drug is allowed to
interact with intact tissue sections. These thin frozen sections of tissue have
been mounted onto emulsion coated slides (2, 74), apposed to emulsion
coated cover slips (73), and more recently, have been placed against tritium
sensitive sheet film (75) which after development, produces silver grains
wherever the radioactive probe is bound to the receptor. Thus, the
autoradiographic signal produced allows visualization of where the drug
has bound, or the location of the receptor target in the tissue ( Figure 8 ).
In this way, numerous studies have been performed to localize muscarinic
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Figure 8
The technique of in vitro autoradiography is outlined, in this case using the radioactively
labelled drug [ H]QNB. The radioligand is added to slide mounted intact eye tissue
3

sections, and allowed to interact under conditions which favour its binding to the receptor
of interest. The binding sites are detected by apposing radiation-sensitive film to the tissue,
and after development, the distribution of the binding sites is determined by visualization of
the signal on the film. In the control condition, binding is performed in the presence of an
excess of unlabelled competitive agent (atropine ). This controls for the specificity of the
the drug-receptor interaction.
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acetylcholine receptors in the brain. The latter technique has been
advantageous for the measurement of receptor densities, particularly with
the introduction of computer programs capable of quantifying densities in
an image.
In vitro autoradiography was used to localize muscarinic receptors in
this study because it has the added advantage of being applicable to the
study of post-mortem human tissue, and this has been combined with
quantitative densitometric analysis. In addition, several binding
characteristics of the receptor-ligand interaction were determined. Using
[ H] Quinuclidinyl benzilate ([ H]QNB), the best high affinity, reversible,
3

3

and general muscarinic receptor antagonist available, this chapter presents
the results of our investigations into the pharmacological characteristics,
the anatomical distributions, and densities of muscarinic acetylcholine
receptors in different human eye structures.

Procedure
Whole globes from adult patients with no documented history of
acquired or hereditary ocular disease (see Table 1 for details of tissue
specimens used ), were processed in preparation for autoradiography as
detailed in General Methods ( Chapter 2 ).
Muscarinic receptors were labelled by incubating sections with 1 nM
concentrations of [ H]QNB ( [ H]QNB: 32.9 Ci/mmol, Amersham).
3

3

Experiments were conducted in the presence and absence of 5 pm atropine
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sulphate ( New England Nuclear Corp.) a muscarinic antagonist,
representing a control for non-specific activity. Early studies included
unlabelled QNB as controls, and gave similar results. Autoradiography was
performed using the optimum binding conditions dehmited by prehminary
characterization experiments. In brief, sections were incubated for 45 min.
in sodium phosphate buffer, pH 7.4, at room temperature, followed by two
5 minute washes in ice cold buffer. A l l sections were dried and
subsequently apposed to tritium sensitive film, (LKB Ultrofilm,
Amersham) for 3 weeks in the dark.
The procedure for the characterization experiments of the iris/ciliary
body, was carried out under the same conditions as described above for
autoradiography. Instead of apposing the sections to film, the iris/ciliary
body from each eye section was scraped with sterile razor blades from the
slide into liquid scintillation vials, for measurement of radiation levels.
Quantitative densitometry was performed as described in Chapter 2.

Results
Characterization of r H1 QNB binding sites in human iris/ciliary muscle
3

The association time course of (3H)QNB binding was determined
( Fig.9 a ) by incubating sections with 5 nM of (3H)QNB for various
times at room temperature. Equilibrium binding was achieved within 25
minutes, and remained stable for another 40 minutes.The association rate

(fc P was calculated to be 2.6 x min~l nM~l. In subsequent experiments,
+
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Figure 9

Panel A: Time course of association of [ H]QNB binding to human iris/ciliary body tissue.
3

Tissue scrapes were incubated with InM [ H] QNB for various time intervals as described
3

in Materials and Methods. The difference between the values obtained in the absence and
presence of 10 u M atropine measured simultaneously, represents specific binding. Each
value is the mean of six determinations.
Panel B: Time course of dissociation of [ H]QNB binding to human iris/ciliary body
3

tissue. Iris/ciliary body tissue was incubated at room temperature in the presence of 1 n M
[^HIQNB for 45 min. Dissociation was initiated by washing the slides in buffer, and the
decline in bound [ H]QNB was then determined at various times thereafter. Each value is
3

the mean of six determinations.
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tissue was incubated for 45 minutes.
This reaction was reversible as shown in Figure 9 b. Sections were
washed in 4^ C sodium phosphate buffer, pH 7.4 in the absence of
[ H]QNB for various times to determine the dissociation rate constant and
3

to remove unbound ligand. A rapid decline in specific binding over 10
minutes was observed. The dissociation rate constant (fc_p was calculated
to be 0.85 min l. The equilibrium dissociation constant ( KT_) ) calculated
_

from Kd = k /k
A

+l

was 0.33 nM (76, 77).

Using the above incubation conditions, increasing the concentrations of
[ H]QNB, saturability of [ H]QNB binding sites was demonstrated (Figure
3

3

10 ). Scatchard analysis of the saturation binding data revealed a single
class of binding sites with a K D of 0.5InM, and the total number of bound
sites ( B

m

a

x

) of 318 fmol/ mg protein. The value of Kj) ( 0.33 nM)

calculated from the association and dissociation kinetic data
( Kj) =

) corresponds well with that obtained from equilibrium

saturation data.

T^HIONB Autoradiography
The binding site pattern for [ H]QNB is shown in Figure 11 b. The
3

silver grain densities that are produced by the radioactive emission of the
[ H] QNB ( seen in white ) reflect the spatial distribution of the drug bound
3

to the eye section in situ. The control section as shown in Figure 11c,
shows virtually no non-specific binding of [ H] QNB, the binding being
3
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Figure 10
Specific binding of [ H]QNB to human iris/ciliary body tissue as a function of ligand
3

concentration. Incubations were carried out for 45 min. at 25° C in the presence of
increasing concentrations of [ H]QNB. Non-specific binding was measured by addition of
3

micromolar concentrations of atropine. Specific binding was determined as the difference
between total and non-specific binding at each concentration. Experiments were run in
triplicate, and each value is the mean of six to nine determinations. Inset: Scatchard plot of
the specific binding data.
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Figure 11
A : An example of a slide mounted frozen section of a human eye after staining with Nissl.
This section was used to generate the autoradiogram in B. (Darkfield)
B: Autoradiogram of [ H]QNB binding in a human eye section. Incubations were carried
3

out at InM [ H]QNB as described in Materials and Methods. Areas seen in white reflect
3

greater [ H ] Q N B binding. Experiments were done in triplicate and in five different
3

specimens all giving similar binding patterns of [ H]QNB. Note the absence of binding in
3

the optic nerve. Abbreviations: ON= optic nerve.( inverted grey scale).
C : Control autoradiogram of [ H]QNB binding in a human eye. Incubations with InM
3

QNB were carried out in the presence of 10 uM atropine, effectively competing for
virtually all of the binding sites seen in Panel B. Control sections were included in every
experiment, in each case giving similar results.
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effectively blocked by competition with unlabelled atropine. The original
anatomically intact whole adult eye section containing optic nerve and lens
from which the autoradiogram was generated was stained for Nissl
substance with Cresyl Violet, and is shown in darkfield view in Fig. 11a.
The autoradiographs and Nissl photographs were processed at the same
magnification to facilitate anatomical comparison.
Comparing the anterior segment of the histologically stained section in
Figure 12 a with the corresponding region of the inverted autoradiogram
( Figure 12 b ), the ciliary muscle, iris, and ciliary epithelium contain
high densities of binding sites, with virtually no detectable concentration of
binding sites in the cornea or lens. Visual inspection clearly reveals the
highest density of receptors in the ciliary muscle.
In the posterior segment of the same section ( Figure 13 a ), three
distinct bands of labelling can be discriminated ( Figure 13 b ). They
correspond specifically to the retina, retinal pigment epithelium and the
choroid.

Quantitation by Computerized Densitometry
Quantitative binding site analysis was performed for each of the five
specimens studied. For each eye, computerized densitometric measurements
of the following structures found to contain muscarinic binding sites by
autoradiography were performed: ciliary muscle, iris, ciliary epithelium,
retina, retinal pigment epithelium. The absolute values obtained are shown
in Figure 14 a. What is most obvious from the figure is that in each
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Figure 12
Panel A: Darkfield higher power of anterior segment of the human eye section shown in
Figure 11.
Panel B: Autoradiogram of [ H]QNB binding in human anterior segment corresponding to
3

Panel A shows intense binding in ciliary muscle, iris, and ciliary epithelium. Note absence
of binding in the cornea and the lens (inverted grey scale ). Abbreviations: i= iris, cm =
ciliary muscle, ce = ciliary epithelium, c = cornea, 1 = lens.
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Figure 13
Panel A: Darkfield higher power of human posterior segment seen in Figure A.
Panel B: Autoradiogram corresponding to Panel A ( inverted grey scale). In human
posterior segment [ H]QNB binding is detected in three distinct layers; the retina, the
3

retinal pigment epithelium, and the choroid. Abbreviations; r = retina, rpe = retinal pigment
epithelium, ch = choroid.
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Figure 14
Panel A : Quantitation (nCi/mg) of mean grey levels in ocular structures by image analysis
of autoradiograms showing [ H]QNB binding from five human eye specimens. Following
3

the calibration of autoradiograms with tritium standards containing known quantities of
radiation, optical density readings of each of the structures shown were determined for each
eye. Ciliary muscle and retinal pigment epithelium have highest and lowest densities of
muscarinic binding sites. Each value represents the mean of three independent
measurements with standard errors ranging from 0.03 to 0.09.
Panel B: Specific activity in the structures in 5 specimens is expressed as a percentage of
ciliary muscle activity. Note the consistent proportions, with ratios of iris and ciliary
epithelium binding to ciliary muscle binding almost equal. Inset: Average proportions of
specific activity across the examined structures in the 5 eyes examined. Standard error bars
are shown.
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specimen, the ciliary muscle contains the highest density of binding sites,
and the retinal pigment epithelium consistently shows the lowest density of
binding sites. The standardized graph shown in figure 14 b facilitates
examination of the binding site densities in structures relative to the ciliary
muscle. The ratios of the bound activity in the ciliary muscle to that found
in other structures consistently increases in the following order: iris and
ciliary epithelium, retina, retinal pigment epithelium. The most consistent
feature across all specimens is the nearly equal relative densities of the iris
and ciliary epithelium seen easily once standardized against the ciliary
muscle, their difference varying between 0.4 % - 3.6% (S.D.= 2.3).
Although in figure 14 b the ciliary muscle is shown to have an average of
5 times the specific activity of the iris and ciliary epithelium, 6 times the
activity of the retina, and an average of 11.8 times the activity of the
retinal pigment epithelium, these ratios are seen to vary by a factor of 2,
1.5, and 2.3 respectively. Each optical density value was calculated by
averaging three independent measurements, each measurement made in
adjacent sections of the same specimen. The standard errors of
measurements made from adjacent sections of an eye specimen ranged
from 0.03 to 0.09 in the eyes examined.

Summary
This is the first report of an in vitro autoradiographic and quantitative
densitometric analysis of muscarinic receptors in complete sections of the
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human eye. The biochemical characterization of [ H]QNB binding sites in
3

human iris/ciliary body as described in Figures 9 and 10, is consistent with
a previous study in which [ H]QNB binding sites in the human iris and
3

ciliary muscle were characterized by homogenate binding methods (78).
Other studies in primates have also been done (165), and their higher
values of Bmax obtained may be due to the inclusion of ciliary processes in
our preparation.
The results of autoradiographic experiments to map the normal
distributions of [ H]QNB binding sites in the adult human eye are
3

consistent with previous work, predominantly determined by the
homogenate ligand binding method. Not surprisingly, both the iris and the
ciliary muscle showed high concentrations of muscarinic binding sites.
Muscarinic receptors in the iris have been reported in numerous species
using homogenate binding techniques and in human iris sphincter and
dilator muscles, they have been shown autoradiographically with the
irreversible ligand (3H)-propylbenzilylcholine mustard (PrBCM) (79).
Homogenate studies have also demonstrated muscarinic receptors in
primate ciliary non-pigmented epithelium (80). Our finding that

the

ciliary muscle revealed the highest density of muscarinic acetylcholine
receptor binding sites is consistent with the high concentration of
muscarinic receptor binding sites found to exist in the ciliary muscle of the
cynomologus monkey (34). The distinct band of muscarinic receptors we
have identified in the human retina is consistent with previous
autoradiographic determinations of [ H]QNB muscarinic binding sites in
3

the human retina (81). Pharmacological studies support the presence of
muscarinic receptors in the retinal pigment epithelium (82), and their
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presence in the choroid is consistent with the vasodilating effects of
parasympathetic

stimulation on

choroidal microcirculation.

Interestingly, the epithelium of the cornea, containing some of the
largest amounts of acetylcholine known to exist in mammalian tissue (19),
does not appear to display any significant concentration of muscarinic
binding sites. Rabbit, bovine, and human corneas have been searched using
homogenate binding techniques with similar results (83, 84). More recently
however, using whole corneas, they have been identified by ligand binding,
although in sparing quantities(85)]. This may be due to the evaluation of a
large number of selective corneal cell populations in that study, compared
to the examination of a hmited number of corneal epithelial cells, and thus
receptor paucity per eye section in our own studies. The use of an as yet
unavailable iodinated ligand with high affinity for muscarinic receptors,
and having much higher specific activity, could clarify this point.
The intricacy of the small anatomical structures of the eye makes this
tissue

particularly

well

suited

to

quantitative

analysis

by

microdensitometry. Densities of [^HJQNB-labelled autoradiograms were
measured within highly circumscribed regions and readily compared to
other ocular structures. We were fortunate enough to be able to validate
our own work against a previous study in which muscarinic receptors in
the human eye were studied by homogenate binding methods (78). In this
study, the number of receptors was measured in the ciliary muscle, the iris
and the retina, and quantitative comparison showed the ciliary muscle to
possess a specific activity 10 times and 50 times the amount found in these
structures respectively. The somewhat lower ratios that we obtained can be
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explained by the higher sensitivity of densitometry over the homogenate
technique particularly for tissues of small anatomical regions for which
accurate dissection is difficult. In spite of the variations in the densities of
binding sites between the different adult specimens used (Table 1), several
consistent features were noted when comparing the overall relative
concentrations of receptors in the ocular structures measured. The ciliary
muscle and retinal pigment epithelium consistently showed the highest and
lowest specific binding respectively. The ratios of ciliary muscle activity to
those of the other structures consistently increased in the order of the iris
and ciliary epithelium, retina and retinal pigment epithelium. In addition,
the specific activities of the iris and of the ciliary epithelium were very
close. The stability of this parallelism was seen in each donor specimen
examined.
This adapted quantitative autoradiographic study of muscarinic
receptors in the human eye may help to clarify the neuropharmacological
basis for many cholinergic drug effects in ocular structures, and should
prove to be a useful adjunct to more directed
investigations at the biochemical and physiological level.
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C H A P T E R 4: T H E DISTRIBUTION OF M l AND
M2 MUSCARINIC RECEPTOR SUBTYPES IN
THE HUMAN E Y E
In the previous chapter, [3HJQNB was used to define the normal
distributions of muscarinic binding sites in the adult human eye. In spite of
it being a highly specific muscarinic ligand, it does not however,
distinguish between muscarinic acetylcholine receptor subtypes (86). In the
present chapter, we extend the autoradiographic approach previously used
to localize muscarinic binding sites in the human eye, to the study of the
anatomical distributions of M l and M2 muscarinic receptor subtype
binding sites using [ H]pirenzipine and [ H]oxotremorine respectively.
3

3

The initial classification of muscarinic receptors into M l and M2
subtypes (87) was supported by several independent pharmacological
observations; the finding of two different muscarinic acetylcholine
responses in the opposum esophageal sphincter (88), high and low affinity
binding profiles for tritiated ACh (89), and the selective affinity of the
high affinity binding site (Ml) for pirenzipine (36, 37). Those receptors
having low affinity for Pirenzipine were called M2 sites. Since then, this
distinction has been further supported by well characterized and described
direct autoradiographic distribution studies of the M l and M2 muscarinic
subtypes in the brain using [3H]pirenzipine and [3H]oxotremorine
repectively, with noted regional preference for each of these subtypes (90,
91).
In this chapter, by the autoradiographic method previously employed to
localize non-subtype specific muscarinic receptors, the anatomical
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distributions of the M l and M2 muscarinic receptor subtypes in the human
eye are described by using [ H]pirenzipine and [ H]oxotremorine
3

3

respectively.
PROCEDURE
Experiments for each ligand were conducted independently on eyes
considered to be normal adult specimens with no documented history of
acquired or hereditary ocular disease. Experiments with each of the ligands
employed were performed on all of the specimens indicated in Table 1.
Sections were prepared as previously described ( Chapter 2 ). Using
established procedures (90, 91), autoradiography using [ H]oxotremorine
3

(87 Ci/mmol, New England Nuclear, Missassauga, Ontario ) and
[ H]pirenzipine (82 Ci/mmol,New England Nuclear, Missassauga, Ontario )
3

was carried out using a buffer of 20 nM HEPES-Tris pH 7.5, 25°C
containing 10 mM Mg 2. Incubation at 25°C was carried out at radioligand
+

concentrations of InM for 30 min. and 60 min. for [ H]oxotremorine and
3

[ H]pirenzipine respectively. In each case, washes consisted of three
3

successive 2 min. changes in ice cold buffer with a final rinse in deionized
water.

Distributions Of T^HlPirenzipine And T^HI Oxotremorine Binding Sites
The distribution of high affinity sites for [ H]pirenzipine ( M l sites) is
3
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shown in figure 15. The [ H]pirenzipine binding sites reveal a distribution
3

confined predominantly to the anterior segment structures: the ciliary
muscle, iris, and ciliary epithehum specifically (16 a ). Close scrutiny of
the ciliary muscle reveals a pattern of most concentrated binding in its
longitudinal muscle. No binding in the cornea or lens is detectable. Nonspecific binding in these structures is virtually absent as seen by the control
section (fig. 16 b). The posterior chamber shows some labelling of
distinctly lower density, in the retinal layer ( Fig. 15 ).
Figure 17 shows the pattern of distribution of the [ H]oxotremorine
3

labelled receptor binding sites. The original eye section is stained for Nissl
substance and is shown as a darkfield photomicrograph (Fig. 17 a). Most
notable is the prominent dense band in the posterior segment,
corresponding anatomically to the retina ( Fig. 17 b), the layers of which
are not identifiable with this method. Labelling can also be seen to extend
into the anterior segment ( Fig. 17 b). No detectable binding sites are
noted in the cornea or lens. In the control section ( Fig. 17 c), excess
unlabelled atropine effectively blocks all binding as shown in the
autoradiogram.
Comparison of a high power view of the anterior segment of the
autoradiogram and its complementary Nissl stained section ( Fig. 18 )
reveals a zone of dense labelling that corresponds to only a single
circumscribed region of the ciliary muscle, specifically, the longitudinal
muscle portion of the ciliary muscle ( Fig. 18 a ). No detectable binding is
seen in the cornea or lens. These findings were consistent in all the
specimens examined.
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Figure 15
Autoradiogram of [3H]pirenzipine binding sites in a human eye section showing
pronounced binding in the anterior segment.
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Figure 16
Panel A : Higher power view of the angle of the anterior segment of autoradiogram seen in
Figure 12. Abbreviations: a = ciliary muscle, b = iris, c = ciliary epithelium.
Panel B: Control autoradiogram in the same region of an adjacent section generated by
[^Hjpirenzipine competition with atropine sulphate.
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Figure 17
Panel A : (Darkfield) Human eye section used to generate autoradiogram, stained for Nissl
substance. Human eyes frozen 3.5 to 11 hours post-mortem were sectioned and slide
mounted. Abbreviations: c = cornea, cm = ciliary muscle, r = retina.
Panel B: Example of an autoradiogram (inverted grey scale) of [ H]oxotremorine binding
3

in the same human eye section. Incubations
5nM[3H]oxotremorine

were carried out at InM

as described in Procedure

with equivalent

and

results.

[ H]oxotremorine binding seen in white. Experiments were performed on eight eye
3

specimens all giving the same distributions. Note the presence of binding in both the ciliary
muscle and retina.
Panel C: Control autoradiogram of [ H]oxotremorine binding in a human eye. Incubations
3

with InM and 5nM [ H]oxotremorine were carried out in the presence of 1 uM
3

concentrations of atropine, effectively competing for virtually all of the binding sites seen in
Panel B. Control sections were included in every experiment, in each case giving similar
results.
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Figure 18
Panel A: High power darkfield view of anterior segment of a human eye section stained for
Nissl substance. Abbreviations: cm = ciliary muscle, c = cornea, 1cm = longitudinal ciliary
muscle, 1 = lens, i = iris.
Panel B: High power view of inverted autoradiogram corresponding to the same anterior
segment region as seen in Panel A. Using InM [^Hloxotremorine, dense labelling is
confined to the longitudinal portion of the ciliary muscle only. Abbreviations: 1cm =
longitudinal ciliary muscle.
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SUMMARY
These studies demonstrate direct anatomical evidence for the presence
of muscarinic receptor subtypes in the human eye, with the most striking
feature being the differential distribution patterns of [3H]pirenzipine and
[ H]oxotremorine binding used to identify M l and M2 muscarinic receptor
3

subtypes respectively.
[3H]pirenzipine binding sites reveal a higher density of binding in the
anterior segment of the eye, and in contrast to this, the [3H]oxotremorine
binding sites are almost exclusively retinal, with some density seen in the
ciliary muscle. There are few studies in which muscarinic subtypes have
been studied pharmacologically in oculartissues.However, consistent with
our finding of [^HJoxotremorine binding sites in the human retina,
membrane binding techniques to classify muscarinic receptors in calf retina
(92) and in the chick embryo retina (93) demonstrate the predominance of
the M2 muscarinic receptor subtypes. Interestingly, our recent studies in
adult cat eyes ( unpublished observations) demonstrate a complete absence
of the M2 retinal receptors in the retina, suggesting interspecies variation,
and the need to consider carefully ones choice of animal model for
investigations of a physiological nature.
There have been no previous reports to localize muscarinic receptor
subtypes in the ciliary muscle of man. Evidence for the presence of at least
two subtypes in the human ciliary muscle is presented by [3H]pirenzipine
binding sites throughout the ciliary muscle, in addition to a different
population of muscarinic receptors detected by [3H]oxotremorine, unique
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to only the longitudinal portion of the ciliary muscle. By homogenate
binding assays, two muscarinic populations suggestive of M l and M2
subtypes, have also been identified in the rabbit iris/ciliary body (94).
Although contraction of the ciliary muscle controls accomodative
mechanisms in the eye, it is the specific contraction of the longitudinal
muscle portion of the ciliary muscle, the tendons of which insert into the
trabecular meshwork, that is believed to contribute to outflow facility of
aqueous humour ( Chapter 1 ). The data presented provides anatomicalpharmacological evidence supporting a potentially unique function for the
longitudinal ciliary muscle, and may be of value to pharmacological
strategies in which a more selective increase in outflow without
accomodative side effects is desired as in glaucoma therapy. In vivo
pharmacological and accomodative studies in an appropriate animal model
will be an important step in clarifying the contributions to cholinergic
mediated changes in accomodation and aqueous outflow.
Pharmacological agents used to identify muscarinic receptor subtypes do
not necessarily identify the same cloned receptor subtypes as do molecular
biological approaches (41). While [3H]oxotremorine is a selective M2
agonist, it has been shown to bind to heterogeneous M2 sites (95). The
genomic classification for the population of muscarinic receptors labelled
by this ligand that we have identified in the longitudinal ciliary muscle is
still awaiting clarification. The localization of these putative M l and M2
muscarinic receptor subtypes and other muscarinic subtypes in the eye, is
crucial to hypotheses regarding cholinergic receptor function, and to the
interpretation of highly specific drug effects in the eye. Further
clarifications by immunocytochemical localization studies as subtype-
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specific monoclonal antibodies become available, and by in situ
hybridization, in which the mRNA encoding the receptor is probed by
cDNA's of the cloned muscarinic receptor subtypes,

will be useful

contributions to a better understanding of these specific localizations.
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CHAPTER 5: THE DISTRIBUTIONS OF THE M3
MUSCARINIC RECEPTOR SUBTYPE AND THE m3
TRANSCRIPT IN THE HUMAN EYE

In chapter 4, 2 muscarinic receptor subtypes were localized by in vitro
autoradiographic methods in the human eye. In recent years however,
ligand binding studies indicate that at least 3 muscarinic subtypes can be
pharmacologically defined (96, 97). On the basis of functional studies,
4-diphenylacetoxy-N-methyl-piperidine methiodide (4-DAMP) has been
described as possessing selectivity for the M3 receptor (39). Investigations
to evaluate [ H]4DAMP as a probe to directly label muscarinic receptors,
3

indicate that [ H]4DAMP is a useful ligand for selectively labelling both the
3

M l and M3 muscarinic subtypes (98). This information provided the
opportunity to localize the M3 receptor muscarinic receptor subtype in our
eye specimens indirectly by competition with the M l antagonist,
pirenzipine.
Important contributions to muscarinic receptor subtype identification
have come from studies combining information from both pharmacological
and molecular perpectives. Advances in molecular techniques have recently
provided ways in which the messenger RNA encoding a receptor protein,
can be identified and localized. Thus, in situ hybridization provides a map
of mRNA, in contrast to a map of the receptor as shown with in vitro
autoradiography. Recent information by Northern Blot analysis suggests
that in the bovine eye, the m3 transcript predominates in the iris and the
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ciliary epithelium over the m l , m2 and m4 transcripts examined (99).
Because we were interested in investigating the M3 subtype in the human
eye, in this chapter, the autoradiographic approach previously used to
define the distributions of general muscarinic receptor binding sites, and
M l and M2 muscarinic receptor subtype binding sites ( Chapters 3 and 4 )
is extended in this chapter to the study of the anatomical distribution of M3
muscarinic receptor subtype. This approach is further compared to the
localization of m3 transcripts using in situ hybridization techniques.

PROCEDURE
Sections were prepared as described in Chapter 2 and the specimens
used are shown in Table 1. Autoradiography using 0.5 nM [ H]4DAMP
3

([ H]4DAMP: 82.6 Ci/mmol, New England Nuclear, Missassauga, Ontario)
3

was performed by incubating the sections for 45 min. at room temperature
in a buffer consisting of Tris 50 mM, EDTA 1 mM, PMSF ( phenylmethylsulfonylfluoride) 0.1 mM at pH 7.4 in the presence of 0.5pm unlabelled
pirenzipine. Prehminary experiments showed that at this concentration,
over 85% of M l sites were blocked, determined by characterization
experiments in which sections were incubated with [ H]4DAMP in the
3

presence of increasing concentrations of unlabelled pirenzipine under the
same conditions as described for autoradiography ( Fig. 19 ). This was
followed by three washes in ice cold buffer at 5 minute intervals. Instead
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Figure 19
Competition curve of [ H]4DAMP binding to human iris/ciliary body tissue in the presence
3

of unlabelled pirenzipine. Tissue scrapes (see General Methods) were incubated with 0.5
nM [ H]4DAMP for 20 min. in the presence of increasing concentrations of pirenzipine.
3

Greater than 85% inhibition of [3H]4DAMP at micromolar concentrations of pirenzipine is
noted.
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of apposing the sections to film, the iris/ciliary body from each eye section
was scraped from the slide into liquid scintillation vials, for measurement
of radiation levels. For autoradiography, other sections were dried, and
autoradiograms were developed after 3 weeks of exposure to isotope
sensitive film ( LKB ultrafilm, Amersham).
Northern blot hybridization and in situ hybridization procedures with
[32p]m3 oligonucleotide and [35s]m3 oligonucleotide probes have been
previously described ( Chapter 2 ). A mixture of three probes each of 48
nucleotides were used. Their sequences were as follows:
5'GCGCACGGACTGAGGGCCCGAGCTGCCATTGACAGGTGTGAAGTTGC
5'CTTCTTGACGCTCTGCTTCATTAGTGGGCTCTTGAGGAAGGCCAGCGT
5GCGCTGGCGGGGGGGCCTCCTCCAGCTTGCCATTGCGCAGCTCCTCCC

RESULTS
In Vitro Autoradiography
The visualization of loci specific for the M3 subtype was performed
using unlabelled Pirenzipine at um concentrations, determined by
competitive binding studies using 0.5 nM [ 3 H ] 4 D A M P in the presence of
increasing concentrations of Pirenzipine to block M l muscarinic receptor
subtype binding sites( Fig. 19 ). Figure 20 a shows a whole eye section
labelled with [3 H ] DAMP in the presence of a 1 pM concentration of
unlabelled Pirenzipine. Non-specific binding in the presence of Atropine
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Figure 20
Panel A : Autoradiogram of M3 binding sites in a human eye section. Incubations were
carried out at 0.5 nM [ H ] 4 D A M P in the presence of unlabelled pirenzipine as described in
3

Chapter 5 procedures. Increased optical densities reflect greater binding. Experiments were
done at least in triplicate and in five different specimens all giving similar binding patterns
of [ 3 H ] 4 D A M P . Note the presence of binding in the corneal epithelium. Abbreviations:
C = corneal epithelium.
Panel B: Control autoradiogram of M3 binding sites in an adjacent human eye section.
Incubations were carried out in the presence of 10 uM atropine, effectively competing for
virtually all of the binding sites seen in Panel A. Control sections were included in every
experiment, in each case giving similar results.
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sulphate was virtually absent as seen by the control section ( Fig. 20 b ).
In the anterior segment of the eye ( Fig. 21 a ), the binding sites specific
for the M3 muscarinic receptor subtype were most highly concentrated in
the ciliary muscle and were also noted in the corneal epithelium, the iris,
the ciliary epithelium, and the active lens epithelial cells situated anteriorly
and at the equator. In the posterior segment ( Fig. 21 b ), the M3
muscarinic receptor binding site was localized to the retinal, retinal
pigment epithelial, and choroidal layers.

In Situ Hybridization
Total RNA from the anterior segment of the human eye as described in
Chapter 2 was extracted and gel electrophoresed. Both 28S and 18S
ribosomal bands were clearly visualized ( Fig. 22 ).
Specific hybridization to M3 muscarinic receptor subtype mRNA was
demonstrated by the Northern blot which revealed a single band of 3.7 kb
(Fig. 23 ).
Structures which exhibited hybridization to the radiolabeled cDNA
probe ( Dupont) complementary to a sequence specific for the human m3
transcript were distributed throughout the anterior segment ( Fig. 24 a).
As seen from tissue autoradiograms, moderate to heavy labelling was seen
in the iris, with the silver grains most numerous in the anterior stromal
border and posterior layers reflecting the distribution of cells in the iris.
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Figure 21
Panel A : Higher power view of the anterior segment angle of the [ H]4DAMP labelled
3

autoradiogram seen in Figure 16 A. Binding sites for the M3 muscarinic receptor subtype
are most highly concentrated in the ciliary muscle, and are also noted in the corneal
epithelium, the iris, the ciliary processes, and the anterior lens epithelium. Abbreviations: a
= ciliary muscle, b = corneal processes, c = iris, d = ciliary epithelium, e = anterior lens
epithelium.
Panel B: Higher power view of the posterior segment of the [ H ] 4 D A M P labelled
3

autoradiogram seen in Figure 16A. Binding sites are present in the retina and retinal
pigment epithelium. Abbreviations: r = retina, RPE = retinal pigment epithelium.
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Figure 22

An ethidium bromide stained gel is shown before transfer to nylon membrane. 10 ug
samples of total R N A from the anterior segment of a human eye (45 yr., 4 hr. postmortem) was electrophoresed through a 1.1% agarose gel containing 0.66 M formaldehyde
( see Chapter 2 ). Ribosomal 28S and 18S heavy white bands are seen. Extreme right and
left lanes represent marker bands.
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Figure 23
Results of hybridization of the 32p labelled m3 receptor oligonucleotide to a blot of 10 ug
total R N A from the anterior segment of a human eye ( F 45 yr., 4 hr. post-mortem)
showing a single band.
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Figure 24
Panel A: Autoradiogram of the anterior chamber angle visualized by in situ hybridization
with an c D N A oligonucleotide probe for the M3 muscarinic receptor subtype. The corneal
epithelium is heavily labelled and of higher density than the corneal endothelium. The
ciliary muscle and the ciliary epithelium are also labelled. Dense silver grains are noted in
both the iris anterior stromal border and posterior epithlelial layers. The anterior lens
epithelium is distinctly demarcated. The region of the trabecular meshwork is also labelled.
Abbreviations:, a = corneal epithelium, b = corneal endothelium, c = iris anterior stromal
border, d = iris posterior epithelial layer, e = ciliary epithelium, f = anterior lens epithelium,
g = ciliary muscle, h = trabecular meshwork.
Panel B: Control autoradiogram of the anterior segment of an adjacent section to that seen
in Panel A. RNase pretreatment ( see Chapter 2 ) abolished hybridization as seen by the
low and uniform level of signal compared to the cDNA derived autoradiogram.
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Corneal epithelium showed heavy uniform labelling relative to the thinner
corneal endothelium. The m3 transcript was also noted in both the ciliary
muscle and ciliary epithelium. In the angle of the anterior segment, the
region corresponding to the trabecular meshwork was distinctly
demarcated by an increase in the silver grains.
Additionally, RNase pretreatment abolished hybridization, producing a
very low and uniform level of signal compared to the cDNA derived
autoradiogram ( Fig. 24 b ).
SUMMARY
In vitro autoradiographic and in situ hybridization approaches were
used to determine the distributions of M3 receptor and m3 transcript in
human ocular structures. To date, there have been no previous reports to
localize either of these molecules in eyes of any species by direct
anatomical methods.
The main findings were the wide distribution of the M3 muscarinic
receptor subtype binding site and m3 transcript in the anterior segment of
the human eye. The M3 binding site and m3 mRNA co-localized in the
corneal epithelium, anterior lens epithelium, ciliary muscle, iris, and
ciliary epithelium. In situ hybridization in addition, detected transcript in
both the corneal endothelium and trabecular meshwork, although these
areas were not seen with receptor autoradiogaphy. Probe specificity for m3
mRNA was ascertained by Northern Blot Hybridization.
The bovine eye has been studied by Northern Blot analysis of the m l to
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m5 species, and the m3 transcript has been shown to predominate (99). Of
the muscarinic subtypes that have been examined in ocular tissues, several
lines of evidence suggest the presence of M3 receptors in ocular tissues. In
the cat and human iris sphincter, 4-DAMP is a more potent inhibitor of
[3H]QNB binding and carbachol -induced PI hydrolysis than pirenzipine or
AF-DX 116 (ll-2((2-((me%lamino)methyl)-l-piperidinyl)
dihydro-6H-pyrido(2,3-b)(l,4)benzodiazepin-6-one),

acetyl)-5,ll-

a potent M2

antagonist (100,101). Further-more, 4-DAMP has been shown to inhibit
carbachol stimulated Ca++ mobilization in cultured human trabecular
meshwork cells (102), and the carbachol induced phosphoinositide response
in SV40 transfected human non-pigmented ciliary epithelial cells
respectively (103). These studies are consistent with the results presented in
this chapter.
Direct anatomical evidence for the M3 muscarinic receptor subtype
ligand binding site and its associated mRNA in the corneal epithelium and
the anterior lens epithelium has been presented. Its role and possible
association with the large quantities of acetylcholine known to exist in the
corneal epithelium (19) require further investigations.
The clear mapping of M3 receptors in the front of the eye, is an
observation of clinical and therapeutic relevance. Considering that miotic
therapy and the medical mangement of raised intraocular pressure depend
heavily on directing low specificity cholinergic agents to the anterior
chamber, these results may be contributory to the rational design of
subtype- specific drugs. The further study of the intracellular consequences
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of muscarinic receptor subtype activation may provide insights into the
mechanisms by which these subtypes are differentially regulated,
providing the means to target and control independent receptor populations
in the human eye.

112

CHAPTER 6: DISTRIBUTIONS OF
INOSITOL TRIPHOSPHATE (IP3) RECEPTORS
AND PROTEIN KINASE C ( P K C )
IN T H E H U M A N E Y E

T h e previous chapters examined the heterogeneous distributions o f
muscarinic receptor subtypes in human eyes. Recently, the examination of
cell surface receptors for hormones and neurotransmitters, in relation to
the intracellular consequences of receptor activation has been a subject of
intense investigation. Muscarinic receptors have been shown to mediate the
activation of a membrane enzyme called phospholipase C (104, 105, 106),
which specifically breaks down a phopholipid cell membrane component
called phosphatidylinositol 4,5-biphosphate (PIP2) into IP3 (see Figure 3 ).
The accumulation o f the IP3 molecule in the cell causes the release o f
calcium from intracellular stores, activating calcium dependent processes in
the cell. P L C activation also leads to the simultaneous production o f
diacylglycerol, the "second limb" o f the bifurcating pathway. It is this
messenger which then activates protein kinase C ( P K C ) in the presence of
calcium and phopholipid. This phosphorylation of proteins by the enzyme
P K C is a major means for mediating cell responses (107). P K C is now
known to act as the major phorbol-ester receptive protein, and can also be
regulated by c A M P and the arachidonic acid cascade (108, 62).
Using ligand binding with tritiated Ins( 1,4,5) P3 and phorbol-12, 13dibutyrate ( [ H ] P D B u ) , the cerebral cortex, and other brain structures
3
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such as cerebellum have been shown to contain large concentrations of IP3
receptors and phorbol ester binding sites (109, 110, 111)]. To date, no
binding studies to localize IP3 and phorbol ester binding sites have been
performed in human ocular tissues. This chapter localizes the two branches
of the phospholipase C activated bifurcating pathway identifiable by
examining the distributions of the IP3 receptor and protein kinase C using
[ H]Ins (1,4,5) triphosphate ([ H]IP3) and [ H]phorbol-12, 13-dibutyrate
3

3

3

([ H]PDBu) respectively. In addition, computerized densitometry for each
3

of these ligands is described.

PROCEDURE
Eye specimens ( see Table 1 ) were obtained and processed according to
previously described methods ( Chapter 2). IP3 receptors were labelled by
incubating sections with 20 nM concentrations of [ H]IP3 : (Inositol 1,4,5
3

triphosphate, D-[inositol-l- H(N)]-: S.A. 17.0 Ci/mmol, NEN, Dupont
3

Canada Inc., Lachine, Quebec). This concentration was used based on
generally accepted protocols in the literature for the brain, and in addition
the Krj) from binding studies in bovine iris fractions (112). Experiments
were conducted in the presence and absence of 20 pM unlabelled IP3 (Dmyo-inositol 1,4,5-triphosphate hexasodium salt triphosphate: Research
Biomedical Inc., Natick , Massachusetts) representing a control for nonspecific binding. In brief, sections were incubated for 20 minutes in 20
mM Tris-HCl, 20 mM NaCl, ImM EDTA, 100 mM KCI, 1 mg/ml BSA at
pH 8.5, at 4°C, followed by a 20 secondrinsein ice cold buffer. All
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sections were dried and subsequently apposed to tritium sensitive film,
(LKB Ultrofilm, Amersham) for approximately 6 weeks in the dark.
Autoradiography with [ H]PDBU ( Phorbol-12,13-dibutyrate, [20- H
3

3

(N)]: S.A. 20.0 Ci/mmol, NEN, Dupont Canada Inc., Lachine, Quebec) was
carried out in Tris-HCl 0.05 M, pH 7.4 at 25°C, at a concentration of 20
nM for incubation period of 3 hours at room temperature. The
concentration of 20 nM was determined by a saturation study in which
increasing concentrations of [ H]PDBU were incubated with the sections,
3

the radioactivity measured and saturation concentraton determined ( Figure
25 ). Three 5 min. washes in the same buffer were carried out at 4°C.
Non-specific binding was defined as the binding seen in the presence of
micromolar concentrations of unlabelled PDBU (Phorbol-12 myristate 13acetate, Sigma, St. Louis, Missouri ). Sections were apposed to film for 4
weeks. After autoradiograms were generated, the original eye sections
were then stained with cresyl violet for Nissl substance for comparative
anatomical reference. Quantitative densitometry by image analysis was
performed as described in Chapter 2.

Localization Of r^HIInositol Triphosphate Binding Sites
In vitro autoradiographic procedures were performed using [ H]IP3 as
3

a high affinity ligand for its binding site. Figure 26 a is an autoradiogram
demonstrating [ H]IP3 labelled sites in an anatomically intact adult eye
3

section. The silver grain densities produced by the radioactive emission of
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Figure 25
Specific binding of [^H]PDBu to human iris/ciliary body tissue as a function of ligand
concentration. Incubations were carried out for 3 hours at 25° C in the presence of
increasing concentrations of [^H]PDBu (see Chapter 6). Non-specific binding was
measured by addition of micromolar concentrations of unlabelled PDBu. Specific binding
was determined as the difference between total and non-specific binding at each
concentration. Experiments were run in triplicate, and each value is the mean of six to nine
determinations. Saturation of [3H]PDBu binding sites is noted at 20 nM.
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Figure 26

Panel A : Autoradiogram of [3H]IP3 binding in a human eye section. Incubations were
carried out at 20 n M [3fI]IP3 as described in Procedures of Chapter 6. Increased optical
densities reflect greater [3H]IP3 binding. Experiments were done in triplicate and in at least
five different specimens all giving similar binding patterns of [3H]IP3. Note the high
concentration of binding in the ciliary muscle. Abbrev.: cm = ciliary muscle.
Panel B: Control sections were present in every [3HJIP3 in vitro autoradiography
experiment by including 20 um unlabelled IP3, effectively competing for virtually all of the
binding sites seen in Panel A .

118

B
113

the [ H]IP3 reflected the anatomical distribution of the drug bound to the
3

eye section in situ. The control section as shown in Figure 26 b showed
virtually no non-specific binding of [ H]1P3, the binding being effectively
3

blocked by competition with unlabelled inositol triphosphate.
In the anterior segment (Fig. 28 a ), the highest density of silver
grains was found in the ciliary muscle. The ciliary epithelium was also
labelled. In the cornea, binding sites were of higher density in the epithelial
than the endothelial layer. Relative to the central area of the endothelial
layer, the peripheral margins corresponding to the trabecular endothelium
had higher silver grain densities. Although in the iris, the most notable
binding was seen in the posterior layer, the anterior stromal border was
also distinctly labelled.
In the posterior segment (Fig. 29 a ), three distinct bands of labelling
can be discriminated, corresponding specifically to the retina, retinal
pigment epithelium and the choroid.

Localization Of \lr\~\

PDBU

Binding Sites

Human eye sections adjacent to the sections used to determine the loci of
[ H]IP3 binding sites, were used to visualize [ H]PDBU binding sites as
3

3

seen in the autoradiogram (Fig. 27 a ). Effective competition by
unlabelled PDBU is shown in the control panel (Fig. 27 b ).
In contrast to the density distribution seen using [3H]IP3, [3HJPDBU
clearly showed the highest concentration of silver grain densities in the
retina (Fig. 29 b ). In the anterior segment (Fig. 28 b), the most
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Figure 27
Panel A : Autoradiogram of [^H]PDBu binding in the same human eye as used for Fig. 26.
Incubations with 20 nM [ H]PDBu were carried out as described in Procedures of Chapter
3

6. Experiments were done in triplicate and in at least five different specimens all giving
similar binding patterns of [^HJPDBu. Note the high concentrations of binding in the retina
and ciliary muscle. Abbrev.: r = retina, cm = ciliary muscle.
Panel B: Control sections were present in every [3H]PDBu in vitro autoradiography
experiment by including 20 um unlabelled PDBu, effectively competing for virtually all of
the binding sites seen in Panel A.
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Figure 28

Panel A : High power view of the anterior segment angle of the [3H]IP3 labelled
autoradiogram seen in Figure 22 A. The highest density of silver grains is found in the
ciliary muscle. [3H]IP3 binding sites in the cornea are of higher density in the epithelial
than the endothelial layer, where the peripheral margins corresponding to the trabecular
endothelium have higher silver grain densities. The iris anterior stromal border and
posterior epithelial layers are also labelled with more pronounced binding in the latter.
Abbreviations: a = ciliary muscle, b = corneal epithelium, c = corneal endothelium, d =
ciliary epithelium, e = trabecular endothelium, f = iris anterior stromal border, g = iris
posterior epithelium,
Panel B: High power view of the anterior segment angle of the [^H]PDBu labelled
autoradiogram seen in Figure 23 A. [ 3 H ] P D B U binding shows the highest concentration of
silver grain densities in the ciliary muscle. Higher silver grain densities are noted in the
corneal epithelium in contrast to the corneal endothelium. Moderate binding is seen in the
trabecular meshwork, and peripheral corneal endothelium, with progressively lighter
binding approaching the central endothelium area. In contrast to the density distribution of
[3H]IP3 seen in Panel A , the anterior stromal border of the iris is heavily and sharply
distinguished from the lower levels of binding noted in the iris stroma and posterior
epithelial layer. The ciliary epithelium shows moderate levels of silver grain density.
Abbreviations: a = ciliary muscle, b = corneal epithelium, c = corneal endothelium, d =
ciliary epithelium, e = trabecular endothelium, f = iris anterior stromal border, g = iris
posterior epithelium
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Figure 29

Panel A : High power view of a region of the posterior segment seen in the [3H]IP3 labelled
autoradiogram shown in Figure 26A. Three distinct bands of labelling can be
discriminated. The heaviest [^H]IP3 binding is seen in the retina, with moderate binding in
the retinal pigment epithelium and choroid. Specific cell types within these structures are
not identifiable. Abbreviations: r = retina, rpe = retinal pigment epithelium, ch = choroid.
Panel B: High power view of a region of the posterior segment seen in the [^HJPDBu
labelled autoradiogram shown in Figure 27A. PKC binding is heavy in the layers of the
posterior segment with the most pronounced labelling throughout the layers of the retina.
Heavy binding is also seen in both the retinal pigment epithelium and the choroid.
Abbreviations: r = retina, rpe = retinal pigment epithelium, ch = choroid.
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prominent structure labelled was the ciliary muscle. Moderate binding was
seen in the trabecular meshwork, with extension to the peripheral corneal
endothelium, with lighter binding approaching the central endothelium
area. Moderate to heavy binding is seen in the corneal epithelium. The
anterior stromal border of the iris was sharply distinguished from the
lower levels of binding noted in the iris stroma and posterior epithelial
layer. The ciliary epithelium showed moderate levels of silver grain
density.
PKC binding was heavy in the layers of the posterior segment, and
corresponded specifically to the retina, retinal pigment epithelium and the
choroid.(Fig. 29 b)
Quantitative Densitometry Of rlHHP3 And flHlPPBu Binding Sites
Quantitative analysis for each of [ H]IP3 and [ H]PDBu binding was
3

3

performed in adjacent sections from a single specimen. Computerized
densitometric measurements of the following structures labelled by
autoradiography

were performed: corneal

epithelium,

corneal

endothelium, ciliary muscle, iris anterior stromal border, iris posterior
layers, ciliary epithelium, trabecular meshwork, retina, retinal pigment
epithelium, and choroid. The absolute values obtained are shown in Figure
30 a.

What is most obvious from the figure is that the ciliary muscle

contained the highest density of IP3 binding sites, and the retina showed the
highest density of phorbol ester binding sites. The standardized graph
shown in Figure 30 b facilitates examination of the densities in structures
relative to the ciliary muscle, for both molecules, and allowed their relative

127

Figure 30A: Quantitation ( nCi/mg) of mean grey levels in ocular structures by image
analysis of autoradiograms showing [3H]IP3 and [^H]PDBu binding in adjacent sections
within a single specimen. Following the calibration of autoradiograms with tritium
standards containing known quantities of radiation, optical density readings of each of the
structures shown were determined for each eye ( See Chapter 2 for General Methods ).
[3H]PDBU binding is highest in the retina, ciliary muscle, and iris anterior stromal border
layers in decreasing order. [^H]IP3 binding is highest in the ciliary muscle. Each value
represents the mean of three independent measurements with standard errors ranging from
0.03 to 0.09.
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Figure 30B: Panel B: Specific activity ( nCi/mg ) is expressed as a percentage of ciliary
muscle activity, in the same structures within the adjacent eye sections examined for
[3H]IP3 and [3lf]PDBU binding seen in Panel A. Note that in every structure, the
proportion of [^HJPDBU binding relative to [3H]IP3 binding in the same structures is
higher. This discrepancy is most notable in the iris anterior stromal border, the retina, and
the trabecular meshwork. In the iris, [^HJPDBu binding is higher in the anterior stromal
border than in the posterior border by a factor of greater than 6. [^H]IP3 binding in the iris
layers shows the inverse relationship with binding in the iris posterior epithelium higher
than in the anterior stromal border by a factor of approximately 5. Abbreviations: iris
anterior = iris anterior stromal border, iris posterior = iris posterior epithelium, RPE =
retinal pigment epithelium.
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quantitative comparison. The ratios of the bound activity in the ciliary
muscle to that found in other structures consistently increased in the
following order for IP3: iris and ciliary epithelium, retina, retinal pigment
epithelium, and for PKC in the following order: corneal endothelium,
choroid, iris posterior epithelial layer, corneal epithelium, ciliary
epithelium, retinal pigment epithelium, trabecular meshwork, iris anterior
stromal border, ciliary muscle, and retina. Each optical density value was
calculated by averaging three independent measurements,

each

measurement made in adjacent sections of the same specimen.

SUMMARY
Employing the in vitro autoradiographic method previously used to
effectively map muscarinic receptor populations in the human eye
(Chapters 3, 4, 5), these studies report the distributions of the intracellular
receptors for IP3 and phorbol-12, 13-dibutyrate (PDBu). In addition, their
relative binding densities have been analyzed using quantitative
densitometric analysis.
The results of these studies present several observations. In virtually
every ocular structure examined, both [ H]PDBu and [ H]Ins(l,4,5)
3

3

binding sites are present, suggesting the co-existance both limbs of the
inositol hydrolysis pathway. Despite this co-localization however, the
relative numbers of [3H]PDBu and [3H]Ins(l,4,5) sites vary widely in
different ocular regions. This is evident from the densitometric study in
which several structures such as the ciliary muscle and the retina showed
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high concentrations of both molecules while other structures showed high
concentrations of one or the other of IP3 or PKC. Whether this is in fact
due to the localization of IP3 receptors and PKC in different cell
populations within a tissue structure, or due to their localization in
distinctly different subcellular regions within a single cell, is as yet
uncertain. Evidence for each of these possibilities has been reported in the
brain (110, 111). Molecular cloning analysis has established that protein
kinase C represents a large family of proteins with multiple subspecies. In a
variety of tissues, each of these isoenzymes, has been demonstrated to have
distinct localization patterns, one being specific only to neuronal tissue
(113). [3H]PDBu is not isoenzyme specific. Collectively, this suggests that
the PKC concentrations that we have measured in neural and non-neural
ocular tissues likely reflect several PKC subtypes.
The ciliary muscle, unlike most other structures, showed co-localization
of both IP3 and PKC with mutually high concentrations of each. On the
other hand, while high levels of PKC binding sites were found in the
retina, trabecular meshwork, and retinal pigment epithelium, in the same
structures, there were relatively low numbers of [3H]Ins(l,4,5) P3 binding
sites. Evidence for both limbs of this pathway were noted in the human
iris, however, within the confines of this single anatomically well-defined
structure, further anatomical subdivisions were visualized by the
preferential concentration of one effector molecule over the other, in
highly specific regions.The iris anterior stromal border, rich in PKC
binding sites, and low in IP3 sites, contrasted sharply with the iris posterior
epithelial layer in which a high density of IP3 binding sites and relatively
lower levels of PKC binding sites were found. Evidence in the bovine and
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rabbit iris sphincter smooth muscle for PI turnover and protein kinase C
respectively, has been demonstrated (114, 115, 116). The neuroanatomical
evidence for effector system predominance in distinct regions of the iris
may be important in understanding these regions from a functional
perpective.
Both layers of the cornea demonstrated IP3 and phorbol ester binding
sites; however, the corneal epithelium showed significantly higher
concentrations of each of these molecules than does the corneal
endothelium. The human ciliary epithelium demonstrated concentrations of
both IP3 and PKC binding sites. Studies in the rabbit ciliary processes
giving evidence for coupling to PI turnover , and protein kinase C activity,
suggest that they are at least localized in the non-pigmented cell layer (117,
118). Products of the inositol pathway have been identified in the bovine
rods (119). Our studies showed that the human retina contains both IP3 and
phorbol ester binding sites.
The heterogeneous distribution of the [3H]IP3 and [3H]PDBu binding
sites in human ocular structures raises the question of whether these
products of phospholipase C activation act synergisically, independently, or
with one limb ascending over the other to effect a particular cellular
response. Mechanisms by which the latter may occur, may involve the
capacity of the IP3 receptor to be phosphorylated into inositol 1,3,4,5tetrakisphosphate ( IP4), which in itself, can act as another second
messenger in regulating extracellular Ca++ influx in various cell
types.(120, 121,122, 123) The hydrolysis of phospholipid has been shown
to occur in the absence of PKC activation in rat brain (124). On the other
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hand, a mechanism by which more selective activation of PKC occurs,
apart from DG regulation, and independent of IP3 receptor activation,
may occur through the arachidonic acid cascade which can also regulate
PKC (108,62). Based on the capacity of a cell to react to a multiplicity of
changing external signals with which it is continually being presented, all
of these alternatives may be possible.
The study of post-receptorial events is further complicated by the
growing evidence for heterogeneity of the molecules involved in the second
messenger cascades, including PLC (125, 126,127), and PKC (113). As the
distributions of these numerous ocular second messenger molecules in the
human eye continue to be investigated,

implications emerge for

understandings of the way in which muscarinic cholinergic receptors and
other receptors are regulated, and for targeting these intracellular
molecules therapeutically.
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C H A P T E R 7: G E N E R A L DISCUSSION
In this thesis, the anatomical organization of general muscarinic
receptors, 3 muscarinic receptor subtypes and 2 second messenger
molecules have been described in the human eye. In this chapter, I would
like to first discuss the importance of the in vitro autoradiographic
approach, and the implications and importance of these studies in human
eye tissue, keeping in mind several hmitations. Finally, general conclusions
and implications drawn from the specific distributions of the muscarinic
receptor subtypes and second messenger molecules localized will be
addressed.
These studies are the first to determine the distributions of muscarinic
receptors in the anatomically intact human eye. The in vitro
autoradiographic approach used in these experiments has numerous
advantages. Through the visualization of the normal anatomical
distributions of receptors in eye sections, the examination of many
different ocular structures at once was possible, making it highly efficient
as an approach. The practicality of this method is further emphasized by
the need for very small quantities of eye tissue. In this way, it was possible
to study the relative distributions of many different ligands in adjacent
tissue sections from a single specimen. From a therapeutic standpoint,
whether a drug is useful is crucially dependent upon its ability to produce
its desired effects with tolerable or minimal undesired effects. Thus the
selectivity of its effects is one of its most important characteristics.
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The in vitro autoradiographic identification of anatomical targets
highly specific for radioligands of high selectivity for a receptor subtype,
permits hypothetical predictions regarding the effects of one
pharmacological agent over the other in the eye. Traditionally, the
pharmacokinetic analysis of ocular receptors has used the homogenate
binding technique in which the ocular structure under examination is
thoroughly disrupted before being subjected to ligand binding. Errors are
more likely to occur by the homogenate technique due to measurements of
small amounts of tissue that need to be handled, often from pooled
specimens. By using in vitro autoradiography, this problem was
circumvented by the high degree of control afforded by adjacent slide
mounted sections within a single specimen, without the need for difficult
dissections or the large amounts of tissue required by conventional binding
methods. That this technique can also be applied to post-mortem human
tissue is of particular importance.
Pharmacological evaluation in man is limited by technical, legal, and
ethical considerations, thus choice of drugs must be based in part on their
pharmacological evaluation in animals. Therefore, some knowledge of
animal and comparative pharmacology is helpful in deciding the extent to
which claims for drugs based upon studies in animals can be extrapolated to
man. By examining and determining cholinergic drug targets first in
human tissue, comparative anatomical studies in animals may follow, and a
more rational basis for the pharmacological manipulations then to be
performed in animals can be established. Of fundamental importance,
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comparison of the results in human ocular tissue with those in animal
ocular tissue, may be the first step in determining a suitable animal model
for further investigations.
The studies in this thesis were performed on human eye specimens that
were considered normal, having no documented history of acquired or
hereditary eye disease. The success in applying in vitro autoradiographic
techniques for the first time in the normal adult eye shows promise in the
study of numerous other receptors. Furthermore, the localization of
different receptors in normal eye specimens will provide the comparative
means by which their localization in specimens with specifically well
defined ocular pathologies can be examined.
Qualitatively, the results of in vitro autoradiography were consistent
for each eye studied with a particular radioligand. The consistent
anatomical distributions of muscarinic receptor binding sites in different
specimens is in contrast to the considerable variations in density of
muscarinic

receptor

binding sites

measured

by

quantitative

autoradiography in different donor eyes ( Chapter 3 ). There are obviously
many variables that may be affecting the muscarinic receptor pools in
human donor eyes. To what extent the age or agonal state of the patient,
post-mortem interval, other drug therapies, and many other complicating
factors affect the human eye receptor pools, will be difficult to determine.
Many more samples will need to be studied before any conclusions can be
drawn about the significance of receptor binding densities. However, this
study does suggest the potential for measuring the relative quantities of a
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particular receptor in a controlled setting such as in an animal model. In
this way, once the normal distributions and densities have been established,
further studies may be undertaken to investigate the effect of experimental
manipulation on previously defined patterns. Furthermore, a single animal
specimen may be used to study the effects of an experimental condition on
numerous different receptors.
The broken cell membrane preparation of the in vitro autoradiography
technique precludes the selective identification of those muscarinic
receptors that were cell membrane bound, and those that may have been
internalized. Since the IP3 and PDBu binding site are both intracellular,
this point is not relevant to their identification nor quantification. In
addition, this technique which utilizes radio-isotope sensitive film instead of
emulsion does not allow the visualization of receptors at the cellular level.
As they are developed, monoclonal antibodies will be important
irnmunocytochemical tools in the visualization of these receptors at cellular
and ultrastructural levels by light and electron microscopy respectively.
The value of this powerful technique relies heavily on the specificity of
the pharmacological agent employed to target a particular receptor
population, and continues to increase with the growing availability of new
receptor subtype - specific drugs. It should be kept in mind however, that
the nomenclature used in identifying the various muscarinic receptor
subtypes pharmacologically is likely to change as new information will
need to be be accomodated.
In cases in which the results of receptor autoradiography with a specific
radioligand are compared to the results of in situ hybridization with a
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cDNA probe, we have assumed based on the available tools, that it is the
transcript from which the protein is translated that is being identified.
Interestingly, while both human trabecular meshwork and corneal
endothelial structures were identified as having concentrations of m3
transcript, in vitro autoradiography did not detect the M3 receptor sites in
either of these structures. When the results of in situ hybridization to
localize a mRNA species are in conflict with the localization of the receptor
protein, as in this case ( Chapter 5 ), it is possible that the dissociation
results from a rapid receptor turnover accompanied by its stable mRNA
precursor. Thus the adjuctive use of in situ hybridization as a means with
which to localize receptor populations and to support studies by in vitro
autoradiography may also give information not provided by in vitro
autoradiography.

GENERAL CONCLUSIONS AND IMPLICATIONS

This work provides direct anatomical evidence for the presence of
multiple muscarinic receptor subtypes in the human eye. The ocular
smooth muscles are the structures most functionally well defined and
characterized with respect to cholinergic mechanisms. It has been clearly
demonstrated by [ H]QNB binding that ocular smooth muscles contain
3

muscarinic receptors ( Chapter 3 ), and it is well known that they mediate
contraction. We have demonstrated M l , M2, and M3 muscarinic receptor
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subtype binding sites and m3 transcript in the human ciliary muscle
(Chapters 4 and 5). This is consistent with the information from the study
of smooth muscles in other organ systems (6, 7) and high affinity profiles
for receptor subtype selective antagonists by binding studies, suggesting
that smooth muscle has both M2 and M3 receptor subtypes (128, 129) and
also expresses m2 and m3 mRNA (130). The role for [^HJpirenzipine
labelled M l sites in the human ciliary muscle is unclear, but they have also
been identified pharmacologically in the rabbit iris/ciliary body (94). From
the descriptions of muscarinic receptor subtypes in the ciliary muscle,
several hypotheses will be presented.

M2 Muscarinic Receptor Subtype In The Longitudinal Ciliary Muscle

The conspicuous localization of [ H]oxotremorine binding sites (M2) in
3

only the longitudinal portion of the human ciliary muscle ( Chapter 4 )
may be functionally very important for several reasons. The presence of a
muscarinic receptor subtype in the ciliary muscle that is absent in the iris,
may be of value in the design of therapy aimed at the dissociation of
accomodation and miosis. In addition, this may be relevant to the
mechanisms underlying improved aqueous humour drainage by cholinergic
agonist therapy used in glaucoma. It is known that although contraction of
the ciliary muscle controls accomodative mechanisms in the eye, it is the
specific contraction of the longitudinal muscle of the ciliary muscle that is
believed to contribute to outflow facility ( Chapter 1 ). That different
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portions of the ciliary muscle may be mediating functionally different
roles, namely accomodation versus outflow was first suggested by Barany
in 1965 (131). This hypothesis has since been supported by several
physiological experiments in which the separation of accomodation from
outflow has been demonstrated (132, 133). Recent histochemical studies
suggest that the longitudinal ciliary muscle has characteristics of fast twitch
muscle fibres, not found in the radial and circular portions of this muscle
(134). Chapter 4 presents evidence for an anatomical-pharmacological basis
supporting a unique function for the longitudinal ciliary muscle.
Pharmacological agents used to identify muscarinic receptor subtypes do
not necessarily identify the same cloned receptor subtypes and
[^HJoxotremorine has been shown to bind to heterogeneous M2 sites (95).
Whether the [^HJoxofremorine ( M2 ) labelled muscarinic receptor binding
sites correspond to the m2 mRNA has not yet been determined. The m2
mRNA is known to be expressed in smooth muscle, and its most likely
mechanism of action based on generally accepted literature, is through the
inhibition of adenylate cyclase via the Gi protein. Through the stimulation
of Gi, M2 muscarinic receptors can decrease levels of cAMP and close
potassium channels (135). In addition, a sympathetic innervation has long
been postulated to exist along with the well established cholinergic
innervation in the ciliary muscle (136, 137), and relaxation of the monkey
ciliary

muscle

has

been

demonstrated

upon

application of

sympathomimetics (138). In our laboratory, prehminary experiments have
shown beta adrenergic receptors in the ciliary muscle. Beta adrenergic
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stimulated muscle relaxation occurs through an increase in cyclic AMP,
and the opening of potassium channels. By this mechanism, it is possible
that the M2 receptors which decrease cAMP and close potassium channels,
negate the beta adrenergic induced muscle relaxation (135) maintaining a
certain degree of ciliary muscular tone.
The state of tension of the ciliary muscle can significantly influence the
resistance to outflow of aqueous fluid, and thus the intraocular pressure. In
measuring the effects of ciliary muscle contraction and relaxation on
intraocular pressure in young normal subjects, it was found that effortless
accomodation in young normal subjects produced a significant reduction in
intraocular pressure, whereas pressures during relaxation were higher
(27). This is clinically exploited in the treatment of glaucoma through the
use of muscarinic agonists to lower intraocular pressure ( see Chapter 1).
If such a mechanism by which M2 receptors antagonize beta adrenergic
relaxation through negative coupling to adenylate cyclase, plays a role in
the maintenance of normal ciliary muscle "tension", then it is conceivable
that their influence on intraocular pressure is potentially significant.
Alternatively, the M2 receptors may mediate some process within the
muscle having nothing to do with contraction. In vivo pharmacological
studies in an appropriate animal model will be an important step in
clarifying the contributions of this muscarinic receptor subtype selectively
found in the human longitudinal ciliary muscle portion, specifically in
accomodation and in aqueous outflow.
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M3 Receptors In The Human Ciliary Muscle

The localization of the M3 receptor subtype over the longitudinal,
circular, and radial portions of the ciliary muscle ( Chapter 5 ), in contrast
to the selective M2 labelling in the longitudinal fibres, favours the
hypothesis that the M3 receptors are at least partially responsible for
smooth muscle contraction involved in the accomodative process of the
entire ciliary muscle. This is supported by functional and ligand binding
studies providing evidence for the M3 receptor subtype as the muscarinic
receptor responsible for smooth muscle contraction (139). Studies in only
the last few years indicate that M l and M3 receptors can be coupled to PI
turnover via PLC. The distribution of IP3 receptors and PKC over the
entire ciliary muscle, in addition to, by quantitative analysis, their mutually
abundant concentrations here relative to other ocular structures ( Chapter
7),

suggests that these molecules may be involved in the contraction

process. Presumably,

calcium is released from intracellular stores

triggered by inositol triphosphate ( IP3 ), which is formed by breakdown
of phosphatidyinositol as a consequence to a muscarinic receptor stimulated
phospholipase C (60). This is supported by studies of signal transduction
pathways leading to the excitation of smooth muscle, demonstrating the
existence of a muscarinic receptor mediated pathway involving a G protein
stimulated increase in the turnover of phophatidylinositol, with a resulting
increase in intracellular calcium. Experiments in human ciliary muscle cell
cultures have recently demonstrated an acetylcholine induced intracellular
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calcium rise in fura-2-loaded cells (140, 141). In addition, a direct increase
in the nonselective conductance of cations, causing a calcium influx and
leading to muscle contraction, has also been shown (7, 142). The M3
muscarinic receptor subtype is a prime candidate in mediating PLC
activation, IP3 accumulation, and a rise in intracellular calcium, toward
contraction. The abundant co-localization of PKC throughout the ciliary
muscle, as demonstrated by in vitro autoradiography with [3H]PDBU
(Chapter 7), supports the existence of a PLC mediated signal transduction
pathway in the human ciliary muscle. The functional viability of this signal
transduction pathway in the human ciliary muscle needs to be examined
using physiological and biochemical approaches.

Muscarinic Receptor Subtypes In Non-Smooth Muscle Ocular Structures

Because the role of muscarinic receptors in non-smooth muscle ocular
structures such as the cornea, trabecular meshwork, ciliary epithelium, and
lens are either poorly defined or altogether unknown, it is difficult to
hypothesize their functions. However, the localization of M3 muscarinic
receptors and their transcripts in the corneal epithelium and anterior lens
epithelium is particularly interesting ( Chapter 5 ).
The outermost layer of the corneal epithelium, contains one of the
highest concentrations of Ach of any mammalian tissue (19), even
exceeding that found in sympathetic ganglion (143). Correspondingly, high
activities of choline acetyltransferase (144), the enzyme responsible for its
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synthesis, and acetylcholinesterase (145), the enzyme which hydrolyzes and
inactivates Ach, are also found in the corneal epithelium. Most, if not all,
of the Ach resides within the epithelial cells and not in the nerve endings
(146, 147, 148), and although nerve processes have been demonstrated in
the human corneal epithelium, they are found infrequently, and constitute a
minor portion of the epithelial layer (149).
In trying to define a role for the presence of this neurotrasmitter, the
results of searches for a muscarinic receptor component in the epithelial
cells have been conflicting. The rabbit corneal epithelium is devoid of both
muscarinic and nicotinic receptors by homogenate ligand binding (83).
While other studies have also failed to detect epithelial receptors in broken
cell preparations (84, 150), muscarinic receptors in epithelial cell cultures
have been reported (151, 152). For the first time, direct evidence for a
muscarinic receptor in the corneal epithelium, specifically the M3
muscarinic receptor subtype ligand binding site and m3 mRNA has been
presented. Although no definitive physiologic role for the cholinergic
system has been defined in the cornea, a number of functions have been
suggested including the mediation of sensory impulses and pain (153), an
adaptive developmental response to air and light (154), the regulation of
ionic transport (155), and stromal hydration and corneal transparency
(154, 156). In light of these results, the functional significance of M3
receptors in the corneal epithelium deserves further investigation.
Cataractogenesis, is a well known debilitating effect of cholinergic
therapy in the eye, particularly anticholinesterase drugs, however at
present there is no understanding of the mechanism by which this occurs.
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Although the lenticular physiological roles played by Ach are unknown,
acetylcholinesterase

is present in human lens capsule/epithelium

preparations, and echothiophate applied topically to the eye in vivo
completely inhibits AChE activity (157).

Direct evidence for M3

muscarinic receptors and the m3 transcript in the anterior lens epithelium
(Chapter 5), the only mitotically active region of the lens has been shown.
Further investigations of the M3 muscarinic receptor subtype may be of
value in understanding the pathogenesis of lens opacities induced by
cholinergic therapy.
Chapters 4 and 5 show that both M l and M3 receptor subtypes are
localized in the ciliary epithelium. Considering the clinical significance of
this structure, the innervation of the ciliary process has been studied much
less than expected, and the role of the parasympathetic system in regulating
the production of aqueous humour is unclear. By acetylcholinesterase
staining, cholinergic innervation has been demonstrated in the ciliary
processes (158, 159). Muscarinic agonists have been found to both
stimulate and inhibit the formation of aqueous humour (160).
Administration of Ach alone has been shown to have no action on the
formation rate (161). Recently however, muscarinic receptors in the
bovine and primate non-pigmented ciliary epithelium of the ciliary process
have been identified and characterized (80). The function of the muscarinic
receptors in this tissue is unclear, however their further distinction into M l
and M3 subtypes may be helpful in examining their role.
Direct evidence for the m3 transcript in the human trabecular
meshwork (Chapter 5) has also been presented. Whether there is a direct
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parasympathetic control over outflow resistance in the trabecular
meshwork exists is unknown. Studies have identified the angle as being
acetylcholinesterase

positive (159), and putative cholinergic nerve

terminals in the trabecular meshwork of the cynomolgus monkey have been
reported (162), although exactly which structures they innervate in the
outflow region remains unclear (163, 164). Functional studies have also
provided evidence for muscarinic receptors in the trabecular meshwork
(102).

Supporting Evidence for Muscarinic Receptor Subtypes in the Human Eye:
Tissue Specific Distributions and Second Messengers
Support for the notion that the muscarinic receptors are functionally
diverse comes from studies in both the peripheral and central nervous
systems, in which muscarinic receptor subtypes and mRNA species show
distinct tissue specificity. The experiments presented in this thesis show that
while many structures displayed overlapping distributions of the subtypespecific muscarinic ligands, several highly restricted and different patterns
were noted. The presence of a single muscarinic receptor subtype in an
ocular structure was demonstrated in both the corneal epithelium and the
anterior lens epithelium which localized only the M3 subtype. The
detection of a subtype unique to only one structure in the anterior segment
was demonstrated by [ H]Oxotremorine binding (M2) noted only in the
3

longitudinal ciliary muscle. Furthermore, only one structure localized all
three receptor subtypes in the anterior segment, specifically the M l , M2
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and M3 receptor subtypes in the longitudinal ciliary muscle. Thus, evidence
has been presented for tissue-specific muscarinic receptor subtypes in the
human eye ( for summary, see Table 2 ).
Further support for functional differences between the muscarinic
subtypes comes from the predominant association of different muscarinic
subtypes with specific biochemical effectors. Knowing that M l and M3
receptors are coupled to PLC activation, one would expect that the ocular
structures found to localize these muscarinic subtypes should also localize
IP3 receptors and PKC. The distributions of these molecules were
consistent with the combined distributions of the M l and M3 muscarinic
receptor binding sites and the m3 mRNA. Furthermore, quantitative
analysis showed an abundance of both IP3 receptor binding sites and PKC
in the ciliary muscle, consistent with the high density of muscarinic binding
sites in the ciliary muscle ( Chapters 4 and 6 ).
Cholinergic mechanisms are clearly of fundamental importance to many
physiological control mechanisms in the eye. The muscarinic receptor
subtypes and second messenger molecules that have been localized in the
human eye should prove to be a useful adjunct to more directed receptorrelated investigations at the biochemical and physiological level, and may
provide the first rational step toward understanding the effects and side
effects of ocular cholinergic drug therapy. A well-organized Eye Bank for
the collection of human eye tissue of clinically well-described patients,
taking into account pre-and post-mortem factors will be very important to
the future use of in vitro and in situ autoradiographic methods in human
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M3

corneal epithelium
corneal endothelium
trabecular meshwork
longitudinal ciliary muscle
circular and radial ciliary muscle
ciliary epithelium
iris
anterior lens epithelium
retina
retinal pigment epithelium
choroid

•

-

-

m3
•
•
•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

+
++
+++

IP3

PKC

+
+
+
+++
+++
+
+
+
+
+
+

+
+
+
+++
+++
+
++
+
+++
+
+

absent
present
low
medium see figure 27
high

eye specimens. The approaches used in this thesis may be valuable to the
future research of numerous other receptors in both normal and
pathological human eye specimens, opening the door to new perpectives on
ocular physiology, pathophysiology, and medical therapies.
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