™
—

STUDIES ON CHARACTERIZED

NUCLEUS GIGANTOCELLULARIS NEURONES

by
[AVID PLATT HARRIS

B.SC., the University of Victoria

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF
THE REQUIREMNENTS FOR THE DEGREE OF
MASTER OF SCIENCE
in
THE FACULTY OF GRADUATE STUDIES
»(Division of Pharmacology and Toxicology in the

Faculty ¢f Pharmaceutical .Sciences) -

We accept this thesis as conforming

to the required standards

THE UNIVERSITY OF BRITISH COLUHBIA
BAY 1980

@Davxn PLATT HARRIS, 1980



In presenting thié-thééfé in partial fulfilment of the requirements for
an advanced degree at the University of British Columbia, I agree that
the Library shall make it freely available for reference and study.

I further agree that permission for extensive copying of this thesis
for scholarly purposes may be granted by the Head of my Department or
by his representatives. It is understood that copying or publication
of this thesis'for financial gain shall not be allowed without my

written permission.

Division of Pharmacology and Toxicology
Faculty of Pharmaceutical Sciences

The Univesity of British Columbia

2075 Wesbrook Place

Vancouver, Canada

V6H L 1W5

April 23, 1980.



ii

ABSTRACT -

Periaqueductal gray (PAG) :stimulation produced
antinociception may be mediated by inhibition of an ascending
nociceptive pathway at the brainstem level and/or the activation
of descending inhibition on spinal nociceptor-driven neurones. .
Experiments were performed on urethane anaesthetized rats to
. establish if there is a monosynaptic pathway from the PAG to the
nucleus gigantocellularis (nGC). ., Single units in :the PAG were
able to be antidromically activated by stimulation .of the nGC, .
indicating that a direct pathway does exist. .

To further clarify nGC involvement in .the two possibilities
stated above, single units in the nGC were characterized
according to their responses to natural stimuli. About ome-half
of the neurones tested were excited by noxious stimuli. .
Similarly, about one-half of those tested with PAG stimulation.
were inhibited. ©Of those neurones affected by both noxious
peripheral stimuli and PAG stimulation, the largest group (37%)
were excited by the noxious stimuli and inhibited by the PAG
stimulation. . Intravenous and iontdphoretic fluoxetine, a
specific serotonin uptake blocker, enhanced the period of
inhibition and reduced the excitation of nGC neurones due to PAG
stipulaticn.  Furthermore, inhibition of nGC neurones by
iontophoretic-serotonin-or fluoxetine was correlated with the
PAG stimulation produced inhibition of these neurones,

suggesting that this inhibition was mediated by serotonin..
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These data suggest that many nGC neurones are in an ascending

nociceptive pathway and under inhibitory control of the PAG...

John -G, . Sinclair, Pha D.,

Supervisor. .
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INTRODUCTIGON

In 1969 Reynolds reported that electrical stimulation of
the periaqueductal gray matter produced sufficient analgesia to
allow laparotomies to be performed on unanaesthetized rats. .
This paper caused an abundance of research on .stimulation
produced antinociception from different brain regions, including
the periaqueductal gray {Reynolds, 1969%; Mayer et al., 1971;
Oleson et al., 1978) and the nucleus reticularis
gigantocellularis (nGC) {Takagi et al., 1975; HcCreery and
Bloedel, 1975). . In particular, stimulation of the
periaqueductal gray produces both a reduction in behavioural
responses {Oleson et al., 1978) and reflex responses (Hlayer et
al., 1971; Akil et al., 1976; Yaksh et al., 1976c; Yeung et al.,
1977; Oleson et al., 1978; Rhodes and Liebeskind, 1978) -to
noxious stimuli.. In addition, this reduction was reported to
last up to five minutes beyond the period of stihulationu(uayer
et al., 1971; Bhodeé and Liebeskind, 1978). . However, the
mechanism of stimulaticn produced antinociception: in general,
and -specifically that of the periagueductal .gray, :is still not
known in any detail. .

Periaqueductal gray stimulation produced antinociception
may be mediated by the inhibition of an ascehding nociceptive
pathway at any level of the nmervous system, including the spinal
cord or brainstem levels. Noxious peripheral information -
travels through the dorsal horn:and eventually reaches the
thalamus, either directly via the spinothalamic tract, or
indirectly via the spinoreticular tract, the spinocervical

tract, or propriospinally. . The spinoreticular tract,



propriospinal fibres, and probably collaterals of -the .
spinothalamic tract are also known to terminate in the nucleus
reticularis gigantocellularis {Mehler et al., 1960; McCreery and
Bloedel, 1875).

This thesis started with the premise that periaqueductal
gray stimulation produced antinociception-may be mediated by the
nucleus reticularis gigantocellularis. This nucleus may, on one
hand, be involved in this amtinociception by inhibition of an
ascending nociceptive pathway at the spinal cord level. .
Electrical stimulation of the periaqueductal gray has been .
reported to inhibit spinal cord nociceptor-driven . neurones
{0Oliveras et al., 1974a). . However, the periagueductal gray has
few direct axonal projections to the spinal cord, therefore,
these inhibitory effects must be mediated by other brainsten
nuclei. The most often suggested nucleus for this role is the
pucleus raphé'magnus {(cf. . Mayer and Price, 1976), but the nGC
is also a possibility.. The nucleus gigantocellularis is known
to project to the spinal cord (Wolstencroft, 1964) .and
electrical stimulation of the nGC inhibits spinal cord
nociceptor~driven neurones {Takagi et al., 1975). . Therefore, .
the nucleus gigantocellularis may mediate periaqueductal ‘gray
stimulation produced antinociception by inhibiting an-:ascending
nociceptive pathway at the spinal level;;

Conversely, the nucleus gigantocellularis may mediate the
antinociception by inhibition .of the ascending;pafhway at the
brainstem level. The nGC is known to receive noxious input from
the spinal cord {Schiebel and Schiebel, 1968; Wolstencroft,

1964; Casey, 1969, 1971a). . The nucleus gigantocellularis is



also known to have axonal projections to the thalamus (Bowsher
et al., 1968), suggesting that nGC neurones may be in an
ascending nociceptive pathuay.J Also, periagqueductal gray
stimulation has been reported to inhibit nucleus
gigantocellularis neurcnes (Morrow and Casey, 1976)., 6 Therefore,
periaqueductal gray stimulation produced antinociception may be
mediafed by the nucleus gigantocellularis by inhibition of
ascending ncciceptive information at the brainstem level. .

This thesis involved experiments in which .neurones in the
vicinity of the periagueductal gray were antidromically
activated by stimulaticn of the nucleus gigantocellularis and
experiments correlating the responses of nGC neurones to various
tests. . These tests included noxious and non-noxious peiipheral
stimuli, stimulation of the PAG, and intravenously and
iontophoretically administered serotonin and fluoxetine, a
specific serotonin uptake blocker. K As w¥well, the effects of
intravenous and iontophoretic fluoxetine on the responses of nGC
neurones to ncxicus peripheral stimuli and periaqueductal gray
stimulation were studied. . |

The studies reported in this thesis were directed at
establishing evidence for a monosynaptic pathway from the PAG to
the NGC and for the involvement of ‘the nGC in the .mediation of
the antinociceptive effects of periaqueductal .gray stimulation
via ihibition of nociceptive information in either the spinal

cord or the nucleus gigantccellularis. .



A, Nociceptors and their Afferent_ Fibres

Nociceptors are defined as recepiors which respond to
noxious stimuli, that is, stimuli uhich.aré potentially or
aciually damaging to the tissue stimulated. . Nociceptors are
cldssified by their responses to various stimuli, the afferents
supplying them, and their lccation.. Although the different
classes of nociceptors have distinctive responses to noxious
stimuli they all-appear to have free endings and to be supplied
by small-sized afferent fibres. . These fibres include myelinated
A-delta and unmyelinated C fibres (Paintal, 1960; Burgess and
Perl, 1973).  The major cutameous nociceptors include the A-
delta mechanical, A-delta heat, and C polymodal receptors. . A=
delta mechanical nociceptors are excited best by damaging.
mechanical stimuli and dc not respond to noxious heat or algesic
chemicals (Burgess and Perl, 1967; Perl, 1968; Burgess et al.,
1968) « . A-~delta heat nociceptors are excited by noxious heat
(> 45 .9C) :as well as intense mechanical stimuli {Beck et al.,
1974; Georgopoulocs, 1976, 1977).. The third major ciass of
nociceptors are the C polymcdal nociceptors. These are abundant
and respond to noxious mechanical, thermal, and chemical stimuli
(Bessou and Perl, 1969). Muscle nociceptors are also activated
by noxious mechanical, thermal, or algesic chemical stimuli

{Paintal, 1960; Stacey, 1969)..
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B. .  Spinal Cord Substrates of Nociception:

Laminae of the Spinal Cord Gray Matter

The anatomy and to a large extent the electrophysiology of
the spinal cord is described in:the terms introduced by
Cajal {1909) and Rexed (1952). . Rexed divided the spinal .cord
gray matter into nine discrete laminae.. These are described in
terms of their cell types, inputs, and outputs in:the following

sections. .

Lamina I — the Marginal Layer

e s s

The most prominent feature of lamina I is the 'marginal.
cell? of ﬁaldeyer {1888) .. These sparse large neurones have
extensive overlapping .dendritic trees made up of relatively long
unbranched axons. Most of the axons remain inside the marginal
layer but a few penetrate into deeper laminae (¥Waldeyer,1888;
Cajal, 19039; Scheibel ‘and ScheiSel, 1968) . . In .addition:to these
célls there are two other types of neurones in .this lamina: very
small and medium sized cells. The latter have large dendritic
tufts projecting into the substantia gelatinosa and axons
projecting to the fasciculus proprius or Lissauer's tract
{(Cajal, 1909). . |

The marginal layer receives fine afferents from the tract
of Lissauer, some of -which may be primary afferents, but most
are progably propriospinal (Kerr, 1975a). . Peripheral nerve
stimulation studies in cats and monkeyé have iﬁdicated lamina I

neurones receive input from both A-delta and C fibres



{Christensen and Perl, 1970; Kumazawa et al., 1975).. Recent
autoradiographical studies in the cat and monkey (Réthelyi et
al., 1979) -and horseradish peroxidase (HRP) studies in .the cat
{Light et al., 1979; Light and Perl, 1979%a,b) .also indicate
lamina I receives small diameter myelinated nociceptive fibres. .
Many neurones in lamina I respond specifically to noxious
mechanical and/or noxious thermal stimuli (Christensen and Perl,
1970; Cervero et al., 1976, 1979), but a few can be classified
as wide-dynamic range neurones as they respond to non-noxious as
well as noxious stimuli (Cervero et al., 1976). . ‘

Marginal layer neurones probably contribute to the
spinothalamic tract. They have been antidromically activated by
stimulation of the spinothalapmpic tract from the diencephalic
level ‘in .the cat (Willis et al., 1974) ‘and cervical level ‘in .the
cat and monkey (Kumazawa et al., 1975).. Horseradish peroxidase
studies have also located neurones in this lamina in .the cat
(Trevino and Carstens, 1975; Carstens and Trevino, 1978) .and the
monkey {Trevino and Carsteas, 1975; Willis et al., 1979) .. In
addition, marginal layer neurones may project propriospinally to
- more rostral sites via the tract of Lissauer or the lateral
fasciculi proprius {Schiebel and Schiebel, 1968; Cervero et al.,

1979) . .

Laminae II and III -the Substantia Gelatinosa

The neurones in lamina II are small but have gquite
extensive radial dendritic trees extending from their apical "and
basal poles {Cajal, 19509; Schiebel :and Schiebel, 1968) .. The

dendrites reach fairly extensively dorsomedially but usually do



not leave laminae II or III. The neurones in:lamina III are
slightly larger and more dispersed and have larger and more
complex dendritic arborizations (Schiebel and Schiebel, 1968)..

Lamina II and IITI appear to be distingquishable by their
afferent input. Lamina II neuromnes receive fine fibres, most of
which are collaterals of axcns running in the tract of Lissauner
or the nearby white matter, although other areas might
contribute to them {Cajal, 1909; Szentagothai, 1964; Schiebel
and Schiebel, 1968) .. These fibres are probably mnociceptive .
unmyelinated fibres as lamina II neurones are reported to
receive thié class of fibres {Kurazawa and Perl, 1976; Yaksh et
al., 1977; Light et al., 19793,b).54Converse1y,.lamina.III
neurones are reported to receive coarse collaterals of primary
afferent origin from large fibres which pass ventrally along the
medial edge of the.doréal.horn before turning and entering
lamina III from below in .a flame-shaped arborization .(Cajal,
1909; Szentagothai, 1964). 6 These were reported to be innocuous
myelinated afferent fibres in studiés involving: electrical
stimulation of nerves in the monkey (Kumazawa and Perl, 1976,
1978) and the cat (Yaksh.ét al., 1977; ®Wall et al., 1979);
autoradiography in the cat and monkey {Réthelyi et al., 1979);
and HBP in the cat (Light and Perl, 1979a,b)..

The axonal projections of the neurones in .these laminae
either never leave the substantia gelatinosa or temporarily run
in the tract of Lissauer or fasciculi proprius before
terminating back in the snbstantia gelatinosa (Cajal, 1909;
Szentagothai, 1964; Schiebel and Schiebél, 1968) ... This suggests

that the substantia gelatinosa is a closed system. . However,



outflow frcm the substantia gelatinosa probably exists via
lamina IV antenna neurones which have demdrites projecting into
the substantia gelatinosa {Szentagothai, 1964; REthelyi and
Szentagothai, 1973) or by way of axons from lamina III neurones,
some of which are reported to dip into deeper laminae before
returning to the substantia gelatinosa {Mannen and Sugiura,
18786) . .

Neurones in -the substantia gelatinosa respond to noxious as
well as innocucgus cutaneous stimuli. . Many are activated by
polymodal or mechanical nociceptors {Kumazawa and Perl, 1976,
1978) , by innocuous stimuli or by both {Yaksh et al., 1977; W®all
et al., 1979).. Also, some neurones display extended discharges
after only brief stimuli {Yaksh .et al., 1977; Cervero et al.,

1977; Wall et al., 1979)..

Lampinae IV, V, and VI - the Nucleus_Proprius

These laminae have neurones of varied size interspefsed
between myelinated fibres (Cajal, 1909).. Lamina IV neuronal
dendrites are orientated longitudinally, whereas the dendrites
of neurones in lamrina V are orientated in:the dorsoventral plane
{Réthelyi and Szentagothai, 1973). . The dorsal dendrites of many
of these neurones, especially those in lamina IV, penetrate into
the substantia gelatinosa and therefore probably receive
afferent input similar to that of substantia gelatinosa neurones
(Szentagothai, 1964; Réthelyi and Szeatagothai,.1973)-;vThése
neurones are termed antenna neurones and are suggested to be the
major neuronal outflow of the substantia gelatinosa {Réthelyi

and Szentagothai, 1973)..



Recent HRP studies have reported nociceptive afferent
fibres terminating in these.laminée." Light and Perl {1979a,b)
report that mechanical nociceptive slowly conducting afferent
fibres end in lanina V, and Réthelyi et al.. {1979) report that
spmall to medium afferents responding to mechanical noxious
stimuli end in.the lateral parts of lamina V. Many neurones in
these laminae are wide—~dynamic range neurones bat narrow range
neurones responding to just innocuous or 5ust noxious stimuli
have also beén reported {(¥all, 1960, 1967; Mendell, 1966; Willis
et al., 1974; Fields et al., 1977a)..

The axonal projections of these laminae have been suégested
to contrikute to the spinothalamic, spinoreticular,
spinocervical, and propriospinal systems {Rexed, 1952; R&thelyi
and Szentagothai, 1973). 1Indeed, antidromic éctivation.from the
brainstem {(Willis et al., 1974; Giesler et al., 1977; Fields et
al., 1977b) and HRP studies in the rat {Giesler et al., 1977)
and the monkey (Willis et al., 1979)=both"indicaté that these
laminae are the origin of the spinothalamic and spinoreticular

tracts. .

Ascending._Nociceptive Pathwuays

Many ascending pathways exist in the spinal cord which
convey nociceptive information. 1In man, the major pathway for
pain is the crossed spinothalamic tract (Kuru, 1949; White and
Sweet, 1969), however, other pathways are undoubtedly involved
because surgical procedures which lesion'this tract produce only
temporary cessation of pain sensation (White and Sweet, 1969). .

There is alsc a wide variatiom in the distribution of
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nociceptive pathways among species'; For instance, the cat has a
relatively poorly developed spinothalamic tract. The following
sections will discuss the major nociceptive pathways in ‘greater

detail. .

The .Spinothalamic Tract

The spinothalamic tract is the classical pathway for
carrying pain in man. Neurones of origim for this tract are
located in the gray matter of the spinal cord.. Their axomns
cross the spinal cord via the ventral white commissure and run
rostrally in the ventrclateral guadrants. . Although there
appears to be a difference in the route taken by the lateral:
versus the ventral spinothalamic tracts, their final.
destinations in the thalamus appear to be identical in the
monkey {Kerr, 1975b). . These two tracts terminate in the
ventrobasal, pcsterior, and intralaminar nuclei of the thalamus
~in ‘the monkey (Mehler et al., 1960; Kerr and Lippman, 1974;
Boivie, 1979) and the cat {Holloway et al., 1978; Fox et al.,
1980) .. The intralaminar terminatiom is "suggestive of a
functional role in arousal mechanisns, .

The origin of the spincthalamic tract has been studied
extensively with retrograde and electrophysiological nmethods. .
The retrograde studies indicate the greatest concentration of
spinothalamic tract neurones in ‘monkeys and rats to be in:the_
dorsal horn laminae I, IV, and V, with lesser concentrations in
the more ventral parts of the gray matter ({(Kerr, 1975b;_Tre¢ino
and Carstens, 1975; Carstens and Trevino, 1978; Giesler et al.,

1977) . . Hovever, HRP studies in the cat indicated nost
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spinothalanmic tract neurores of origin were in the ventral horn
{Trevino and Carsteas, 1975). . Similarly, electrophysiological
studies inveolving the antidromic activation of spinal cord
neurones by electrical stimulation of the spinothalamic tracf at
either its terminus or at more caudal sites substantiate the
retrogade findings in the cat {Dilly et al., 1968; Trevino et
al., 1972), rat {(Dilly et al., 1968; Giesler et al., 1977), and
the monkey {TIrevino et al., 1973; Albe-Fessard et al., 1974;
Willis et al., 1974)..

Spinothalamic tract neurones have been shown to respond to
non—-noxious and/or noxious stimuli.. Effective noxious stimuli
include mechanical, thermal, and chemicai algesics, .
Nociceptive-specific spinothalamic neurones are located mainly
in lamina I, but some cccur in the deeper laminae (Dilly et al.,
1968; Trevino and Carstens, 1975; Willis et al., 1974; Kumazawa
et al., 1975; Levante €t al., 1975) .. Foreman et al.  {1579) -
report that mechanical and algesic chemical  (bradykinin,
serctonin, and KCl) stimulation of fine muscle afferents excited
many spinothalamic tract neurones but did not affect those in
lamina I.. Most spinothalamic neurones are reported to be wide-
dynamic range neurones, that is, they respond to both innocuous
and noxious stimuli {Willis et al., 1974; Albe-Fessard, 1974;

McCreery and Bloedel, 1975). .
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The Spinoreticular Tract

The spinoreticular tract arises in the spinal cord gray
matter and projects ipsilaterally to the brainstem in -the
lateral ‘and ventral funiculi.. It is divided into two parts: the
first terminates in the lateral reticular nucleus and is part of
the spinoreticularcerebellar pathway {Oscarrson, 1973); the
second part terminates in the medial reticular formation .and
will be dealt with further telow. .

The terminations in the medial reticular formation include
the nucleus medullae oblongatae centralis, nucleus reticularis
gigantocellularis {nGC), nuclei reticularis pontis caudalis and
oralis, nuclei paragigantocellularis dorsalis and lateralis,
nucleus subcoeruleus, and nuclei raphé pallidus and magnus
{(Hehler et al., 1960; Bowsher and Westman, 1970; Kerr, 1975b;
Brodal et al., 1960). Although .this pathway is reported to be
uncrossed by studies involving commissural myelotomy in the
monkey (Kerr and Lippman, 1974), it appears to be bilateral in
the cat (Fields et al., 1975, 1977b)..

Antidromic activation of spinoreticular tract neurones. by
stimulation of the reticular formation -indicates a concentration
of cells of origin in laminae VI to VIII of the spinal cord
{Levante and Albe-Fessard, 1972; Fields et al., 1975, 1977b).
FPields et al.. (1975, 1977b) noted that stimulation in the nGC
resulted in the antidromic activation of neurones in the more
superficial layers of the dorsal horm, particularly lamina I..
The neurones projecting to the nGC often only responded to
stimalation -of deep structures, although some responded to both

innocuous and noxious or only noxious cutaneous stimuli (Fields
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et al., 1975).. These neurones displayed contra-, ipsi-, and
bilateral receptive fields. The neurones responding to noxious
stinmuli were often:-located in the ventral horn in laminae IV to

IX (Fields et al., 1975)..

The Spinocervicothalamic Tract

The spinocervical tract (SCT) ascends ipsilaterally in the
dorsolateral fasciculus of the spinal cord to terminate in the
lateral cervical nucleus {Cajal, 1909; Ha and Liu, 1966)..
Axonal projections from the lateral cervical nucleus (LCN).
decussate and ascend to the ventroposterolateral, posterior, and
medial geniculate nuclei.of the thalamus {Boivie, 1970)..

Rexed (1951) .identified the lateral cervica1 nucleus in a
wide range of species, including the cat and monkey, but
concluded that it does not exist as such in the rat. ., Recent HRP
studies by Giesler et al. (1979) bhave demonstrated a diffuse
group of cells in the rat which is shifted somewhat dorsally anad
laterally from the position of the we11¢defined LCN of the cat..
This cell .group in the rat may be equivalent to the LCN as it
responds to similar stisuli. . However, Giesler et al. . (1979) .
noted that the conduction velocity for the cervico-thalamic
tract in the rat was about a quarter of that in:the cat and they
suggested that this pathway may serve-a different function from
that in the cat. .

The cells of origin of the spinocervical ‘tract in ‘the cat
and monkey have been located both electrophysiologically (Bryaﬁ
et al., 1973; Brown et al., 1976; Cervero et al., 1977) and by

labelling studies using procion yellow or HEP (Craig, 1976; Snow



14 .

et al., 1976). . Host cells bodies were located in laminha IV,
with some also in laminae I and V to VIXII, . Most SCT neurones
responded to A fibre stimunlation with or withount responding to C
fibre stimulation (Mendell, 1966; Brown et al., 1973a, 1975)..
Some spinocervical tract neurones also respond to group III and
IV muscle afferent stipulation- - (Kniffi et al., 1977; Hamann et
al., 1978) .. Most SCT neurones respond to hair movement, but
many also respond to noxious mechanical, thermal, or algesic
chemical stimuli {Brown et al., 1975; Cervero et al., 1977;

Kniffi et al., 1977; Giesler et al., 1979)..

The. Spinotectal Tract

The term spinotectal tract is applied. generally to spinal
cord projections to the midbrain which ascend in the ventral
guadrants {anderson and Berry, 1959; Mehler et al., 1960).. This
tfact terminates in the superior colliculus, the external
nucleus of the inferior colliculus, the periaqueductal gray
matter, and the midbrain reticular formation (Anderson -and
Berry, 1959; Mehler et al., 1960; Schroeder and Jane, 1371; .
Kerr, 1975b).. Trevino (1976) reported cells of origim in
- laminae I and IV to VII in the monkey. . Other species have not
been studied but it is assumed that the origin of this tract is
similar to that of the spinothalamic and spinoreticular tracts..
No recordings from spinotectal tract neurones have been .done but
responses of midbrain .reticular and PAG neurones suggest that
this pathway is activated best by A-delta and C fibres, with.
additional input from A—alpha and A-beta fibres and group II and

IIT ‘muscle afferent fibres {Colins and Randt, 1960; Pompieano
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and Swett, 1963)..

- Ca .. Mesencephalic Nuclei

- The Periaqueductal Gray Matter .

The periagqueductal gray matter (PAG) .consists of a volune
of fairly.small neurones free from myelinated fibres that
SUtrounds the aqueduct of Sylvius. . It contains a high density
of opiate recegptors (Pert and Yaksh, 1974) and has been.
implicated in antinociception. . Analgesia has been induced both
by electrical stimulation of and by microinjection of opiates
and opioids into the PAG {BReynolds, 1969; Mayer et al, 1971;
Pert and Yaksh, 1974; Yaksh et al., 1976a-c). .

The PAG receives peripheral sensory input either directly
or via other brainstem nuclei. . Observation of denervation .of
the PAG after cordotomies suggests that the PAG .receives
ascending afferents directly via the spinotectal tract (Mehler
et al., 1960; Kerr, 1975b). . The recording of evoked potentials
also implies a peripheral sensory input to the PAG.  Liebeskind
and Mayer (1971) reported that stimulation of ‘the skin of aay
limb, the tail, or the face caused short latency evoked
potentials in the PAG of rats under deep Nembutal ranaesthesia. .
Similarly, recordings made in the PAG of curarized, artificially
respirated rats showed evcked potentials from electrical
stimulation of :the sciatic nerve {Palmer and Klemm, 1976).. The
PAG also receives afferemts from other brain areas. . Beitz
{1979) reports a major afferent input to the PAG from the

hypothalamus, with additional ‘minor prcjections from the caudal
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raphé.

The periaqueductal gray matter has axonal projections both
rostally to the diencerhalon and caudally to the brainstem. .
Autoradiographical studies indicate projections to the reticular
foimation and the nucleus raph@ magnus (Ruda, 1975). .
Horseradish peroxidase (HRP) studies by Gallager and Pert (1978)
report projecticns to the nucleus reticularis gigantocellularis
as well as to the caudal raphé. Electrophysiological studies
have also been completed which indicate input to the nucleus
raphé magnus from the PAG. . Pomeroy and Behbehani. (1979a,b) -
electrically stimulated in :the PAG and recorded activation of
single units in the nucleus raph@é magnus. Although this study
could not indicate if this was a direct pathway, antidromic
activation of PAG neurones by stimulation of the nucleus raphé
magnus indicate there is a monosynaptic connection . {Dostrovsky
and Shah, 1979).. Although electrical stimulation of the PAG has
been reported to inhibit spinal cord neurones, the PAG has not
been reported tc have direct projections to the cord by either
denervation studies {Nyberg-Hansen, 1965), HRP studies (Kuypers
and Maisky, 1975; Basbaum and Fields, 1977b), or
auioradiqgraphical studies {Ruda, 1975)..

There have been numerous reports of electrical stimulation
of the PAG causing analgesia. The first report of PAG
stimulation produced antinociception.{SPA) was published by D..
V. . Reynolds in 1969.. He reported that laparotomies could be
performed on unanaesthetized rats without any overt reactions to
the piocedure while the PAG was being focally stimulated. .

Antinociception induced by stimulation in the PAG has been .found
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by other workers in the rat {Mayer et al., 1971; Akil and HMayer,
1972; Mayer and Lieﬁeskind, 1974; Mayer and Hayes, 1975; Akil et
ale., 1976; Oleson et al., 1978), in the cat {Liebeskind et al.,
1973; Oliveras et al., 1974a,b), and in other species including
man - {Richardson and Akil, 1977a,b). .

Periagueductal graf SPA has been shown to reduce both .the
‘reflex and behavioural responses to noxious stipuli. .
Stimulation of the PAG increases the latency of the tail-flick
reflex_{akilzand Mayer, 1972; Mayer and Liebeskind, 1974; Akil
et al., 1976; Yaksh et al., 1976c), the threshold for jump to
electric shock { Mayer and Liebeskind, 1974), leg. flexion-.to
footpad shock (Oleson et al., 1978), and the jav-opening reflex
to tootﬁ pulp stimulation ({Oliveras et al., 1974b) . .

The periaqueductal gray SPA is reported to include large
areas of the body, usually at least one quadrant and often the
whole bcdy {Mayer et al., 1971; Liebeskind et al., 1973;
Richardson and Akil, 1377b). The analgesia produced is
approiimately equivalent to that produced by 10 - 50 mg/kg of
morphine administéred intravenously {Mayer and Liebeskind, 1974;
Oleéon;et al, 1978). . ®While this amount of morphine is
sufficient to produce obvious side effects, such as extensor
_rigidity, the action of PAG stimulation appears to be specific
for analgesia._ During stimulation, animals respond normally to
fright .evoking stimuli or to noxious stimuli appliéd to non-
anaigesicfareas of the body (Mayer et al, 1971; Hayer and
Liéheskind, 197&).A However, in man stimulation of the PAG.

- produces sufficient side effects to disallow its chronic use. .

More rostral areas, such .as the periventricular gray, are
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usnally used (Richardson and Akil, 1977a).. In rats and cats the
best area of the periagueductal gray for SPA in:terms of
efficacy and lack .of side effects is reported to be the ventral
PAG, in or around the dorsal raph& nucleus. .

Studies have been done to examine the effects of PAG.
stimulation on single and multiple units in the central nervous
system. Stimulatiom of the PAG {excluding the dorsal raph&) has
been reported to reduce noxious stimuli evoked potentials in the
dorsal and median .raph& nuclei ‘and the nucleus raphé magnus
{Oleson .et al, 1978). - Similarly, 55% of all medial reticular
neurgnes {probably in the nucleus reticularis gigantocellularis)
which were driven by tail shock and 40% of neurones that
responded tc noxious stimuli were reported. to be inhibited by
PAG stimulation {Morrow and Casey, 1576).  Mohrland and Gebhart
(1979) also reported the inhibition of nGC neurones by PAG.
stipunlation. |

Similarly, neurones in the dorsal horn of the spinal cord
responding to noxious stimnli have been reported to be inhibited
by PAG stimulation. Guilbaud et al.. (1973a) reported that PAG
stimulation inhibited most lamina V neurones, but was without
effect on:.the majority of lémina iv:neuronest, Carstens et al., .
(1979a,b). .found that neurones responding to noxious radiant heat
in or near lamina V were inhibited by stimulation-of the PAG..
This inhibition has been reported to be selective on wide-
dynamic range neurones over neurones responding only to non-
noxious stimuli (Besnett and Mayer, 1979). . Conversely, Duggan
and Griersmith {[19739) report that stimulation near the dorsal.

raphé nucleus inhibits excitation of lamima I, IV, and V.dorsal
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horn neurones by both noxious and non-noxious stimuli..

Although PAG stimulation clearly affects spinal cord
neurones as noted above, the PAG has no reported direct
connections to the cord.. Therefore, these effects are probably
mediated by cther brainstem nuclei.. For this reason, the effect
of the PAG stimulation:on likely candidate nﬁclei_has been. .
studied extensively.. The most often cited candidate for this
mediatory nucleus is the nucleus raphé magnus.. Most studies
have found that PAG stimulationm facilitates spontaneous raph@
magnus neurcnal firing {Fields and Andefson,,1978;mLovickﬂet
al., 1978a; Oleson et al., 1978) but some studies have found
inhibition or mixed effects upon the spontaneous firing rate
{Mohrland and Gebhart, 1979 ?omeray and Behbehani, 1979a,b). .
Similarly, another candidate which may mediate periaqueductal
gray éPA is the nuclens gigantocellularis. . Neurones within this
nucleus are reported to be excited, inhibited, or both by PAG
stimulation {Morrow and Casey, 1976; Mohrland and Gebhart, -
1979) - .

Periaqueductal gray SPA has been antagcnized‘by both -
lesions and pharmacological manipulations. . Studies have
demonstrated thét analgesia due to stimulation.of PAG sites in
the rat is totally abolished in -the ipsilateral hindlimb caudal
to a dorsolateral funiculus lesion.(Basbaum et al., 1976b)..
Intravenously administered naloxone has been .reported both to
inhibit a#d io fail to inhibit PAG stimulation produced
antinociception. Akil et al.. (1976) reported partial blockade
by naloxone of the increased tail-flick5iatency_caused'by PAG

stimolation. Another study found that naloxone partially
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reversed the PAG stimulation produced reduction .of leg flexion
and eiectrcmyograph changes due. to foot shock or pinch (Oleson
et al., 1978). - These studies suggest that periagqueductal gray
SPA is mediated by an.endogenous opioid system. . However, other
studies have found no effect of naloxone on PAG stimulation
induced increases in tail-flick latencies or reduced behavioural .
responses to foot pinch {Yaksh et al., 1976c), nor PAG
inhibition of dorsal horn .neurones excitated by noxious radiant
heat (Carstens et al, 197%a).. |

Manipulation of monoamine levels affects the efficacy of
periaqueductal gray SPA. Akil ‘and Liebeskind (1975) reported
that rat-tail-flick latency is increased by: elevation .of
serotonin or dopamine levels; depletion of noradrenaline levels;
or administration of a dopamine agonist. . Conversely, the SPA
was reduced by depletion of serotonin or blockade of dopamine
with an antagonist. Lysergic acid diethylamide (LSD), which.
presumably alters serotonin .synaptic transmission although :the
mecbauiém is unclear, has been reported to block the inhibition
of spinal cord nociceptor-driven neurones produced by
stimulation near the dorsal raph& {Guilbaud et al., 1973a). .
Increased tail-flick latencies in rats due to PAG stimulation
have also been found to be antagonized by LSD suggesting that
periagqueductal gray SPA is mediated by serotonin and/or
dopamine. .

As well as periagueductal gray SPA there have been many
reports that microinjection .of drugs into the PAG . produces
analgesia. . The most commonly studied drug is morphine and

microinjection studies have been done in the mouse (Criswell,
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1976; Yaksh et al., 1976b), the rat {Sharpe et al., 1974; Lewis
and Gebhart, 1977; Yaksh .and Tyce, 1979; Levy and Proudfit,
1979) .and primates (Pert and Yaksh, 1974).. As with.
periaqueductal gray SPA, microinjection-produced antinociception
can:cause whole body or partial body analgesia and'is reported
not to have side effects such as hyperreactivity {Yaksh and
Tyce, 1579).. The findings that there are opiate receptors in
the PAG and that the analgesia is a stereospecific effect
indicate that the analgesia is ‘due tc a specific interaction
with opiate receptors. For example, dextrorphan is ineffective
in producing analgesia when microinjected into the
periaqueductal gray {Pert and Yaksh, 1974).. Again, the effect
appears to be specific, like SPA, to antimociception. .  In
monkeys trained to discriminate betueenltwo aversive
eleétrocutaneous stimuli, microinjected morphine produced a
reduction in perceived pain without reducing the monkeys!
discriminative abilities (Beannett et al., 1976) ..

Like PAG stimulation studies, the effect of morphine
microinjection=has been studied on single units;_ Nucleus
gigantocellularis and nucleus raph& magnus neuronal respoases to
noxious stimuli are reduced by morphine microinjection into the
PAG (Mohrland and Gebhart, 1979f.x Bennett and Mayer (1976,
1979) reported that 55% of wide-dynamic..range spinal cord
neurones responding to noxious stimuli were also inhibited by
morphine injected into the PAG.. Microinjection of morphine into
the PAG alsc increases the spontaneous firing of neurones in the
nucleus raphé magnus {Behbehani and Pomeroy, 1978; Behbehani,

1979; Mohrland and Gebhart, 1979) and nucleus gigantocellularis
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{Mohrland and Gebhart, 1379). .

As with PAG . stimulation produced antinociception, morphine
microinjection analgesia can be antagonized by lesions or
chemical manipulaticns.  Murfin et al., {1976) reported
dorsolateral funicular lesicns abolished the lengthening of tail-
flick latencies by microinjected morphine. . The inhibition of
spinal cord nociceptor-driven neurones by morphine
microinjection into the PAG was reversed by intravenously
administered naloxone (Bennett and Mayer, 1979).. As well,
cinanserin and methysergide, two putative serotonin4antagonisgs,
are reported to antagonize analgesia due to PAG microinjected
porphine (Yaksh et al., 1976a)..

Hicroinjectionqof other drugs into the PAG has been.
reported to produce analgesia. . The narcotic etorphine is more
potent than morphine and it inhibited 80% of spinal: cord -
neﬁ:ones excited by noxious stimuli (Bennett and Mayer, .1979). .
Baclofen allegedly increases tail-flick .latencies. in rats wvhen
microinjected into the PAG (Levy and Proudfit, 1979) -and
glutamate is reported to increase the threshold for foot pad
shock evoked leg flexion (Behbehani and Fields, 1979).. This
effect of glutamate was reversed by intravenously administered
naloxone or by nucleus raphé magnus lesions. , Microinjection:of
glutamate into the PAG also facilitated the spontaneous firing
of the majority of nucleus raphé magnus neurones. .

Microiontophoresis of morphine oﬁto PAG neurones was
reported to inhibit about one~half and to excite .about one-fifth
of the neurones tested while etorphine inhibited four-fifths of

the neurones tested (Wolstencroft et al., 1977).. However, none
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of these effects were blocked by naloxone suggesting a non-
specific mode of acticn for these two drugs. . In agreement with
these results, Haigler (1978) reported that iontophoresis of
morphine ontc dorsal ‘and medial raphé neurones inhibited 34% of
the neurones. However, this inhibition was also not
stereospegific and was rarely blocked by naloxone. .

Lesions of the periaqueductal gray were found bj Deakin and
Dostrovsky (1978) to reduce the lengthening of tail-flick and
hot plate test latencies due to intravenously administered
morphine. . Similarly, lesions of the caudal PAG increased
thresholds for caudal thalamﬁs SPA and decreased the baseline
latencies for the tail-flick reflex {Rhodes and Liebeskindg,

1978) . .

The Dorsal.and. Medial Raphé&

The dorsal raphé nucleus {DR) and the medial raphé& nucleus
{MR) are two midline nuclei in -the mesencephalon. . The dorsal
raphé is contained in the ventral most part of the
periaqueductal gray; the medial raph& is located ventrally to
the dorsal raphé and runs caudally from about the level of the
PAG. Both nuclei contain many serotonergic neurones (Dahlstronm
and Fuxe, 1964; Poitras and Parent, 1978) :but they also contain
catecholaminergic neurones. . Cell bodies and axonal terminations
containing met—enkephalin were observed within these nuclei and
described by Hokfelt et al. . (1877)..

. Dorsal raphé neurones receive afferent input from other

dorsal raphé neurones and medial raph& neurones (Mosko et al.,

1977) . . This nucleus is reported to alsoc receive input from the
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spinal cord, although it may not be direct.. Aghajanian et al. .
(1978) -report that low frequency peripheral nerve stimulation
results in inhibition of neurones identified as serotonergic but
in excitation of those neurones which were non-serotonergic.. .
Stimulation of the pontine reticular formatioan -has been found to
inhibit dorsal raphé neurones {Wang et al., 1976) .. Bobillier et
ale. . (1975, 1976) report a low amount of labelling in both
nuclei when !°*C-leucine was microinjected into the nucleus raph@&
centralis 'superior in .the rat..

These two nuclei predominantly send axonal fibres, vwith
large numbers of terminal collaterals, to the diencephalic and
telencephalic forebrain regions via the medial .forebrain bundle..
Destinations include the hypothalamus, striatum, septum, and
cortex {Dahlstrom and Fuxe, 1964; Anden et al., 1966; Pierce et
al., 1976) .. Descending axonal projections terminate in the
substantia nigra (Dray et al., 1976; Pierce et al., 1976), the
- caudal raphé, and the nucleus gigantocellularis {Conrad et al.,
1974; Pierce et al., 1976; Bobillier et al., 1976, 1979). . The
twvo mesencephalic nuclei do not appear to have direct
projections to the spinal cord (Conrad, 1974)..

As the dorsal raphé is so intimately associated with the
periaqueductal gray, and indeed is part of it, most of the
- reports dealing .with the effects of stimulation .of and
picroinjection into the dorsal :raphé were included in the
section on the PAG.. Microiontophoretic serotonin .was reported
to be inhibitory on almost all raph& neurones in .studies by
Bramwell -and Gonye (1976). . This is contrasted with the

excitatory effect that serotonin had on the non-raphé neurones
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in .these studies. .

Lesioning in the vicinity of the dorsal raphé was reported
to reduce the efficacy of intravenously administered morphine
analgesia {Samanin et al., 1970). . A recent study by Chance et
al.. (1978) found morphine analgesia was also antagonized by .
lesioning of the medial raphé nucleus.. However, in the sane
study, methadone-induced analgesia was unaffected by similar
lesions, suggesting that methadone has a different site of

action.

D. . Medullary Nuclei

The Nucleus Reticularis Gigantocellularis

The nucleus reticularis gigantocellularis {(nGC) .is a large
ill-defined nucleus in the medullary reticular formation lateral
to - the caudal raph&. As its name implies, the cells within the
nGC are very large.. It has been suggested that the nGC may be a
relay nucleus for ascending information destined for the centre
median -nucleus of the thalamus {Bowsher et al., 1968).. As the
nGC also projects to the spinal cord and has been shown to
inhibit spinal cord neurones responding to noxious stimuali
{McCreery and Bloedel, 1975), it may also be involved with .
descending inhibitory control of nociceptive pathvways at the
spinal cord level. Like the periagqueductal gray, the the aGC
has been implicated in the mechanism of antinociception by its
responses to noxious stimuli and the effects that stimulation of
and microinjection of drugs into the nGC have on the behavioural

and reflex responses tc noxious stimuli. .
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Anatomical studies involving either spinal cord lesions,
retrograde transport of horseradish peroxidase, or
electrophysiological methods have demonstrated that the nGC
receives afferent input from ascending sensory pathways. . Mehler
et al. {1960) documented the denervation of brain areas
following lesions of -the ventrolateral guadrants of the spinal
cord and found dense terminal degeneration in the nGC.. Gallager
and Pert {(1978) iontophoresed horseradish peroxidase into the
nGC and found HRP containing cell bodies in .the dorsal and
ventral gray of the cervical spinal cord.. Antidromic activation
of spinalcord neurones by stimulation .of the nGC also indicates
an :input to the nGC from the cord. . Fields et al.. (1975)
stimulated the nGC of cats with bipolar electrodes and recorded
from single units deep to lamina V which could be antidromically
activated. . These neurones either responded to noxious
stimulation of deep structures or had large cutaneous fields
which vere responsive to noxious stimuli.

Studies recording from single units in the nGC also support
the existence of noxious afferent.input to this nucleus., Casey
(1969) found that two-thirds of nGC neurones responding to
natural stimuli required firm pinch or heavy pressure to
maximally activate them., . Similarly, in subsegquent experiments
61% of nGC neurones responded to noxious pinch .or foot pad shock
while the remainder of the units either were nohfresponsive to
any stimuli or responded to light touch (Keene and Casey, 13970). .
LeBlanc and Gatipon (1974) reported that noxious electrical or
mechanical stimulation of footpads caused most nGC neurones to

initially increase or decrease their firing rate, folloved by a
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prolonged after—-discharge or an extended silent:peribd‘,

Similar types of responses were reported when the sciatic,
radial, or trigeminal {tooth pulp) nerves were stimulated {Pearl
and Anderson, -1978) . . Most neurones responded with a short-
latency and short duration excitatory phase which .was followed
by a long suppression of activity. Also, most nGC neurones have
been found to respond to A-delta fibre stimulation (Goldman et
al., 1972). . Casey (1969) reported that 70% of ‘the maximal
response to peripheral nerve stimulation remained when.
myelinated A fibres were blocked by anodal current. .

Intra-arterial ‘administration of the algesic agent
bradykinin -has also been reported to affect nGC neuronal firing.
Guilbaud et al.  (1973%) reported most nGC neurones in.
decerebrate cats were excited, a few were inhibited, and a few
had mixed responses to intra-arterial bradykininf; Besson et al.
(1974) recorded similar results. .

The nGC also receives afferent input from other brainm .
areas. . Microiontophoretic horseradish .peroxidase studies found
cell bodies with axonal projections to the nGC in the superior
colliculus, the dorsal and ventral ‘tegmentum, the brainsten
raphé and occasionally the PAG (Gallagervand Pert, 1978). .
Denervation .studies indicate an .input from the contralateral .
trigeminal nucleus {Carpenter and Hanna, 1961; Stewart and King,
1963),,-Tracing studies using t4%C-leucine suggest some nGC
afferent fibres originate from the medial raphé nucleus
(Bobillier et al., 1976). . Stimulation studies indicate that the
nGC also receives afferents from the lateral hypothalamus,

candal raphé, and the FAG. ~Stimulation in the lateral.
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hypothalamus excited mcst nGC neurones responding to nozxious
stimuli whereas only a few of those which responded only to non-
noxious stinuli were excited (Keene and Casey, 1970). -
Stimulatiocn of the nuclei raphe magnus, obscurus, and pallidus
activated most nGC neurones and this activation vas reversed by
LSD.(Briggs, 1977). . Stimulation of analgetic sites in the PAG
excites, inhibits, or has mixed effects on nGC neuronal
spontaneous firing but is reported toc inhibit most of the
respcnses qf nGC neurones to noxious stimuli (Mohrland and
Gebhart, 1979)., Periaqueductal gray stimulation at analgetic
sites were also shown by Morrow and Casey (1969) to be
inhibitory cn nGC neuronesAresponding to noxious stimuli. .
Neurones of the nucleus gigantocellularis project to many
areas of the brain., Bowsher et al. . {1968) .suggested that the
nGC is' a relay nucleus as it projects to the centre median
nucleus of the thalamus., . There is substantial evidence for the
existence of a descending projection from the nGC to the spinal
cord. , Nyberg-Hansen {1965) lesioned the nGC ard followed its
degenerating axcn courses by the silver impregnation technique. .
He noted that the fibres travelled caudally in the ventral white
of the spinal cord and terminated in lamina VII. . A similar
study using this techpigue together with horseradish peroxidase
methods recorded descending fibres in the lateral columns to all
levels of the cord (Zemlan et al., 1979).. Martin (1979)
reported that descending fibres from the nGC terminate on: the
intermedial cell cclumn, . Basbaum et al. . (1976a,b, 1978), -using
tritiated leucine tracing techniques, reported that nGC

reticulospinal fibres descend in the ventral and ventrolateral
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funiculi and terminate mainly in the ventral horn . in the motor
neuronal layers. They concluded that any descending inhibitory
influences of the nGC are limited to the motor systenmn. . However, .
groups studying spinal cord neurones responding to noxious
stimuli, some of which are spinothalamic tract . neurones, report
that these neurones are inhibited by stimulation .0f the nGC
{8cCreery and Bloedel, 1975; Takagi et al., 1975) ..

‘The effects of stimulation .of the nGC also imply that it is
involved in analgesia;ﬁ*Stimulation of the nGC resulted in
escape behavior in cats and rats, suggesting that the nGC
receives and transmits perceivable noxious information (Casey,
1971L, Keene and Casey, 1970; Carr and Coons, 1979). . These
animals were trained tc perform a set behavior to escape from a
.noxious stimulus. . Stimulation of the nGC has also been reported
to inhibit neurones responsive to noxious stimuli. HNcCreery aad
Bloedel (1975) recorded from spinothalamic tract neurones which
responded to graded noxious mechanical .stimuli.  They found that
these responses were inhibited by aGC stirmulation., Haber and
Wagman (1974), on the other hand, reported facilitation of
spinai,cord interneurcnes by nGC stimulation. However, this was
probably due to their use of much higher stimulation frequencies
because HcCréery et al. {1979), in another study, reported thatu
stimulation of the nGC resulted in a transient excitation.
followed by a suﬁseguent inhibition of spinothalamic tract
neurones,  Therefore, the high stimulation frequencies. may have
been causing summation}of the excitatory ﬁesponses._ In:a later
report, Haber et al.. (1978) also found inhibition-.in-addition-

to facilitation. Nucleus gigamtocellularis stimulation - is also
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reported to inhibit bradykinin : evoked activation of lamina V
neurones (Takagi et al., 1975) and to produce both synaptic
excitation and marked inhibition of some lamina V spinoreticular
neurones {Fields et al., 1975)..

Similarly to the PAG, microinjection .of opiates into the
nGC results in analgesia., Microinjection of morphine {Takagi et
al., 1976, 1977; Kuraishi et al., 1979) and met- and leu-
enkepalin . (Takagi et al., 1978) into the nGC reduced the
behavioural responses of rats to tail pinch and this inhibition
Was reversed by intravenously administered naloxone. Also, Chan
{1979) reports that injection of morphine into the nGC reduced
tooth pulp evoked resgonses in the spinal trigeminal nucleus..
However, at least two groups have found little analgetic effect
from microinjected morphine {(Dickenson et al., 1979; Levy and
Proudfit, 1979).. Levy and Proudfit (1979), however, did report
that microinijection of baclofen into the nGC did cause analgesia
because it increased rat tail-flick latencies. .

Microiontophoresis of morphine or met-enkephalin onto nGC
neuiones results in an excitation of about oné—half of the
neurones wshich is reversible by microiontophoresed naloxone
- {Mohrland and Gebhart, 1979) . . These workers rarely saw .
inhibition :0of nGC neuronal responses to noxious stimuli.. In
contrast, -other workers {Gent and Wolstencroft, 1976;
Holstencroft et al., 1377) reported that iontophoresed morphine,
met- or leu-enkephalin, ér endorphin in the cat’resulied in
inhiﬁition of excitation induced in nGC neurones by noxious
stimuli.  However, they reported that these effects were not

antagonized by naloxone. .  Satoh et al.. (1979) have also
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ieported excitation:of nGC neurones by iontophoresed morphine
aﬁd endorphin in the rat. .

| .Lesions of the nGC are reported to affect the behavioural
responses to noxious stimuli. Halpern and Halverston (1967,
1974). reported that lesiocning of the nGC, nucleus
paragigantocellularis, and/or the magnocellular tegmental field
of cats resulted in an increase in latency and. threshold for
escape from foot sho;k,r-similar resulté were published by
Anderson and Pearl (1975); lesioning of the nGC abolished escape

responses evoked by noxious stimuli. .

The Caudal Raphé

The caudal raphé includes the nuclei raph@ magnus, .
pallidus, and obscurus in the rat.. These nuclei are a caudal
extension of the mesencephalic raph& nuclei and similarly
contain a large proportion of serotonergic neurones (Taber et
al., 1960; Dahlstrom and Puxe, 1964; Poitras and Parent, 1978).
However, as opposed to the mesencephalic raphé nuclei, these
nuclei have gquite low opiate receptor binding levels (Atweh .and
Kuhar, 1977; Pert et al., 1976). .

Although the caudal raphé nuclei only receive a sparse
direct afferent input from ascending sensory pathways, as
denonstrated by microiontophoretic horseradish peroxidase
studies (Gallager and Pert, 1978), there are many reports of
neurones in these nuclei responding to peripheral stimuli. .
Approximately one-half of raphé& magnus neurones, including many
raphéspinal neurones, are excited by noxious peripheral stimuli,

and many are activated by non-noxious forms of stimuli (Lobatz
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et al., 1976,1977; Moolenaar et al., 18763, Andeqson.et al.,
1971; Pields and Anderson, 1978; Zaretsky et al., 1979).,
Zaretsky et al.. (1979) reported two types of neuronal responses
to noxious radiant heat: the first was excitation -beginning just
before the occurrence cf a tail-flick in response to heat which.
was not present if a tail-flick did not occur; the second
response .was inhibition of the neurone during the period of
application of radiant heat. .

There have been numerous studies of the PAG :afferent input
to the caudal raph&. Oleson and Liebeskind (1975, 1976) -
reported that stimulation of the PAG resulted in the reduction
of electrical potentials and multiunit firing in the raph®
magnus evoked by noxious stimuli. Furthermore, periaqueductal
gray stipulation facilitated sponténeous raphé magnus neuronal
activity.  This has been confirmed by other workers (Fields and
Anderson, 1978; Hayes et al., 1977) . . Although excitation was
the major response seen, periagqueductal gray stimulation induced
inhibition or mixed responses on raph& magnus neuronal firing
were also seen {Pomeroy and Behbehbani, 1979%a,b; Mohrland and
Gebhart, 1979).. |

Evidence to prove that these effects are mediated by a
direct monosynaptic pathway is provided by horseradish
peroxidase and antidrcmiC‘studies.J Gallager and Pert (1978)
obsérved HRP ccntaining'celi bodies in the periaqueductal gray
after iontophoretic application of HRP into the caudal'raphé.:
They also observed labelling of nGC neurones, . In-addition,
Dostrovsky and Shah (1979) antidromically activated neurones in

the PAG by electrical stimulation of the raphé magnus. .
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Of -the caudal raphé nuclei, the raphe magnus has the
largest axonal projection to the spinal cord. . Dahlstrom and
Fuxe {1965) reported that lesions of the caudal.raphé caused
denervation of the dorsal, intermediate, and ventral horans of
the spinal cord. Antidromic activation of raph€é magnus neurones
from the spinal cord, together with discrete lesions in the
rostralrcord, verified the existence of a raphéspinal pathway
descending via the dorsolateral funiculus (DLF) :rand terminating
in lanminae I, V,.VI; and VIXIT (Akil : :and Liebeskind, 1975).. .
Comfirmation of this pathway was obtained from additional
studies inveclving: spinal lesioning (Basbaum and Fields,
1977a,b; #illis et al., 1977), tritiated leucine tracing studies
{Basbaum et al., 1976a,b; Fields and Basbaum, 1978), horseradish
.peroxidase tracing studies ({Basbaum and Fields, 1977a,b;
Leichnetz et al., 1978; Watkins et al., 1980), and antidromic
activation studies (¥West and Wolstencroft, 1977)...

An_eguivaleni projection to the spinal trigeminal nucleus
has been}reported bf Lovick et al.. {1978a,b) .. They |
demonstrated that the nucleus raphé.magnus projects to both the
lumbar cord and the trigeminal nucleus via branched axons by
colliding antidromic action potentials originating from either
site. Other areas receive axonal 'input from the caudal raph@.
Briggs (1977) found that raphé magnus stimulation caused the
activation of nucleuS'Qigantocellularis neurones which was
correlated with their responses to iontophoretically applied
serotonin, and which could be blocked by iontophoretic LSD. .
Mapping studieé uith 1sC-leucine indicate a major projection

from the raphé magnus to the intralaminar nuclei. of the
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thalamus, and minor projections to the nGC and the dorsal 'and
medial raphé nuclei {Bobillier et al, 1976)..

Stimulation of the nucleus raphé magnus has been widely
reported to produce analgesia. It has redﬁced behavioural
responses to noxious stimuli in the cat {(Oliveras et al., 1975,
1977), increased tail-flick latencies in ‘the rat {Oleson et al.,
1975, 1578), and reduced reflex responses to noxious stimuli in
the cat {Eagberg et al., 1968; Oliveras et al., 1977) and the
rat {(Oleson and Liebeskind, 1975). . Naloxone was reported to
antagonize the reduction of behavioural responses to pinch and
the reduction of the jaw-opening reflex produced by stimulation
of the raphé magnus (Oliveras et al., 1977).. An egquivalent
inhibition of ‘the spinal trigeminal nucleus has been found in
decerebrate cats (Lovick and Wolstencroft, 1979). . Raphé magnus
stimulation abolished the response of spinal trigeminal neurones
t&.noxious stimuli while having a weak .or insignificant effect
on .responses to non-noxious inputs.. This depression .paralleled
the increase in threshcld of the jaw-opening reflex.. .

Nucleus raphé magnus stimulatiocn has also been reported to
inhibit the responses of spinothalamic tract neurones to
mechanical ‘and thermal noxious stimuli {Beall et al., 1976;
Willis et al., 1976, 1977), and to differentially inhibit spinal
cord neuronal responses to noxious over non—noxious stimuli
{LeBars et al., 1976;_Fields et al., 1977a; Guilbaud et al.,
1977; Duggan and Griersmith, 1979) .. Duggan and Griersmith.
(1979) found that this inhibition, ' in the cat, was not
reversible by intravenously administered naloxone, suggesting

that the inhibition is not mediated by endogenous opioids. .
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Conversely, Pearson et al.. (1979) reported that the inhibition
was not preferential for noxious stimuli responses in the rat. .
They found, in fact, that the threshold for inhibition of the
non—-noxious responses was less than~that required to inhibit the
responses to noxious stimuli., Their data also suggest that the
inhibition was post-synaptically mediated'as glutamate evoked
unit firing could also be inhibited by stimulation.of the raphé
magnus. .

Two groups have reéorted raphé magnus stimulation induced
depolarization of primary afferent fibres (Proudfit and
Anderson, -1974#a,b, 1975; HMartin et al., 1979). .- The
depclarization was blocked by intravenously administered
cinanserin, methysergide, and LSD {Proudfit and Anderson,
1974a,b), suggesting that it is serotonergically mediated. . The
inhibitory effect was not preferential for noxious respomnses,
and Martin et al. (1979) suggested that the preferential
effects reported above must occur at sites post-synaptic to the
afferent terminal. .

Intravenously administered morphine has been .shown to be
excitatory on .some nucleus raphé magnus neuromes, including
raphéspinal units (Fields and Anderson, 1978).. This excitation
was reversible by naloxone {Anderson et al., 1977; Deakin et
al., 1977; Oleson et al., 1978).. In fact, the naloxone
inhibited the spontaneous firing of some neurones suggesting
that there is tonically active opioid input to the raph& magnus
{Anderson et al.,, 1977)..

Microinjection of morphine into the nucleus raphé magnus is

reported to produce analgesia: it increases tail~flick latencies
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{Proudfit, 1977; Levy and Proudfit, 1979) and reduces
vocalizaticn upen tail shock (Dickenson et al., 1979).;_These
effects could be reversed by intravenous naioxone {Proudfit,
1977; Dickenson et al., 1979) and reduced by intravenous
cinanserin (Dickenson et al., 1979).. Also, microinjection .of
naloxone into the raphé magnus reversed the analgesia induced'hy
intravenously admpinistered morphine {Proudfit, 1977; Dickenson
et al., 1979). . Levy and Proudfit (1979) also reported that
microinjection of baclofen .into the raphé magnus did not produce
analgesia as it had done when it was injected into the nGC. .
Phentolamine, on the other hand, increased tail-flick and hot
plate latencies when microinjected into the raphé magnus,
suggesting tonically active adrenergic input onto raph@ magnus
neurones {Hammond and Levy, -1979)..

There have been conflicting reports of the effects of
microiontophoresed morphine on the spontaneous activity of
nucleus raphé magnus neurones.. It was reported to either not
affect the activity of most neurones (Haigler, -1977) or to
inhibit about one-half of them {Gent and ¥olstencroft,1976;
Lobatz et al., 1976, 1%77; Holstencroft et al., 1977). . However,
the inhibition of spontaneous activity was not reversed by
naloxone in these studies and therefore these effects are
unlikely to be mediated by opiate receptors.. Although
approximaiely one-half of all raph& magnus neu:onés vere
reported to be inhibited by iontophoretic morphine, the majority
of neurones identified as raphéspinal were unaffected by it
(Gent and Wolstencroft, 1976; Rolstencroft et al., 1977) . . In

addition, .although Lobatz et al., (1976, 1377) .found that about
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one-half of the neurones responding to noxious. stimuli were
inhibited by iontophoretic morphine, Mohland and Gebhart (1979)
rarely found inhibition of raphé magnus neurones which responded
to noxious stimuli. To test the possibility that morphine was
working by modification of the ‘action of acetylcholine, Lobatz
et al., (1977) also tested raphé magnus neurones with
iontophoretic acetylcholine. . They .found that 85% of the
neurones were excited by the'acetylcholine but that this

excitation was unaffected by iontophoretic morphine..
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MATERIALS AND  METHODS

A. - Surgical Preparation

Male albino Wistar rats (150-300 g) were used in these
experiments. Each anipal was anaesthetized with an.
intraperitoneal injection of urethane {1.4 g/kg, Sigma)
administered as a 20% solution by weight in distilled water. .
The rectal temperature was maintained within physiological
limits with an automatic animal heater-controller driving .a
plexiglass and wire heating pad.. This temperature was also
monitored independently on a Yellow Springs Telethermometer. .

To allcw subsequent intravenous injections to be made, the
right femoral vein was cannulated with No. .10 polyethylene
tubing (Clay Adams) prefilled with normal saline.. If the blood
pressure was to be recorded the right femoral artery was
cannulated with No. .50 polyethylene tubing prefilled with a
dilute saline-heparin (Sigma) solution and attached to a
pressure. transducer {Stratham Medical Instruments, Inc., model
P23AC). . The resulting electrical signal was recorded on one
channel of a four channel pclygraph . {Grass Instruments, model
79D);-

The sciatic nerve was prepared for electrical stimulation
by attaching a bipolar electrode. This electrode was
constructed from two lengths of 0.35 mm silver wire wrapped
around a 2 cnm ‘long piece of No. .90 :pclyethylene tubing and
ccnnected to two insulated sires wshich were led to the exterior. .
The electrode was held in place and isolated from the

surrocunding tissue by a 10 mm piece of rubber tubing placed
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around the electrode and the nerve and secured with surgical
thread. . The protruding wires were further secured by being tied
t0 a skin flap with thread. .

The animal's head was then positioned in a stereotaxic
animal frame (Narashige Scientific Instrument Laboratory).. The
toothbtar was positioned such that its top surface was level with
the centre of the earbars, according to the method of Abad-
Alegria (1971). .

The skin over the skull was cut and reflected, the skull
scraped clear of tissue, and a burrhole drilled with a Mototool
{Dremrel)... The hole, about 5 mm in diameter, was placed
approximpately 9 nmm left of the sagittal sature and level with
the skull landmark 'lambda' in the anterior-posterior plane..
This locaticn avoided damage to the dural venous sinuses. A
further small section cf skull over the cerebellum wvas removed
with a pair ¢f rongeurs to allow an electrode to be placed into

the nucleus gigantocellularis. .

B. . Electrode Preparation and -Positioning

Preparation

Stimulating electrodes were constructed by inserting a
length.éf-thin insulated copper wire into a 1.5 mm glass
capillary tube (Kimble Products) and pulling the electrode with
a microelectrode puller (Narashige). . The rate of pull was
slowed by hand tc achieve a long well-formed electrode. .  The
wire protruding from the blunt end was glued in place with a

spot of epoxy, the tip broken and the exposed wire stripped of
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insulation and trimmed with a scalpel blade leaving O.J,mm.of
stripped wire. If a bipolar electrode was being contructed then
a shorter piece of capillary tube bent into the shape of a
hockey stick .was glued parallel to the first and a wire imserted
into each .tube. Also, prior to pulling, the electrode was
heated and twisted 1809 to bind the capillaries together and
ensure that the two barrels would form one tip when the
electrode was pulled. .

Single barrel recording electrodes were made .from 1.5 nm
diameter glass micropippettes containing a single strand of .
fibreglass to ease the filling, by capillary action, of the
resulting electrodes (Glass Company of America, Omega Dot) .. The
electrodes were pulled in the conventional manner on a
commercial electrode puller (Narashige) :and the tips broken .
against a glass rod under a microscope to about one pm.  They
were then-filled with 2% pontamine sky blue 6BX (ICN
Pharmaceuticals, Inc.) in:0.5 M sodium acetate, allowing both
recording and the histological marking of recording sites by
iontophoretic ejection of the dye (Hellon, 1971). . Electrode.
resistances were deemed acceptable if they were between 10-30
megohms. .

Hultibarrel electrodes were constructed by glueing a number
of short hockey stick shaped capillary tubes {Omega Dot) around
a full length.micropifette., The resulting multibarrel-
assemblage was placed in the microelectrode puller, heated, and
twisted 1800 to bond the harrels together. After a delay to
allow for cooling, the electrode was pulled in :the conventional

manner. The tip was broken back .to a diameter of about 10 pm to
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prevent blockage of the drug barrels during iontophoresis.  The
centre barrel was filled with dye solution, as was done above
for the single barrel electrodes, and the surrounding barrels
were filled with test drugs (see below)..

The various drugs were made up in solutions at optimum pH
or with a polar vehicle in order to achieve satisfactory release
of the drug during iontophoresis.‘ The pH was selected such that
the drug was in a highly polar state. For drugs which are non-
polar the solution was made with a polar solute, usually sodium.
chloride, as a vehicle to enable the drug tc be released by
electro~osmosis.

The drugs used in these experiments were: serotonin-
creatinine sulfate (Sigma), 0.04 H; fluoxetine (Lilly), 0.1 M in
200 mM sodium chloride, pH 6.5; glutamate {Sigma), 0.2 M,
pH 7.5; and sodium chloride {BDH Chemicals), 2.0 M. . The
soluticns were filtered with a 0.45 um Millipore filtering.

system and stored frozen in 1.0 ml lots between experiments. .

Positioning

The electrode to be positioned in.the periagueductﬁl gray
matter, whether it was a stimulating or recording electrode, was
held by a standard electrode carrier {Narashige) .with an .
additional sliding rack and pinion attached. The added rack was
inclined 300 left of vertical .in the lateral plane to allow the
PAG to be reached without damaging the dural venous sinuses..
The electrode tip was centred on a stereotaxic calibrator franme
(Narashige) in order to record the anterior-posterior and

vertical zero coordinates.. The lateral zero coordinate was
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obtained by direct compariscn of the electrode tip to the
saggital suture of the rat's skull.. This-allowed for any .
assymetry in the lateral placement of the head in .the
sterecotaxic frame. The final coordinates were calculated using
the coordinates of the PAG specified by a stereotaxic atlas
(Abad—-alegria, 1971):.0.0-0;5 mm posterior; 0.6—0.9 mm lateral;
and 4.0-5.0 mm dorsal. .

The electrode positioned in the nucleus reticularis
gigantocellularis was held in another standard carrier inclined
2509 posterior of vertical .in the saggital plane.. It was moanted
on the arm of the stereotaxic frame opposite that of the first
carrier to avoid collision of the tvwo and to alloi free access
of a stereoscope {Olympus).., Calibration-and positioning of this
electrode'was similar to that for the PAG electrode, except that
the atlas coordinates used vere: 3.0-4.0 mm posterior; 0.6-

1.0 B lateral; and 0.5 mm dorsal..

C. . Equipment Interconnection

The sciatic nerve electrode and the brain stimulating
electrode were connected via a switch box to a constant voltage
stipulator (Ortec) a1lowing selection:of either site for .
electrical stimulation.. A noxious radiant heat stimulator (see
Appendix) .was focused on a small area of the tail (4x#4 mm)..
This stimulator was under temperature feedback control via a
thermocouple which regulated both the noxious and basal non-

- noxious temperatures of the surface of the tail. The basal
temperature, which was kept constant between noxious trials, was

set at 30-32 9C and the noxious applications were .set at 48-
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54 oC, The noxious trials were automatically limited to 15 s to
prevent skin trauma.. The temperature of the irradiated
thermocouple was recorded on .one channel of the polygraph. .
Single unit activity was recorded by inserting é silver
wire into the recording electrode with the other end attached to
the probe of a unity gain:voltage follower (¥.. P.. Instruments,
. IfCe) s . The resulting low level signal was fed differentially to
one channel of a storage oscilloscope (Tektronix) which
amplified and filtered the signal 'in addition to displaying it
on the screen. The differential connection and the filters were
used to reduce unwanted noise.. The low-pass filter's 3 db
cutoff was set at 1 kHz and the high-pass filter's 3 db cutoff
was set at 1 kHz.. The output of the oscilloscope preamplifier
was fed to an FHM tape'recorderv(ﬁewlétt-Packard) allowing the
recording and subsequent playback of unit activity. A trigger
pulse from the stimulator was recorded on another channel of the
tape recorder for syncronizational purposes.. The preamplifier
output was also fed to a window discriminator (see Appendix)
that allowed the selection .of spikes of interest while exclﬁding

background noise and unwvanted spikes..

Periaqueductal Gray Neuropes - Antidromicfaétivggigg;

In the experiments performed to test for anti@rqmiéa
activation of PAG neurones by stimulation of the nucleus.
gigantocellnlaris the following interconnections were made in-
addition to those listed above (see Fig.. 1).. The output from
the window discriminator was connected to the trigger input of a

constant voltage stimulator ({Ortec), which itself was connected
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Figure 1: Schematic diagram of equipment intercomnection used in
experiments studying the effect of electrical stimulation of the
nucleus gigantocellularis on periaqueductal gray neurones. The
stimulator was connected so that it could be triggered by
spontaneously or evoked action potentials. After a suitable

delay following triggering, the stimulatcr would discharge.
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to the bipolar stimulatiﬁg electrode positioned iq~the nGC..,

The stimulator could be used in two ways: in .a free-running
mode with .a stimulation every 2 s, or in a triggered mode with
the stimulator being triggered irregularly by the discriminator
output. The triggered mode allowed the stimulation to be
positioned at a selected time interval after a sponfaneous
action :potential. . See the protocol section for furyher details. .

The taped responses were processed vith the fdilowing
equipment setup illustrated in Figure Z;MlThe output of the tape
recorder was filtered and passed to the window.:discriminator and
a delay line (see Appendix).. The discriminator allowed the
stimulator to be triggered by either the recorded trigger
pulses, the artifacts, or the recorded action :potentials. . The
stimulator was used to select ‘every nth pulse which then-
triggered the raster scan .unit {see Appendix). . The delay line
waé used to allow the triggering-signai to be placed in the
. centre of the oscilloscope screen. . The delayed signal was also
passed to a ancther discriminator whose output fed the signal
inputs of the raster scan unit..

The raster scan unit cconstruocted a display on the
oscilloscope consisting of n - trials. Each trial consisted of
one oscilloscope trace positioned at a progressively lower
position on the oscilloscope screen. ﬁach:sweep could be either
the original signal or that signal processed into a series of
dots where each dot represented an action potential or a |

stimalus artifact. .
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Figure 2: Schematic diagram of the equipment setup used to
process the recorded neuronal unit activity. Note the use of a
delay line to allow the triggering to be from signals in the

middle of a sweerp,
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Nucleus Gigantocellularis Neurones - Effect of PAG _Stimulation-

The equipment interconnection for thé experiments studying
the effect of PAG stimulation on nGC neurones in addition to
that above is discussed in this section . {see Fig.. 3)..  The
output of the discriminator was connected to: a spike integrator
(see Appendix) which allowed the cell firing rate during preset
time epochs to be recorded on one channel of the polygraph; and
to a time histogram analysis module (Ortec) that allowed the
construction of peristimulos time histograms (PSTHs) :and
interspike interval histograms (ISI). . K The resulting histograms
wvere viewed on a dual team oscilloscope {Tektronix) and hard
copies of them made on a X-Y plotter {Houston Instruments). .

The drug barrels of multibarreled electrodes were connected
to a six channel programmable microiontophoretic current
controller (Dagan).. The applications of drugs were monitored on
one channel of the polygraph.  Taped responses were processed by
connecting the,tape'reccrder‘S“output to the first

oscilloscope’s preamplifier input. .

Periagueductal Gray Neurones - Antidromic Activation

A search was made for single units wﬁich.responded to
stimpulaticn (1=-5 Vv, 0.1 ms, 2.0 Hz) of the nucleus
_gigantocellularis., Once such a neurone was found it was
" classified according to its response>to noxious and non-noxious

peripheral stimuli and electrical stimulation of the nGC.  The
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FPigure 3: Schematic diagram showing the eguipment
interconnection used in experiments studying nucleus

gigantocellularis neuarones.
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noxious peripheral stimuli included: noxious pinch and pressure
to the tail, hind paws, and ears; electrical stimulation of the
sciatic nerve {1-25 V, 0.1 ms, 0.5-2.0 Hz); and radiant heat
focused on the tail. .  These stimu;i.uere clearly ncxious to the
experimenter. Non-noxious stimuli included airpuffs to or
gentle mechanical movement of the animal's fur and joint
movement. .

The response of a cell to stimulation of ‘the nGC was
classified as "suspected antidromic®™ or "orthodromic". The

response was classified as orthodromic if it failed to fulfil

one or more of the following criteria:

{1) demonstration of constant latency at threshold; .

{2) demonstration that the response was able to follow
stimulation frequencies to greater than ZOGIHZ; and

{(3) demonstration .of collision between the evoked action
potential and an orthodromic action potential within :the
critical time period: the latency plus the refractory

period,

or if the latency of the response was greater than .7 ms. . The
value of 7 ms was chosen because the direct distance,
stereotaxically, between the two nuclei is about 3.5 mm. .
Therefore, accepting tﬁe slowest conduction .velocity of
unnyelinated fibres to be 0.5 m/s, an action potential would
travel between .the nuclei in less than 7 ms. . A paired pulse was
used to test the following frequency in most cases but longer

trains vere sometimes used. Responses were classified as
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'suspected antidromic' if they demonstrated a constant latency
of less than 7 ms and if they passed all of the criteria for
which they were tested. .

Collision was tested in two ways.. If the neurone's
spontaneous activity was fairly high then the nGC was stimulated
regularly at 0.5 Hz and the interaction of the evoked potentials
with the spontaneous potentials was observed. If the
spontaneous activity was slcw or non-existant then an attempt
was made to increase 1it, if possible, with noxious stimuli. The
other method used was to trigger the stimulator from spontaneous
spikes. This allowed the stimunlation to be placed at varying
periods after the séontaneous spike, allowing collision to be
studied more closely and having the added advantage of making

each spontaneous action potential .count..

Nucleus Gigantocellularis Neurones - Effect of PAG_Stimulation .

While searching for cells in these e#periments
iontophoresis of glutamate was frequently used to excite cells
not spontaneously active, ©Neuromes were themn characterized by
. their responses to peripheral stinmuli, iontophoresis of drugs,
and to stimulation of the PAG. .

The effects of iontophoresis were recorded as changes ia.
the spontaneous or glutamate evoked firing rate as well as
changes in .the PSTHs constructed from responses to electrical
stimulation of the PAG or the sciatic nerve. . To check‘that_the
responses were not due to the iontophoretic current, control
applications of NaCl, at currents greater than those used in the

drug applications, were performed.. If the multibarrel
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electrodes were unsatisfactory, i.e.. they became blocked or had
poor recording characteristics, the experiment was continued .
with single barrel electrodes.

Towards the end of most experiments a neurone was selected
for testing with an intravenously administered drug.. The
effects of the drug were noted on the spontaneous firing rate of
the.neurone and the response of the neurone to PAG stimulation

as recorded in PSTHs.

E.. Histology

Recording sites of interest were marked by passing up to
15 pA of direct negative carrent through‘the‘recording barrel
for up to 15 min.. This procedure left a spot of the blue dye
contained in the recording barrel at the recording site. These
spots were subsequently located after the brainahadvbeen
sectioned cn a microtome.. Stimulation sites were marked by
lesioning the tissue at the electrode tip with direct current
{C.3-0.9 mA, 30 s) passed through the electrode. . At the end of
the experiment the animal's chest was opened and a needle,
attached to a 50 ml syringe filled with normal saline, vas
introduced into the left ventricle of the heart. The right
ventricle was then slit and the animal perfused with the saline. .
The animal was decapitated with a guillotine, the brain removed
and stored in 10% forrmaldehyde solution for at least three days. .
The brain was then sliced into 40 pm sections with a freezing
microtome {Damon/IEC Division) :at -20 0C and mounted onto glass
slides using an alcohol-gelatin (2 g of gelatin in.2 1 of 40%

alcohol) .solution. . The brain slices were then used to map the
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-and stimulation sites onto composite diagranms..

.sites that were not marked were interpolated from the

of marked sites in the same electrode tracke..

to electrical stinulations in which the stimulation

site was located outside its target area were discarded. .
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A. - Periagueductal Gray Neurones

A total of forty-five experiments vwere performed to study
the responses cf neurocnes in the vicinity of the periaqueductal
gray to noxious peripheral stimuli and to electrical stimulation
of ‘the nucleus gigantocellularis., The results of these
experiments are presented in the following two sections. .

The recorded action potentials were probably from cell
bodies rather than axcns as they could be recorded for a
distance of 40-100 pm and the actioh potentials were biphasic. .
Host units had slcw spontaneous firing rates of less than 15 Hz

although rates as high as 80 Hz were also seen. .

Besponses_to Noxious Peripheral Stimuli

The noxious peripheral stimuli used to test the PAG area units
included pinch and pressure applied to the paws, ears, and tail,
radiant heat applied to the tail, and electrical stimulation of
the left sciatic nerve. . About one-third of the neurones were
affected by the noxious stimuli.  Of the 61 units affected, 46
were excited and 12 were inhibited. . In addition, 3 neurones
were excited by scme stimuli but inhibited by other stimuli. .
There did not appear to be any correlation between the neuronal
responses to the noxious stimuli and their histologically
determined lccations. The neuromnes which were affected by
noxious stimuli were classified by their responses to noxious
stimuli (Pig.. 4). . The latencies of responses to electrical

stimulation cf the sciatic nerve were between 5 and 64 ms. . The
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FPigure 4: Coronal section of rat brain showing location of
neurones in the vicinity of the peraqueductal gray classified by
their responses to: noxious pinch and pressure to the paws, ears
and tail; radiant heat applied tc the tail; and electrical
stimulation of the sciatic nerve. The actual locations were
found at +0.5 mm anterior-posteriorly but are displayed on one
Section at stereotaxic zerc for convenience and clarity.
Symbols: CI - inferior colliculus ; nRP - n, reticularis parvi-
cellularis; PAG - periaqueductal gray. The axes are numbered in

rm., Modified from Abad-Alegria (1971).
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average latency was 18+10 ms [mean % the standard error of :the
mean) . The responses ranged from a single spike in silent units
- to an increase of firing rate lasting up to 130 ams in

spontaneously active units.

Responses_to Stimulation of the nGC

Ninety-five periaqueductal gray area neurones uére
activated by electrical stimulation-.of the nucleus
gigantocellularis. The histologically determined sites of the
stimulétion electrode placed in the nGC are illustrated in.
Figure 5. . Most units (96%) affected by nGC stimulation were
activated but 4 units were inhibited.. These inhibitory.
responses were not included with the orthodromically activated
responses. The activation responses were classified as
torthodromic' or 'suspected antidromic! based on their
fulfilment of the criteria for antidromicity and their latencies
as outlined in the Materials and Methods. Total numbers of
units so classified are sﬁown in Table I.. A total of 59
neuronal responses were classified as orthoaromic*because they
failed one or more of the antidromicity criteria or had
latencies of greater than 7 ms. .  The locations of ‘these .units
were diverse and included the inferior colliculus and midbrain
reticular formation in addition to the PAG {see Fig. . 6)..

Thirty-two neuronal responses were classified as 'suspected
antidromic*. They all demonstrated comstant latencies at
threshold of less than:7 ms and passed all of the antidromicity
criteria for which they were tested. The numbers of neurones

passing each test is given in Table I and the units’ locations
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Figure 5: Coronal section showing the histologically determined
position of the stimulating electrodes placed in the nucleus
gigantocellularis which were used in experiments studying the
activation of PAG neurones by electrical stimulation of the nGC.
The actual stimulation sites were located at 3.0:0.5 mnm
posterior but are displayed on one section at 3.0 mm posterior
for convenience and clarity. Symbols: V, VIII, XII - nuclei of
the corresponding cranial nerves; CR -~ caudal raph&; nGC -
nucleus gigantocellularis. The axes are numbered in mm. Modified

from Bbad-Alegria (1971)..






Table I:

Numbers of neurones in*the vicinity of the
periaqueductal gray fulfilling or failing the
criteria for antidromicity.

Criteria

Collision
Following > 200 Hz
Latency £7 ms
Constant Latency

Total

59

Orthodromic
yes ho

1 4

0 23
30 17
35 14

Antidromic

ves

8
11
32
32

32

no

0
0
0
0

62
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Figure 6: Coronal section showing the histologically determined
locations of neurones in the vicinity of the PAG classified as
being orthodromically activated by stimulation of the nGC. For
classification criteria see text and Table I. Symbols and

comments as in Figure 4. .
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are illustrated in Fiqure 7..

Eight units with constant lateancies of less than 7 ms
demconstrated collision cf evoked action potentials with .
spontaneously occurring orthodromic potentials. Two examples of
collision are illustrated in Figures 8 and 9. . One unit with a
latency of 13 ms showed what appeared to be collision between:a
stimulation .evoked action potential:and a spontaneous potential..
However, as it did not pass the short latency criterion its

response vas classified as orthodromic. .

B.  Nucleus Reticularis Gigantocellularis Neurones

A total of forty experiments were performed to study the
effect of igntophonetic seroctonin, icntophoretic and intravenous
fiuoxetine, which is a specific serotonin-uptake blocker,
noxious peripheral stimuli, and PAG stimulation on the activity
of nGC neurones. As well, the effects of serotonin and
fluoxetine on the nGC neuromnal responses to stimulation of the
sciatic nerve and the PAG were studied.. The results of these
experiments are described below. .

The recordings made were almost certainly from cell bodies
and not axonal fibres because 97% of the neurones tested with
iontoéhoresés glutaéate were excited. . Glutamate is reported to
produce excitatory effects specifically on cell bodies (Curtis
et al., 1960; Krnjevic and Phyllis, 1963).. Also, the recorded
action -potentials had constant size and were biphasic. Most

neurones could be recorded over a distance of 50-100 Pm.;
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Pigure 7: Coronal section showing the histologically determined
locations of PAG area neurones which were suspected of being
antidromically activated by nGC stimulation. See Table I and
text for classification descriptions. Symbols: O - displayed a
contant latency of less than 7 as; (3 - followed stipulation to
a fregquency greater than 200 Hz and had constant latency of-less
than 7 ms; ‘ - denonstrated collision and had a constant
latency of less than 7 ms. . See Figure 4 for the other symbols

and for comments,
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Figure 8: Oscilloscope tracings of a periaqueductal gray neurone
showing collision of spontaneous action potentials and action
potentials evoked by stimulatiom of the nucleus
gigantocellularis. {a) Raster scan of consecutive stimulations
of the nGC, at reqular intervals, which caused the activation of
the neurone to the right of the stimulation artifact (below the
dot) . Note that ccllision apparently occurred wvhen a spontaneous
action potential occurred within a certain distance of the
artifact. (b) This trace is identical to the first trace above
except it was at a higher amplification and had less filtering. .

Notice the promiment *initial segment! of the evoked potential. .
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Figure 9: Oscilloscope tracinés showing spontaneously occurring
action potentials colliding with and cancelling action
potentials activated by triggered stimulation in the nGC. The
stimulater was triggered by spontaneous potentials, and, after a
selected delay, stimulated the aGC electrically. (a) A trace
showing a spontaneous potential to the left of the stimulation
artifact {indicated by the dot) which triggered the stimulator
after a delay of 6.6 ms. (b) Similar to above but with a delay
of 6.8 ms, an activated potential is seen at right as no
collision with the spontaneous potential occurs as in part {a).
{c) A raster scan of 32 sweeps or trials. Each dot represents an
action potential or a stimulation artifact (under the dot). The
stimulator was triggered by the spontaneously occurring
potential to the left, and the delay until stimulation set
successively to 6.6, 6.7, and 6.8 ms, but failed at the 6.6 ms

setting because of ccllisiocn..
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Effect_of Drugs _on Unit Activity

The effect of intravenous fluoxetinme (3-10 mg/kg) -was
tested on 16 nGC neurones. . Nine of these were unaffected by the
drug. Of the three neurones inhibited by the fluoxetine, the
inhibition was minimal in one case. Two of the 4 excitatory
responses vere also slight and another was transitory. .

Microicntophoretic application of glutamate excited all but
two, which were not affected, of the 59 neurones on vwhich it wvas
tested. Forty-two neurones were tested with iontophoresed
serotonin. ., Approximately two-thirds of these responded to this
treatment: 45% were inhibited and 21% excited. . Similarly, 50%.
of the 28 neurones tested with iontophoresed fluoxetine were
inhibited while 14% were excited and the remaining 36% were
unaffected. . These responses are listed in Table II and an
example of a neurone's response to iontophoretic serotonin,

fluoxetine, and glutamate is included in Figure 10. .

Peripheral Stimuli

Twenty-nine units were tested with non-noxious forms of
peripheral séimuli.‘ These included light touch and air-puffs
applied to the fur of the aanimal or gentle joint movement. . Only
18% of the neurones tested were affected and these were excited
{see Table 1I1)..

In coatrast, 75% of the neurones tested with .noxious
stimuli were affected.. Over one-half-of the 224 neurones. were
excited {53%) by noxious stimuli which:included pinch and

pressure applied to the paws, ears and tail, radiant heating of



Table I1: Responses of neurones in the nucleus gigantocellularis
to various tests.

Response
Test Excitation Mixed Inhibition  None Total
sciatic nerve’ 43 7 9 46 105
noxious2 118 15 35 56 224
non—noxious3 7 0 0 32 39
u4 serotonin - 9 - 19 14 42
u fluoxetine 4 - 14 10 28
u glutamate 57 - 0 2 59
PAG5 17 12 58 41 128

p—t
|

electrical stimulation of the sciatic nerve

2 - included pinch and pressure to the paws, ears, and tail,
radiant heating of tail, and electrical stimulation of the
sciatic nerve

3 - included air-puff and stroking applied to the animal's hair

and gentle joint movement

microiontophoretic application of ...

5 - electrical stimulation of the periaqueductal gray matter

I~
1
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Figure 10: Examples of nucleus gigantocellularis neuronal
responses to iontophoresis and peripheral stimuli. (3) Ratemeter
output displaying a nGC neurone’s firing rate changes in
response to iontophoretic serotonin (S), Fluoxetine (F),
glutamate (G), and NaCl, used as a current control, (C). The
abscissa represents time and the bars and numbers below it
represent the periods of and the currents (nA) used for the drug
applications, respectively. The ordinate represents unit
activity in spikes per epoch, where each epoch is 1.0 s in
duratiocn. Notice the cell was excited by the glutamate and was
inhibited by the serotonin and fluoxetine but was not affected
by the current control. Also note that the inhibition by
serotonin was enhanced by the sinmultaneous ejection of
fluoxetine. (b) Activity of another nGC neurone in response to
peripheral stimuli. It was excited by noxious pinch applied to
the right paw (LP) and both ears {LE, RE) but not to the left
paw (LP) or tail {T) nor by non-noxious stroking of the fur (S)..
(c) The top trace shows the temperature (ordinate) of a
thermocouple mounted on the surface of the tail in the focus of
the radiant heat source. The bottom trace shows another nGC
aeurone which was activated by noxious radiant heat pulses

(47 o°C, 15 s)..
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the tail, and electrical stimulation:of the left sciatic nerve.
In addition, some units {16%) were inhibited and others
respéndednﬁith:mixed excitation-inhibition (7%) . Examples of
t¥o neurones'! response to peripheral stimuli are illustrated in
Pigure 10. . The histologically determined locations of the
neurones did not appear to be correlated to their responses to
noxious peripheral stimuli as can be éeenain Figure 11.. .

The responses mentioned above included stimulation of the
sciatic}nerve, however, stimulation of the sciatic nerve alone
produced similar results. . Of the 105 units tested with sciatic
nerve stimunlation, 41% were excited while approximately the sanme
proportion were unaffected. A few neurones were inhibited (93%)
or had mixed responses (7%).. The responses are enumerated in
Table II and three examples of typical responses are illustrated
in Figure 12{d-f). .

The excitatory responses had latencies ranging from .5 to
more than - 200 ms and durations ranging over #-52 ms.  The
excitatory responses with latencies of less than 200 ms could be
divided iato two groups: short-latency responses having a mean
latency of 10.2¢1.3 ms and long-latency responses having a mean.
latency of 70+11 ms. The inhibitory responses' latencies and
darations rﬁnged over 5-35 ms and 4-85 ms, respectively. . The
mean inhibitory response latency was 13.8+4.7 ms, while the mean
duration .of the inhibitory responses was 30111 .ms, -

In thpse-units tested with both noxious peripheral stimuli
and iontophoretic serotonin and/or fluoxetine there did not
appear .to he a cotrelation between the respomses to the two

tests.,  For example, of the 14 neuromnes which were excited by
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Figure 11: Coronal section section showing histologically
determined locations cf nGC area units which responded to
noxious peripheral stimuli. Stimuli included pinch and pressure
to the paws, ears, and tail, radiant heating of the tail, and
electrical stimulaticn of the left‘sciatic nerve, Symbols and

comments as in Figure 5.



Response to noxious peripheral stimuli

A- excitation only

O- mixed excitation and inhibition

V- inhibition only
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Figure 12: Examples of nucleus gigantocellularis neuronal
responses to electrical stimulation of the periaqueductal gray
{a-c) and the sciatic nerve {d-f). The responses are in the form‘
of peristimulus time histograms (PSTH) and demonstrate neurones
which responded with excitation only ({a,d), mixed excitation-
inhibition {b,e), and inhibition only {(c,f). The abscissae
represent time and the ordinates the number of spikes per bin
(or epoch) . The bars above the respoanses indicate the periods of
stimulation and the large peaks below them are truncated
stimulation artifacts. Stimulation of either a single pulse
(a,e,f) (0.1 ms, 2-5 V) or a train of pulses (b-d) (0.05 ms, 2-
5 V) and. Each PSTH is constructed from 32 or 64 sweeps. Bin

width = 1.0 ms {a-e) or 2.0 ms {f)..
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noxious stimuli only 4 were excited by serotonin {Table III). .
Six units were teéted Wwith both intravenously administered
fluoxetine and sciatic nerve stimulation.  In 4 of these, drug
administrations did not affect the response of the neurone to
nerve stimulation. In the other two trials the excitatory .
response of the units was increased by the fluoxetine, as can be

seen in Table 1V.

Stimulation of the Periagueductal Gray

The predominant response of the 128 nucleus
gigantocellularis neurones tested with stimulation of the
periagueductal gray was inhibition (45%).:. Some excitatory (13%)
and mixed excitatory-inhibitory (9%) effects were also seen
while approximately a third of the neurones were non-responsive
{see Table II). . An exanple of each type of response is included
in -Figure 12({d-f) amd the histologically determined locations of
the stimulation sites in the periaqueductal gray are mapped in:
FPigure 13..

The excitatcory responses of nGC neurones to PAG stimunlation
had latencies of 0-75 ms and durations of 0-110 -ms. . Their mean
latency and duration were 2346 ms and: 3348 ms, respectively..
The inhibitory responses' latencies and durations ranged over O0-
45 ms and 15~-200 ms, respectively.. The mean inhibitory response
was 11.6+1.3 ms, while the mean duration of the iphibitory
responses was 5118 ms. .

To see if there was a correlation between a .neurone's
response to noxious peripheral stimuli and its response to PAG

stimulation, the numbers of neurones responding in each .way .to
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Table III: Comparison of the responses of nucleus 1
gigantocellularis neurones to noxious peripheral stimuli <and
iontophoretic application of serotonin or fluoxetine.

R . . P
esponse to Responses to iontophoretic application of:

noxious .

peripheral Serotonin Fluoxetine
stimuli Excited Inhibited None Excited Inhibited None
Excitation 4 9 1 1 'j 1
Mixed 0 1 0 il Q 0
Inhibition 0 1 1 0 2 0
None 0 1 0 1 0
Column total 4 12 2 2 10 1

1-— included pinch and pressure to paws, ears, and tail; radiant
heating of tail; and electrical stimulation of the sciatic
nerve.



Table IV: The effect of intravenously applied fluoxetine
on the responses of nucleus gigantocellularis neurones to
electrical stimulation of the periaqueductal gray of the
sciatic nerve.

Response to stimulation was:

Enhanced Reduced None Total
Response to stimulation
of the periaqueductal
gray:
Excitation 0 4 0 4
Inhibition 3 0 4 7
Response to stimulation
of the sciatic nerve:
Excitation 2 0 4 . 6

Inhibition 0 0 0 0

83
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Figure 13: Coronal section showing the histologically determined
location of the stimulating electrodes used in experiments which
studied the effect of electrical stimulation of the

periaqueductal gray on the activity of nucleus gigantocellularis

neurones. Symbols and comments as in Figure 4.
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the two tests were enumerated. . As can be seen from Table V the
largest group of neurones ([23) .were excited by the noxious
stimuli and inhibited by the PAG stimulation..  This group was
equal to 37% of those neurones affected by both treatments or
18% of the total neurones tested {(128). -

Although .few neurones vwere tested with both iontophoreretic
serotonin .or fluoxetine and PAG stimulation, a,comparisonaof—the
responses to these two tests reveals a modest correlation (see
Table VI). - Both of the units excited by PAG stimulation were
also excited by iontophoretic serotonin, ., Similarly, 5 of the 7.
neurones inhibited by PAG stimulaticn were also inhibited by
serotonin.

The effect of ihtravenous and iontophoretic fluoxetine on
the responses of nGC neurones to PAG stimulation were also
tested.. The results of intravenous fluoxetine are shown in
Table IV. . The inhibitory response produced by PAG stimulation .
in . 4 units was enhanced by the fluoxetine. . Another seven units
were excited by PAG stimulation. . In all 3 of these excitatory
responses‘which.were‘modified by the fluoxetine, the respoases
yere reduced.  Three examples of the effect of fluoxetine, both
iontophoretic and intravenously administered, on the response of
nGC neurones to PAG stimulation are illustrated in Figures 14

and 15..



Tdble.V¥: Comparison of nucleus gigantocellularis neuronal
responses to noxious peripheral stimulil and stimulation of
the periaqueductal gray.

Response to

noxious Response to electrical stimulation
peripheral of the periaqueductal gray matter Row
stimuli Excitation Mixed Inhibition None Total
Excitation 14 8 23 17 62
Mixed 0 1 3 1 5
Inhibition 1 2 11 3 17
None 2 1 21 20 44
Column Total 177 12 58 41 128

1 - included pinch and pressure to the paws, ears, and tail,
radiant heating of the tail, and electrical
stimulation of the sciatic nerve.
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Table VI:

Comparison of the responses of nucleus

gigantocellularis neurones to periaqueductal gray stimulation and

iontophoretic application of serotonin or fluoxetine.

88

Response to

periaqueductal :-:~-~ Responses to iontophoretic application of:
gray Serotonin Fluoxetine
stimulation Excited Inhibited None  Excited Inhibited None
Excitation 2 0 0 1 2 0
Mixed 0 3 0 0 1 0
Inhibition 0 5 2 0 3 2
None 1 2 0 0 1 0
Column total 3 10 2 1 7 2
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Pigure 14: Examples of two neurones (a-b, c-f) inhibited by
periagueductal gray stimualation and the enhancement of this
inhibiticn by fluoxetine, a specific serotonin uptake blocker. .
Besponses are shown in the form of peristimulus time histograms
with time on the abscissae and the number of spikes per bin (or
epoch) on the ordinates. The bars above the responses represent
the periods of stimulation and the large responses below them
are truncated stimulation artifacts. {a) Control response of
Eirst unit *o PAG stimulaticn (10 pulses, 0.05 ms, 4 V). {b)
Enhancement of the inhibitory period 15 min after intravenous
fluoxetine (3 mg/kg). .{c) Control response of the second neurone
to PAG stimulation (10 pulses, 0.05 ms, 5 V). (d) Enhancement of
response during iontophoresis of fluoxetine (40 naA, 1 min). (e)
Eight min after iontophoresed fluoxetine, the response was
ccmparable tc the control inm (c¢). . {f) Slight enhancement of
response 6 min after intravenous fluoxetine (5 mg/kg). .Bin width

= 2 ms, 64 sweeps per response.
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Figure 15: An exanmple of a nucleus gigantocellularis neurone
which was excited by periagqueductal gray stimulation and the
reduction c¢f this response by fluoxetine, a specific serotonin
uptake blocker. See Figure 14 for a description of the
peristimulus time histograms. (a) Control respomnse. . {b-d4) 9.5,
23, and 25 min after iontophoresis of fluoxetine (60 niA, 1 min),
respectively. . {e,f) 30 and 40 min after intravenous fluoxetine

(tvo 5 mg/kg doses). Bin width = 1.0 ms, 64 sweeps per response.
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DISCUSSION -

A. Periaqueductal Gray Neurones

¥e found many neurones in the vicinity of 'the
periagueductal gray which respoaded to noxious peripheral
stimuli. This was expected as the spinotectal tract is known to
terminate in.this area (Mehler, 1960; Kerr, 1975).. Also; evoked
potentials have been recorded from this area in rats in-.respoase
to electrical stimulation of the skin {Mayer and Liebeskind,
397}).and the sciatic nerve (Palmer and Klemm,. 1976). . Recent
stﬁdies,~9hich.recorded unit activity from neurones in the sanme
area, also found excitatory and inhibitory responses to noxious
stimuli which included pinch, stimnlation of peripheral nerves,
and radiant heat {Aghajanian et al., 1978; Haigler, 1978; .
Sanders et al., 1980.)w .

Aghajanian ‘et al. . {1978) reported that serotomnergic
neurones were inhibited and non-serotonergic neﬁrones vere
excited by noxious peripheral stimuli. . Sanders et al.. (1980) -
found that most neuronmes with excitatory responses were located.
in ‘the periaqueductal gray, while those inhibited were located
in .the dorsal raphé.. This agrees with . the previous étudy as the
dorsal raphé is a major serotonergic aucleus. K ¥#e did not find
any correspondénce betwveen cell locations and responses to
noxious stimuli. However, dorsal raphé neurones are reported to
have slow spontaneous firing rates (less than.2 Hz) which nakes

inhibitory responses very hard to recognize. . Therefore, our
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results are very probably biased towards neurones with
relatively faster spontaneous firing rates and those responding
with excitation., This also probably resulted in many of the
inhibitory responses cf dorsal raphe neurones being classified

as non-respoensive. .

St tocellularis

Stimulation of the Nucleus_Gigan

The orthodromic' responses of neurones in the vicinity of
the PAG elicited by stimulation in the nGC were usually easily
identified as most showed multiple firing at increased stimulus
intensities, very long . latencies, or very inconsistent
latencies.  ‘However, distinquishing betveen orthodromic and
antidromic responses with constant latencies of less than 7 nms
das more difficult, .

Ccnstant latency is a fairly poor criterion for
antidromicity except at threshold. . However, even at threshold
orthodromically activated neurones might have shown constant
latencies if the synaptic input on to them was itself constant. .
In such a case the neuroné would have been excitable to the same
dégree for each éynaptically evoked response and therefore would
have displayed a constant latency. ., Conversely, antidromically
activated neurones can have latencies varying up to 0.5 ms due
to delays of the action potential crossing the axonal hillock
and invading the cell body (Eccles, 1955).. This again depends
upon the excitability of the cell body membrane and also upon
the rate of increase in memkrane area that the potential
encocunters as it travels from the axcn to the cell body.., In

this study only 29% of the 49 neurones which were classified as
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orthodromic had inconsistent latencies., Therefore, inconstant
latency appears to be a good indication of orthodronic
activation but constant latency not to be a good criterion for
antidromic activation. .

The second criterion, the maximum frequency at which the
response can follow the stipulus, is often cited as good
evidence for antidrcmicity., However, orthodromically activated
neurones can sometimes follow at high frequencies (Darian-Smith
et al., 1963) and, conversely, antidromically activated neurones
can sometimes fail to fcllow high stimulation frequencies
(Eccles, 1955)., Again, this failure is due to the blockade of
the action potential at the axonal hillock. In the present
study, because the distance between the stimulation site and the
recording site was so small, it was often difficult to test
following fregquency because of the large stimulation artifact. .
In addition, if long trains of stimuli were attempted, an
increasingly large artifact occurred due to both summation of
multi-unit evoked potentials and muscle twitch.., Therefore,
because of these difficulties in testing for following, some
neurones which were actually antidromically activated may have .
‘been ‘erroneously classified as orthodromic in this study.. Even
so, high fregquency fcllowing would appear, at least in this
study, to be a good indication of antidromicity because none of
the responses classified as orthodromic followed the stimulation
at high frequencies. .

The final criterion of antidromicity, collision of
orthodrcmic acticn potentials with antidromic ones, is generally

considered to be the mc¢st robust of ‘the criteria. . However, some
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problems do occur in actual practice. Firstly, to test for
collision, the cell ‘under study must be sponrtaneously active or
capable of being activated. Activation can occur by the
ioatophoretic application of an excitatory drug, such as
glutamate, onto the neurone or by increasing the excitatory
synaptic input to the cell. 1In this study some neurones were
activated by applying noxious pressure to the tail. . Secondly,
the recorded action potential had to be large enough to give a
signal—-to-noise ratio which was sufficient to allow the
consistent triggering of thg stimulator, .

Thirdly, the critical period is theoretically.the sum of
the latency and tﬁe refractory period.  However, the measurenmnent
of'these two values is subject to error. The measurement of a
refractory period involves observing the maximum frequency at
which the response consistently follows the stimulation. .
Unfortunately this actually measures the 'least interval for two
propragated spikes' (cf. Fuller and Schiag, 1975) travelling
the sane direction.along the axon, the second spike following
immediately_after the first's refractory period.. Por antidromic
collision :the two spikes are travelling in opposite directions
and therefore the value regquired to calculate the critical
period will be less than that measured.. The peasurement of the
latency of response is subject to two errors.. There . is a delay
between the onset of the stimulation pulse and the activation of
the fibre.. This is termed utilization time and can range over
0.2-0.5 ms {Blair and Erlanger, 1936; cf.. Puller and Schlag,
1876) . ., There is also a~delay between the arrival of the spike

at the cell body and the invasion of the soma, which .is what is
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usunally recorded extracellularly. - This delay can typically be
0.2 ms longer than the equivalent delay‘in orthodromic
activations {cf. PFuller and Schlag, 1976). . The first two
errors can - -be lessened by increasing the stimulus intensity. .
Unfortunately, the maximum stimulus levels which could be used
in this study were dictated by the size of the stimulation .
artifact, the presence of an evoked muscle movement, and
saturation -of the unity gain preamplifier.

The errors discussed in the previous paragraph are fairly
constant and do not vary with latency or refractory period. .
Therefore, the error in the calcualation of the critical period
fof collision :becomes relatively large at short latencies and is
typically 0.5-2 ms.. The neurones in this study typically showed
coiiisionain a period approximately equal to the latency.. If
the error in the measuremeat of latency is not taken into
consideration :then the refractory period would appear to be very
short or non-existent and the error to be about as large as the
refractory pe:iqd. If the latency of a response is very,shott
{(<2 ms), it would be pcssible to see what appears to be
ccllision but what is actually due to.the arrival of an evoked
orthodromic potential during the refractory period of a
preceding spontaneous potential. However, for this to happen .
would require the refractory period to be greater than two times
the latency..

Some anomalies were observed in the responses of some
neurones. . One orthodrcomic neurone, classified as such because
it had a latency of 13 ms, appeared to demonstrate collision.

If this neurone was actually activated antidromically this would
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imply that the conduction velocity of this neurone wvwas about

0.3 ms.. If it was in fact orthoedromically activated then:the
apparent cocllision might have been due to an extremely long
refractory period (in the order of 20 ms), recurreant inhibition,
or inhibition via a slower pathway. . Some neurones demonstrated
collision -vhere the ccllision interval was much greater than a
reasonable critical period.. Again, this may be due to an
abnormally lcong refractory period or recurrent inhibition...

As well as the above criticisms and difficulties with the
individual criteria, cther general difficulties must be
discussed.b Because of the filtering which was necessary in.
these experiments to attenuate unwvwanted noise, the shape of the
action potentials was distorted. . This made observation.of the
initial segment of the action potentials difficult except for
exceptionally large spikes. . The filtering also lengthened the
time constant of the stimulus artifacts, increasing their
duration to 1-2 ms.. This meant that action potentials with
latencies of less than 1 ms, or conversely, with conduction
velocities greater than 3.5 m/s, were very difficult or
impossible to distinquish from the artifact.. Por this reason,
the results of these experiments are biased toward long latency
responses and mamy antidromically activated neurones may have
been missed. .

However, there are a few.additional_features of antidronmic
activations which are useful :in their identification. .
Fractionation .of an antidromic action  potential may occur due to
blockade of the potential at the axonal hillock. The blockade

may occur at any stimulus intensity as the activated fibre
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potential has an all-or-nothing nature (Bishop et al., 1962)..
If the potential fails to invade the cell body then the
potential oiserved is repiniscent of the initial segment of a
synaptically activated potential, but is much larger and can be
distinguished easily.  Also as opposed to orthodromic stimuli
which can:cause multiple post-synaptic potentials from one
stimulus, antidromic stimuli cause only one activation per
stimpulus, , -

A final difficulty in the interpretation of these results
is the possibility that the antidronmic actiqn potentials are due
to the activation of fibres which do not terminate in the nGC. .
While.nc assurance can be given that this is not in fact the
case, anatomical studies using autoradiographical (Bobillier et
al., 1976) and HRP {(Gallager and Pert, 1978) -techniques also
indicate that the nGC receives direct axonal input from this
region. . |

While we found it difficult to test every criterion on
every neurcne it is very likely that periagueductal gray
neurones were antidromically activated from the nGC. . In.
addition tc mneurcnes which demonstrated collision, neurones
which met the high frequency criterion were also probably
antidromically activated. . As well, some neurones classified as
orthodromic may have actually been antidromically activated as
suggested above., . Some neurcnes may have failed the collision
criterion heéausg of lack of spontaneous activity or action.
potentials which were:toco small to trigger the stimulator. . Some
neurones may have failed the following criterion due to the

technical difficulties., In addition, some long latency
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responses may in fact be antidromic if the conduction velocities
of the fibres involved were less than 0.5 ms or if the fibres
tock circuitcus routes.  For example, the neurone which
apparently showed cocllision with a latency of 13 ms did have a
constant latency and displayed fractionation. . Finally,
antidrcmically activated neurones méy have been missed because
they had very short latencies (<1 ms) or because they projected
via thin non-invadable axons (Sanders et al., 1980). . The
neuronal population studied is very probably biased towards
larger neurones and this may also have influenced the numbers 6f
orthodromic versus antidromic responses. . Therefore, it is very
likely that there is a monosynaptic pathway from the PAG to the

nGC. .

B. . Nucleus Gigaptocellularis Neurones

Effects of Drugs

Intravenous fluoxetine increased (4), decreased (3), or did
not effect (9) the spontansous activity of the ‘16 nGC neurones
on which it was tested. . The effects of intravenously
administered fluoxetine on the spontaneous firing of nGC
neurcnes is difficult tc interpret for a number of reasons..
Firstly, most of the responses were slight or transitory in
nature. . Secondly, PSTHs of the responses of nGC neurones to PAG
and sciatic nerve stimulaticn were being censtructed
concurrently with the drug administration making it difficult to
separate the effects of the stimulation on the neuromnal activity

from those of the drug.. Thirdly, the nGC receives diffuse input
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from many areas making it impossible to know if -the responses of
the nGC neurones were due to direct or indirect effects..

Many other workers have reported excitatory and inhibitory
responses of neurones in the vicinity of -the nucleus
gigantocellularis to iontophoretically ‘applied serotonin in .the
cat (Bradley and Wolstencroft, 1965; Boakes et al., 1970) and
the rat ({Bradley and Dray, 1973; Boakes et al., 1974; Haigler
and Aghajanian, 1974; Briggs, 1977). . In contrast to this study
these workers generally found a higher percentage of excitatory
than inhibitory responses.. This may have been due to the use of
urethane as anm anaesthetic agent in this study as Bradley and
Dray {(1973) reported that urethane increased the proportion of
inhibitory respomnses to iontophoresed serotonin.. Also, as
creatinine is itself reported to be excitatory on some neurones,
scme"of-the excitatory responses that these workers saw may have
been due to the serotonin-creatinine complex used (Bradley and
Wolstencroft, 1965).¢*Some neurones responding to serotonin with
excitation were excluded from this study because they were .due
to the direct excitatory effect of the ejection-.current. . Not
all of the previous studies were controlled for current effects.
Lastly, the population of neurones tested in this study is quite
small :and therefore may not be representative of the entire
neuronal population of the aGC. . Also, the group of neurones
studied will be biased towards large neuromnes with stable
background firing rates as these are the easiest to record and

test.,
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Besponses_tg_Peripheral Stimuli

Most ﬁeurones in the vicinity of the nGC responding to
peripheral noxious stimuli were excited although some inhibitory
or mixed excitatory-inhibitory responses were also seen.  These
results are in general agreement with the findings of other
workers.. The majority of nGC neurones in the cat are responsive
to noxious peripheral stimuli..  These include noxious pinch and
pressure (Wolstencroft, 1364; Casey, 1969, 1971c}, intra—
arterially administered bradykinin  {(Guillbaud et al., 1973b;
Besson et al., 1974), peripheral nerve stinulation {Goldman et
al., 1972; Casey, 1969, 1971c; Eccles, 1975; Fox and
Wolstencroft, 1976; Pearl and Andersoa, 1978), and cutaneous
stimulaticn {Peterson et al., 1974; LeBlanc and Gatipon, 1974)..

Stimulation of the sciatic nerve vas classified as a
noxious stimolus in this study. . This was probably justifiable
because Goldman et al. . (1972) report that the threshold of A-
delta fibre activation in the feline sciatic nerve was 0.14-=
2.5 V.. The stimulation intensities used in this study ranged
between 2 and 25 V with the majority lying between 5 and 10 V,
In addition, Goldman et al,  {1972) stated that few neurones in
the nGC were affected by just A-beta stimulation, most also
required A-delta fibre activation. . Similarly, Casey (1969) .
found that 70% of the neuronal responses were due. to A-delta
activation. .

The proportion of excitatory, inhibitory, and mixed
responses to ncxious stimuli vary among the reports, depending
upon the technigues and stimuli used, but are generally

comparable to those reported here.. Multiple excitations and
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inhibitions have been reported and were also observed in this
study. . They made the measurement and interpretation of the
responses difficult as it was hard to decide where one response
ended and another began. Excitatory responses are reported to
have latencies of 5-20 ms and durations of B-60 ms, which are in
agreement with our findings. In addition we found some .
responses sith\durations of greater than 20C ms. . Interestingly,
Peterson et al. (1974) reported that depolarization of some
units, which were recorded intracellularly, lasted for over
200 ms.  Inhibitory responses were reported to have latencies of
5-70 ms and durations comparable to those reported here., Again,
intracellular hyperpolarizations last greater than 200 ms after
pav pad cuotaneous shocks in the cat (Peterson.et al, 1974). .

Summation of excitatcry responses over multiple stimuli has
been observed (Goldman et al., 1972; LeBlanc and Gatipon, 1974)
and may explain the differences in :respomse durations between .
the responses due to natural stimuli versus electrical
stimulation. Finally it must be noted that all .of the above
studies were done in the cat and therefore may not be directly
comparable to the rat. In any event, it is reasonable to
conclude that nGC neurones in the rat receive noxious peripheral
input and therefore are probably involved in nociceptive
processihg-A

The apparent enhancement of the excitatory response of the
nGC neurones to stimulation of the sciatic nerve by
intravenously administered fluoxetine is difficult to interpret.
Because the nGC has diffuse inputs the fluoxetine may not be

acting directly on the nGC neurones. . To support this argument
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there is no clear correlation:between the response of nGC.
nearones to peripheral noxious stimuli and their response to
iontophoretic serotonin or fluoxetine in those neurones tested
with both the noxious stimuli and the iontophoretic drugs. .
Clearly, a greater number of neurones need to be looked at to

distinguish any relationship between these two treatments..

Responses_to PAG_Stimulation

Most nGC neurones were inhibited or unaffected by
periaguneductal gray stimulation. . Some excitatory and mixed
excitatory-inhibitory responses were also seen.. Other workers
have reported similar responses of nGC neurones to electrical
stimulation of the PAG. 1In preliminary experiments Casey and
Morrow  {1976) found that 55% of rat nGC neurones driven by tail
shock at 10-15 ms latencies and 40% of -the units responding to
noxious mechanical or thermal stimuli were inhibited by PAG
stimulation., This compares favourably with the 40% of meurones
in .this sfudy that responded to noxious peripheral stimuli and
which were also inhibited by PAG stimulation..

Morrow and Casey (1976) carried out further experiments in:
- awake rats. . They found that 65% of neurones tested with PAG.
stinulation were inhibited as compared to the 45% of the
neurcnes tested in this study.. In-addition, they reported that
stimulation of analgetic sites in the PAG, that is those sites
that supported SPA as measured by tail-flick latencies,
inhibited approximately 90% of nGC neurones which were excited
by noxious peripheral stimuli but only 48% of the neurones

excited solely by non-noxious stimuli. These results suggest a
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selective inhibition ¢f nGC nociceptive neurones over non-
nociceptive neurones. .

In agreement with this study Mohrland and Gebhart (1979)
found that PAG stimulation produced excitatory, inhibitory, and
mixed effects on the spontaneous firing rates of nGC neurones. .
They also fcund that 80% of nGC neurcnal responses to noxious
stimuli were inhibited by stimulation of analgetic PAG sites,
but that non-analgetic sites were ineffective in this regard.,
He found that sites in the PAG which affected nGC neuronal
spontaneous firing inhibited 58% of neurones responding to
noxious peripheral stimuli were inhibited.. Probably selection
of PAG stimulation sites, i.e. - SPA sites, in this study would
have increased-the percentage of neurones inhibited by PAG
stinulation. . |

The antidrcmic experiments indicate that there is very
likely a monosynaptic pathway from the PAG to the nGC. . However,
the latencies ¢f the respcnses of scme nGC neurones to PAG
stimulation suggest that they were probably mediated by
polysynaptic mechanisms., . Possibly these effects of PAG
stimulaticn are mediated by the medial.raphg'nucleus, the caudal
raph§ nucleus, cr the dorsal tegmentum.,  All of these areas have
been reported to send inputs to the nGC (Bobillier et al., 1976;
Briggs, 1976; Gallager and Pert, 1978). . Also, as the raphé
nuclei are serctcnergic, their involvement would explain the
correlation cbserved: in this study between the responses of nGC
neurcnes to PAG stimulation and their responses to iontophoretic
applicaticn c¢f serotonim or fluoxetine., .

Intravenously administered fluoxetine reduced all four PAG
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stimulation induced excitations, and enhanced three of seven
inhibitory responses cf nGC spontaneously firing neurones. .
Also, there was a qoderate correlatidn betveen the effects of
iontophoretic serotonin and fluoxetire and the effects of PAG
stimulatiocn cn nGC neurcnal firing. 6 These two results together
suggest that the inhibitory affects of PAG stimulation on the

nGC may be mediated by serotonin. .

C... Conclusion

In the introduction we described two possible schemes by
which the nGC may mediate periaqueductal SPA. . The results of
this study will be discussed in terms of ‘these schemes in the
following paragraphs. .

Periaqueductal gray SPA may be mediated by the inhibition
of nGC neurcnes involved in an ascendiﬂg aociceptivé pathway
{see Fig. . 16C). . These nGC neurones would be predicted to be
excited by ncxious peripheral stimuli and to be inhibited by PAG
stimulation,  Indeed, irn this study the majority of neurones in
the nGC were excited by noxious peripheral stimuli (70% of the
168 neurones affected) and many were inhibited by stimulation of
the PAG (67% of the 87 neurcnes affected). Of those neurones
tested with both PAG stimulation and noxious peripheral stimuli,
37% were inhikited by the PAG stimulation and excited by the
noxious stimuli.  These data suggest that mahy of ‘the nGC
neurones are likely to be involved in an ascending pathway and
by under the inhibitory ccntrol of the PAG. .

Conversely, neurcres within the nGC may be mediating

periaqueductal SPA by modulating spinal cord nociceptor-driven
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Pigure 16: Very simplified diagrams of the nervous systenm
showing the proposed schemes by which the nucleus
gigantocellularis may mediate periaqueductal gray stimulation
produced antinociception. Mediationrn of the SPA by: {a) nGC
inhibitiocn of spinal cord nociceptor-driven neurones; (b) tonic
aGC excitation of spinal cord neurones; or {c) nGC neurones
acting as relays in an ascending nociceptive pathway. Symbols:
aGC - nucleus gigantocellularis; PAG - periaqueductal gray; SC -

spinal cord; T - thalamus.
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neurones, . This might cccur by PAG stimulation -exciting aGC
neurones which are inhibitory to the spinal cord neurones (see
Fig. 16a). . However, conly a minority of nGC neurones in this
study were found to be excited by PAG stimulation. (19% of the 87
neurones affected). . On the other hand, this modulation may
occur by the PAG stimulation inhibiting tonically active nGC
neurones shich are excitatory to the spinal cord neurones (see
Fig. -16b). . However, most nGC neurones in the nGC did not have
very fast spcntaneous firing rates and therefore, although it is
a possibility, they prcbably do not mediate the periaqueductal
gray SPA in this way. .

It has been proposed that brainstem level neurones might
mediate the observation that noxious stimuli applied to one area
of the body can inhibit the responses of spinal cord neurones to
noxious stimulivappliéd:to other body areas (LeBars et al.,
1979). . Nucleus gigantocellularis neurones involved in this
effect may mediate periaqueductal gray SPA at the spinal level
as well., . If this was the case then one would predict .that sonme
DGC neurones should respond in similar vays to both PAG
stimulation and to noxious peripheral stimuli., In fact some
neurones in this study did respond this way {(22% of the 63
neurones affected by both tests were excited and 17% were
inhibited) and therefore there is a possibility that some nGC
neurones may be involved in these effects.. Clearly, experiments
on. neurones which are identified as to their axonal destinations
will be required to further clarify the involvement of nGC

neurones in these effects, .
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SUMMARY
(1) Antidromic activation of PAG neurones by electrical.
stidulation of the nGC indicated there is a monosynaptic pathway
from the PAG to the nGC.
{2) :Although the majority of nGC sneurones responded with
excitation to noxious peripheral stimuli, mixed and inhibitory
responses were also seen. These results suggest the nGC plays
some role in nociceptive processing.
{3) The major effect of PAG stimulation on nGC neuronal activity
was inhibition, although mixed and excitatory responses were
also seen. .
{4) The responses of nGC neurones to serotonin -.and fluoxetine, a
specific uptake blocker, and the effect of fluoxetine on the
responses of nGC neurones to PAG stimulation .suggest that the
inhibitory effects of PAG stimulation may ke mediated by
serotonin, .
{5) :The largest group of nGC neurones responding to noxious
peripheral stimuli and/or PAG stimulation was excited by the
former and inhibited by the latter, suggesting that many nGC
neurones are involved in an ascending nociceptive pathway and
under inhibitory control of the PAG.
{6) Other neurones in the nGC had responses to noxious
peripheral stimuli and PAG stimulation which suggest that they
may mediate PAG stimulation.produced inhibition by descending
control of spinal cord neurones.
(7) The results of the study suggest that nGC neurones mediate

at least part of the antinociceptive affects of PAG stimulation.
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In order to do these experiments some pieces of electronic
égnipment were designed by the author and constructed by members
6f-the laboratory.  This p:ccedure allowed the final designs to
be fitted to the requirements' of the laboratory in:a fairly easy
and inexpensive manner. Recent developments in integrated
circuit technology allows relatively unsophisticated designs and
techniques to produce professional products. .

The different pieces of equipment were designed in a
modular format which allowed the units to be designed and built
as they were required.. The following pages contain the

schematic diagrams of the various modules, .
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Pigure 17: Schematic diagram of the power supply module. This

module supplied +5 and 15 V regulated D.C. to the other modules

in the series. .
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Fiqure 18: Schematic diagram of the window discriminator module.
This module allowed the differentiation of action potesntials
from the surrounding noise and from unwanted spikes. Each
recognized spike was output from the module as a standard TTL
level pulse., The window was variable in both width and amplitude
allowing the selection of spikes on the basis of their minimunm
and maximum height as well as their minimum and maximun
duration. The portion of the spike within the window could be
intensified. The window was displayed on the oscilloscope by

multiplexing the window signals with the input signal. .
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Figure 19: Schematic diagram of the spike integrator module.
This module counted spikes during successive selectable epochs
{0.5-20 s). This count was then output as an analogone signal
proportional to the number of counts while the spikes were
counted in the next epoch. The count of the previous epoch was

also displayed digitally.
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Figure 20: The schematic diagram of the delay line module. This
module allowed an analogue signal to be delayed in each of two
channels. If the delay is nct required it could be switched out
of the circuit. The circuit uses a ccmmercially available
bucket-brigade type integrated circuit and its associated

development board.
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Pigure 21: The schematic diagram of the raster scan module. This
module allows a repetitive signal to be diplayed on .an.
oscilloscope with each succeeding sweep displaced in the
vertical direction. The module also included circuitry to allow
the spikes to be displayed as dots. .The unit could be set to

stop after a selectable number of sweeps.
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