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Drear Mr, McCormack:

Enclosed, please find our published papers on the effects of cannabinoid agonists on
pain processing in the nervous system and on the reactions to painful stimuli by rals. The
litetature on humans is contradictory and confusing, partly because the work was done at
a tine when the methods for pain measurcment in humans was quite erude. Twould how-
ever refer you to papers by Professor Noves {e.g. Noyes R Jr, et al. Analgesic effect of
delta—%—tetrahydrocannabinol. J Clin Pharmaco). 1975 Feb 1; 15(2-3): 130-143).
Moast of the work done on healthy people with cannabineids has not resulted in positive
findings, but this may relate in part to changes that occur during chronic pain. In partieu-
lar, it appears that the number of cannabinoid receptors in spinal cord increases following
nerve injury, which would likely lead to greater analgesia with fewer gide effects in such
Cilnes.

Thank you for your interest in our work, and good luck with your pain therapy!

"ilncerely YDUI'S

E] i/
,J;; L

___ J Michael Walker
Professor of Psychology
and Ncuroscicnce

tel {AU1) 863— 2048 or B63-2727  fax {4017 S63—1300 electronic mail; i@ poppy. psyoh. brownedn 9 Walerman S, PO, Box 1853
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Endogencus cannabinoids as an aversive or
counter-rewarding system in the rat

M. Clara Safipdo-Pena®, Kang Tsou, Fogene R, Delay, Andrea G, Hohiman.
Michelle Foree. J. Michael Walker
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Ahstract

Hurgm wse al mymijuumy (Cammabiz warhen 1s widely wssomed to bave rewarding propertes, 4 noton suppoded Ty s widesproesd
recreational vee, Howewer, no study bas clearly demanstraced such etfects in animal mocels, The porepose ul dhis siudy wes o wesl Lor the
prosumed rewdarding offect of cannabinsids using a conditaned place preference paracligm. The resalls shewed that amimls failed to
develop place conditioning at a love doge (1.5 mpkey and developed o place aversion gl bigh duose {15 mafl) of the active principle in
marijuana, A*-letcahydmcannalingd (A*THED, o linding cumsistent with mest previous swdics. Morcover, the administration at the
cannghingi] anbgeonist SRATTIGA jnduced o condiliooed place preforence ao both 2 lowe (0.3 mefkel and a high 05 mekyep Jose, In
SUBLLMTY, sannabinuil anlsgonism produced place preference while cannabineid agonism induced place aversion, These resalls suggest
that cndogenous cannabinoids serve nonnally to suppeess reward or e Induce avemsion, B T Tlaevier Seienee Inelimd Lid,

Kevwords: Martjuana: Cammabinoid: A7 Terahydrocannabinel; SR13IT16A; Flace preference; Rewand; Aversion

Liabit-forming drugs ace thowght 1o produce their elleews
by sl on brain reward pathways, This notion 1s sup-
parted by their ability 1o induce sell-adminislralion in
exprrimental animgls, snhance brain scimulation reward
o fower bruin reward thresholdsy and mdoee conditioned
place preference. One of the oldest botanicals used by
hurnans o reercalional pwpeses 1< carmabis [mar juans)
[9,11]. Its psychotropic actions derive pomurily ltom A™-
tetrahydeacannabingl {A"THCY [18]

Several lines ol evidenee o animal stodics support
the conclusion that as drugs of abuse, cannabinoids (sul-
slances with a phurmnacology similar b thar of A-THC)
arg atypical. Cannabinoid agonists produce condilioned
plave wversion [17.22], wste gversion [17,22] and anxic-
genic effects in the elevated plus mase inovodeowe [24].
They alsn Tail e Tower the threshold for electrical self-
stimularion | 260 and they Tail o supporl sell wdministra-
tom ([3.6,14] but see [3, 1310 Thus, cannabinoid agonists

# Corsspondang ancthae, PO Box THS3, Tel: +1 200 8632727 fas +1
AL 863130 e-ouwl: sleracinoppy. payeh s cdn

do mat appear to produce rewarding effects in andimals,
Also, dyspharia, fear and anxicly are sometimes ohservad
in humans diming therapeutic nse of cannabinoids although
At lesser deses w thigh' fecling s alvooeporied | 13,19.23].

Cannabinodds also fail ro induce asirong drug secking
bebavivr or o withdrawal syndrome in Tonrmgms, as 15 ob-
served with orther drugs of abuse |11]. However, il was
recenly demonstrated by ourselves [27] and  indepen-
dently by second proup [1] that profound precipitated
withdrawal occors in animals rreared chronically with A
THC when they receive the compefitive canmahinoid
receptar anragonist SKI417I6A |24 Dudng these ox-
penmenls wo observed fab behavioral aetivation and
decile behavier occurred when ral were lreuled with
SRLI41716A, in contrast fo the hyperepenivity, rigidicy
and agpressiveness ol aninals weawd with A™THC.
These observations raisad the possibility thar the cannabi-
oodd amagonial produced rewarding clicels, presumiably
hy hlogking either a dysphoric action or an inhibition ol
roward cirewils produced by emopgenous cimmubineids, To
test this possihility, the effects of A THC and SR 1417 16A
wore examined in o condifioned place preference para-
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digm [2].

hWale Sprapuc Dawley tas (g = 60, Charles River
Lubys.y, 240-280 2 served as subjects. The animals were
individvally housed in metal capges in o eroperalure -regu-
Tated (22 2300 room. Vood and water were freehy avail-
able, Artificial lighting was provided from (700 o 900G b,

The cammahinmd wromst A~THC and the cannabinoid
antazonist SR1A716A were generonsly provided by the
Warional Instiore of Drug Abuse, Rockville, MDD, USA.
Eoth drogs were suspended 1oan ethanol/aikanmls-emul-
phorfsaline sodotion (1018 aned 12123, respectively Tor A
THC und SRI141TIOA)L

‘The conditioned place preference (CPP) apparalus con-
gistad ot Pwor 3000 30 x40 e Plexiglas comparliments
sepurated by a central goillotne door. Cme of the cormpan-
ments had 0.5 g thick haaizomial Blaek and white lines on
the Tour wulls including the side of the guillofine doar
[acing that compartmment, The other compartment had 2.5
g thick wertied] black and while lnes. The Tloor was
stnoath ur roueh black Plexiglas,

Prior to the expariment, the animal« wers habituated 1o
hanadling. The expedmental design consisted of three
phases: pretesting. condifioning., and testing. Tn the prelest
ingr phise, animals were placed in the middle of the cham-
ber with the goillatine door roised approxinately 12 cm
and allowed 16 min o cxplore hoth chambers o he CPP
apparains. e conditioning phase consisted of two pair-
ings of one of the distinctive commpariments with either A
THC or SR1A1TI6A, alleenaled with two painngs of the
other comparanent with the vahicla. Animals in cach drog
group wers randomly ussigmed o compartinents aod iojes-
tion orders, both of which were conmerbalanced, Fach
animal was placed in the appropriate compariment imme-
digtely uler receiving un i.p. injection of the drug or vehi-
cle, The goillotine daor was closed to confine the animal Lo
the compartment for 30 min Test sessions were separated
by 43 h 1o allew clearance of the drugs. Tn the tesling
phase. no dmur or vehicle was Injected und Lhe guoillorine
desor ws ruised 12 om o allow access to either chamber.
The animals were placed in the middle und alluwcd w
moer whoul Ureely for 200 min. The amonnt of ime spent
in each compartment was reconded.

A paired diffarences ¢ wesd was used W compare e tine
spentin each of the compartments for each drug treatment.
Ao overall analysis of varianee (ANOVAY was perfonmed
Ly compare dilfcrences between groups treated with
SRIMTIGA and A-THC followed by posl hoe pairwise
comparisons wiinge the Newman—Keuls test, The differ-
ence herween the time spant in the paircd comnparlinent
gned the fme spent in the unpaired compartment #as
wsel o the later stacistical analvsiz.

A paired dillerences f-lest revealed oo preference in the
control-vehicle gronp for either compartment {fme <penl
in the compament with wide verlical hlack and white
lines: G117 £ 127 (8LM) versus 383 + 127 s spent In the
campartment with thin horizantal hlack and while lines,

s,

Both doses of SRI417 16A induced s prelerence lor the
elrug-puired comparloment (P < 0A05), By conteast, 1he
group treated with the high dase of A™THC prefened
the drur-unpaived  comparoment (F < 0030 Moo Jifler-
coces it the lime spent in the two Compartmients wae
ohserved in the group treared with the Tow dose o A°
THC (ns) (Fig. 13

An overall two-way ANOVA (2 drug = 2 dose)
revealed significant difforenees belween the dn'ig Lrisul-
menls (e =319, F < DAHHKILY and the doses of drap
emploved {F) 4z = 60, P = {01 Fosl hoo paitwise com-
parisons using the Newman—Keuls est showed that ani-
mals treated with aithar dose of the cammabinoid unlugonisy
spenl more Gme in the dreog-paiced comparmment than
lhase treated with either dose of the cannahingid agomist
(P = 0000 The teo doses ol the canonabionoid antagonist
did ool produce signilicantly different effects. [Towever,
the gromp treatad with the higher dosc ol the cannabimad
szonmis spent less me do the deog-paired compactmene
than the group rreated with the low dose (7 < QU050

Tn this study, AY THE produced place aversion al a
high dose. while a low dose had na effect in an unbiased
conditiongd place preforonce paradipm. In contrast, the
cunnabinoid antaganisl SRI1417164 lnduced a place pre-
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e, 1. Ploce sunitunioe ax sspressed by e cpeod i 1he dag paired
voripictinent s e spend in e unpairgd campar ment prodneed by
A higl or a low Josz of the cannabinnicd aganise A" HO T e cumna-
hinaid antagenist SE111716A. The admimisration el U canmibioeid
agmist indueed placed aversion a e higher Jose, while bob doscs
of e cannabioidd antgoaist wodeoed place preeleccoce 1= 7 =< 003,
wipmiilcintly differenl (oo all aher graupst =R 2001, significantly
different L e gooups weated with a™THC Yo, siEniticant
peelerenee for the nnpaircd compartmenr. o aversiony, F = (4108, 13-
nifigant preferenss for the drog-neaced compertrenl.




Y .

e

MO Sofide-Meilg ot ol Meurpsclence Lettery 2253 00040%) 125-12% 127

ference: ul buth diwes tested, Presumably. lower doses ol
the antagonist were required because of its higher aftinicy
lor camabinmid receprars n the breain {CB1 and CRIA}
compared © the agonisl ATHC [24.25], The relatively
high doses of A-TIIC that were necessary [or this effect
may indicele thal the ace preference test is not very
sensitive,

This work confirms previons obaervations that camnubi-
naid agooists produce comditioned place aversion {17,322
aml is consistent with olther reports segresting that canna-
binvid aganists produce uversive motivational stules. The
findings inclnde the production ol laste aversion [17,22]
and reduced exploratiom of on elevated plus nuee [20].
The place aversion produced by ATHC are consistent
with ils Failure to suppart self-zdministration |36, 14 o
lewer the threshald for cleetdieal self-simulation [26].

The tincling that a cannabineid antagonis induces a
place preference suggests that endogencus canoabinoids
act as o conmter-reward nwechunism o produce aversive
wtivalional states. These possibilities. which are nor
mutmally  caclusive, wileel the multiple substrawes Tor
mutivated behaviar, Waork during the last 50 years
revealed the existence of brain gircuits that mediale rewurd
[217 and many details oo bow drog reinforcers produce
pleasure by aclivating these same circuils [29)0 (ther
investipators | 12| demonstruted the existence of neural
subsdriates lor fear and stress and the role of these circuir
i the actions ol lear- and slress-producing drogs such s
benandiazeping inverse agonists [4f and  corticotropin
releasing facwor 7). The mle of cannabinedd receplors in
either of these circuils is poorly understood, ut thelr pee-
senoe I both is clearly asrablished. Cannubimstd receptorg
are present in localized rones of the nuclens accumbens
and the lateral septum [8,16.28] lwo arcas that supwoct
gleclrical  sell-stimulatiom and  are fargels ol abused
drugs. Cannabinaid receprors are ulvo localived in the cen-
tral and busolateral amy gdalaid meclel and in the periague-
ductal gray, t%0 aleas thal suppun clectrically-induced
foar responscs and are presumed sies of action of certain
anxiogenic drugs. The observation by Fetkenham aod
Brudy |10} that A™TIC induces o-Fow capression in
sress-respensive nueloi of the rar brain further supports
am mmxiopenic role of cunnubinoids. The prasent data gaise
the specalution that endogenons cannabinoids may sctve
normally ta nhibit reward or induce aversion by actions in
wilhin these cimewits. Funther weock ds needed we comfnm or
reject this hypatlesis. For cxample, it would be af interosy
Lo delerrmine whather the cannabinoid antaponist supports
self-adminiseation. lowers the threshald for iotracranial
scllstimlatian, or elevates eatracellulur dopamine levels
in brain reward circuits.

The pleasurable effects off A™THC in hurnans mighe
appear W be in disagresment wiath the present work. An
obwious possibility is thut there may be significant specics
dillerences in fimetions of the cannahinergic system in rats
and humans. Perhaps the recreational use of cannabis by

humins resolts from comples cognitive effects that cannot
be reproduced in the simpler brains o other species, Alrer-
natively. low doses of cunnabinold agoaists may have an
antagomis-like effect duc (o un sutorecepror action, as
abserved in other neprotransmitter systenes. This would
be consistent wilh the linding in clinical smdies that Juw
duscs, of A" THC produce a “high' lecling, wherzus higher
daoses produce averdve effects [L3.19,23),

The finding that cannubinoid unfagonizm rather than
dgomsm s rewarding may change our views of cannabi-
noids i relation W drug ghuse. T confirmed. a counter-
reveard wetion of cmnabineid agenists would help explain
confreversies found in Kleralure comcerning actions ol cun-
nahinoids within reward syslems. Furthenmore, it could
explain why vannabinmids do not induce the typical patlerm
of ohsessive dimg secking and compulsive dmg taking
behavior that is associated in bumans with other dmugs of
fbuze,
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INHIBITION OF NOXIOUS STIMULUS-EVOKED ACTIVITY OF SPINAL CORD
DORSAL HORN NEURONS BY THE CANNABINOID WIN 35,212-2

Andrea G. Hohmann, William J. Martin, Kang Tsou and J. Michael Walker

~ Schrier Research Laboratory,
Department of Psychology, Brown University, Providence, R1.

Summary

The effects of a potent synthetic cannabinoid WIN 55,212-2 on nociceptive
responses of wide dynamic range (WDR) neurons in the lumbar spinal cord were in-
vestigated in anesthetized rals, WDR neurons were identified by their responses 1o in-
nocucus brushing and to a range of pressure stimuli from innocuous W noxious, Nox-
ious pressurc was applied to regions of the ipsilateral hind paw correspending to the
receplive field of the neuron. WIN 55,2122 (123 pg/kg and 250 pefkg, 1.v.) produced
a profeund inhibition of firing evoked by the noxious pressure stirnulus, By contrast,
the cannabineid did not alter the evoked activity of non-nociceptive neurons in re-
sponse to non—noxious levels of stiimulation. Treatment with either vehicle or the inac-
tive enanttomer WIN 55,2123 (250 pg/kg) failed to alter noxious stimulus—evoked
activity of WDR ncurons. These data provide direct evidence for cannabincid-me-
diated inhibition of pain neurotransmission in the spinal dorsal horn. The sitc of action
for these effects remains to be determrined.

The cloning of a G—protein coupled cannabinoeid receptor (1) and the isolation of the putative en-
dogenons ligand anandamide {2,3) provide a strong argument for the existence ef a cannabinoidergic
neurotransmitter or neuromodualatory system in the central nervous system (scc 4 for review). Al-
though the functions of endogencus cannabinoids are largely unknown, several lines of evidence sog-
gest arole of cannabingid receptors in pain modulation. Cannabinoids produced powerful inhibition
of pain responses in behavioral tests thal examined noxious thermal (5-11), mechanical (12) and
chemical stimuli (12,13). In fact, the potency and efficacy of cannabineids in suppressing behavioral
responses to painful stunuli 1s comparable to that of the opiates (6,7). The role of canmabinoid recep-
tors in this effect is suggested by the high correlation between the potencies of cannabinoids in produc-
ing analgesia and the binding affinities of these compounds fer the cannabineid receptor (1=0.92, see
14) us well as by the failure of enantiomers of active compounds 10 produce antinociception (see 4,
9,10,15). A role of cannabinoid receptors in pain modulation receives further suppert from the pres-
ence of cannabinoid receptors in brain areas that are know to exert control of nociceptive tracts (16),
such as the spinal dorsal hom (see 17 for review) and periaqueductal gray (13,19), Furthermore, ad-
ministration of cannabinoids intrathecally (8,10,20) or locally in the periaqueductal gray (21,22) pro-
duces antinociception. This body of evidence raises the possibility that endogenous cannabineids may
Munction in part as au endogenous nonopiale system that moedulates pain sensitivity.

In spite of the above, the lack of data demonstrating effects of cannabinoids on neural systems that
process noxious stimuli remains a signilicant gap in the literature. The demonstration of such an cffect
1s important beeause cannabinoids produce certain behavioral effects such as catalepsy and hypother-
mia{see 14} that can complicate the interpretation of behavioral measures of analgesia. Consequently,
the present experiments were carried out to deteriine whether intravenous administration of the can-
nabinoid WIN 55,212-2 alters the responses of nociceptive neurons in the lumbar dorsal hom, These
studies examined the effects of the synthetic cannabinoid WIN 55,212-2 and the inactive cnantiomer
WIN 55,212-3 on the responses of wide dynamic range (WDR) neurons (23) Lo a noxious pressure
stimulus, A considerable body of literature has demonstrated that these second order neurons transimit
information about the intensity and location of noxious stimuli to rostral centers of nociceptive proces-
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sing (sec 24 for review, 23,26). Therefore, an cffect of a cannabinoid on these neurons would demon-
strate an interruption of pain neurotransmission at an early stage of nociceptive procassing.

Methods

Subjects

All the experiments were catried out using male (250350 g) Spraguc—Dawley rats (Charles Riv-
er, Boston MA). The experimental protocols were reviewed and approved by the Brown University
Institutional Animal Care and Use Cominittee,

Drug Preparafion

WIN 55,212-2.mesylate was obtained from Research Biochemicals Inc. (Natick, MA).
WIN 55,212—3.mesylate was a gilt from Sterling—Winthrop {Rensselaer, NY). Drugs were dissolved
in emulphor:ethanol:saline (1:1:18). Drug or vehicle was administered in a volume of 1 mlfkg body-
weight.

Administration of Noxious Pressure Stimuli

Pressurc stimuli were administered using a computer controlled miniature air—cylinder (see Fig.
1A}, Computer equipment provided a pulsc trigger that opened an elcetronically controlled solenoid
gas valve for a 3 sec Interval and allowed nitrogen to tlow into the air cylinder. A voltage proportional
to the pressure in the cylinder was produced by a solid slate pressure iransducer (SenSym, Sunnyvale,
CA: model LX 1820GBN), menitored on compuicr by an analog to digital convetter, and vsed to
quantify the pressure stimulus over time. The rise and fall times of the pressure pulse were limited
by adjustable check valves to obtain the pressure waveforms illustrated in Fig. 1B and 3.

Behavioral Experviments: Determination of Noxious Pressure Threshold

In order to determine the threshold for pain, 12 rats were anesthetized with a dose of vrethane
(1 g/kg) that reduced motor tone but did not affect the animal’s reflexes. At this dose, the animals per-
mitted insertion of the hind paw into the pressure device but were capable of making a vigorous re-
sponse at noxious levels of stimulation. Pressure stimuli were presented five times at 3 min intervals.
The stimulus increased gradually over 3 scconds 10 a peak of 4.6 kg/cm? (waveform shown in Fig.
1B). The pressure at which a withdrawal reaction occurred was recorded by a compuler, and the stimu-
lus was immediately removed. The mean pressure at which a nociceptive response occurred was cal-
culated for each rat.

Electrophysiological Methods

Glass or stainless steel microelecirodes were used in these experiments. Single barrel glass elec-
trodes were prepared from 2.0 mm omega dotstock capillary tubing { Glass Co. of America, Millville,
NJ} using a Narashige PE2 puller. The electrode tip was broken back under a microscope to 1 Jum.
Stainless steel microelectrodes were purchasced from Frederick Haer & Co. (Brunswick, ME). Ampli-
fied action potentials were passed through low and high pass filters into a window comparator and
acomputer. Electrical signals were monitored on an audio amplifier and displayed on an oscilloscope.

Recordings of the extracellular activity of 21 single neurons in the lumbar spinal cord were ob-
tained in separate rals. Following the induction of deep surgical anesthesia with urethane (1.5 g/kg,
i.p.}, rats were mounted in a stereotaxic head holder. A lamineciomy was performed at the level T12
to L1 to expose the spinal cord, which was then bathed in 37°C saline or mineral oil. The spinal cord
was immobilized for extraceHular recordings by clamping the spinous processes rostral and cuudal
to the recording site. Throughout the experiment, body temperature was maintained by means of &
heating pad controlled by a device that monitored the output of a thermistor probe.

WDR newrons were identificd by their increasing responses to varions stimuli ranging from very
mild to noxious (23). Because these neurons typically exhibit little or no spontaneous firing, we used
a search stitnulus, which consisted of light stroking of the hind paw with a camel hair brush, After
a rcsponsive meuron was isolated, its responses to a graded series of mechanical pressures ranging
from inhocuous to noxious (0.5 kgiem? to 3.75 kg/em?) were characterized (see Results). Pressure
was applied to the center of the excitatory receptive field of the hind paw at | min intervals by the air
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cylinder which produced a 3 sec pressure stimulus (Fig. 3). Nenrons that responded with increasing
firing rates to stimali ranging from mild 10 noxious were classified as WDR ncurons and tests with
drug or vehicle commenced.

A single nociceptive pressure (3.75 kglem?, Fig. 3) was used to examine the effects of
WIN 53,212-2 on WDR neurons based upon the results of the behavioral experiments. After estab-
lishing stable evoked responses to the nociceptive stimulus, the stimulus was presented 5 times at 2
min intcrvals. A single intravenous injection of WIN 55,212-2 (125 pg/kg, n=3, or 250 pg/kg, n=4),
WIN 55,212-3 {250 pg/kg, n=4) or vehicle (n=5) was then administered, Subsequently, the response
of the neuron Lo the noxicus stimulus was reassessed at 2 min intervals. Stable recordings were gener-
ally maintained uniil recovery was observed. However, in 3 cases the recording was lost before tull
recovery was attained.

The electrophysiclogical effects of WIN 55,212-2 (250 pgfke) on the responses evoked by a mild
pressare stimulus (1 kgfem?) were examined in three non—nociceptive mechanoscnsitive neurons.
These nevrons were classified as non-nociceptive based on their lack of a differential response to non—
noxions and noxious stimnulation. The pressure employved in these experiments was defined as non—
noxious, because stimulation at this intensity failed to elicit limb withdrawal in lightly anesthetized
rats (described above) and was not perceived as painful by the investigators. Stimuli were presented
at the same intervals used to assess the effects of dmug or vehicle on nexious stimulus-gvoked activity
in WDR neurons.

Data were quantified by collecting the time of occurrence of each action poiential and generaling
peristimulug lime histograms and raster plots using software developed in our laboratory. Each stimu-
lus trial consisted of a | sec pre—-stimulus interval, a 3 sec interval corresponding to the period of pres-
sure application (noxious stimulus—evoked) and a 6 sec interval immediately following offset of the
stimulus. At the end of each experiment, recording siles were marked by ejecting fast green dye by
iontephoresis from glass microclectrodes. A 50-150 wm green spot ideatified the approximate loca-
tion of the recording site. Recording sites obtained vsing stainless steel microelectrodes were marked
via tron deposition (2 uA for 20-30 sec) and perfusion with Prussian Blue marking solution. Frozen
sections (40 pm} were obtained using a cryostat, mounted onto glass slides and counterstained with
Neutral red. Appropriate sections were stained for iron via the Perls method prior to counterstaming
with Neutral red. Recording siles were verilied under a light microscope to be in the lumbar dorsal
horn with the exception of one non—naciceptive neuron, which was localized in the surrounding white
matter.

Statistical Methoedy

Data were analyzed by analysis of variance {ANOVA) and 1-tests using BMDP statistical software
(Los Angeles, CA), Post hoo comparisons were performed using the Tukey test. Statistical resulis
were considered significant if p < 0.05.

E ::.!]ll a
Behavioral Experiments: Determination of Noxious Pressure Threshold

Limb withdrawal reflexes in lightly anesthctized rats were elicited at 3.2 + 0.2 kgfem?. Baseline
responses to noxiows stimnlation were elicited al a pressure above the limb withdrawal thresheld (3.75
kg/cm?) in the clectrophysiological experiments. This intensity of noxious pressure did not result in
averl tissue damage in the subjects tested but was percetved as painful by the investigators.

Electrophysiological Experiments

WDR neurons are characterized by increasingly strong responses 10 ingreasingly intense stimubi
ranging (rom non—nexious to noxicus levels (23). The neurons we recorded in the lumbar dorsal horn
clearly tit this description since evoked activily was significantly greater at noxicus (3-3.75kg/cm?)
compared to non-noxious {0.5-1 kgfom?) levels (46.98 £ 4.6 vs, 22.78 4 4.46 Hz: mean firing rate
&+ SEM; ty5 = 8.55, p < 0.0001).

~ The populations of neurons sampled in the active enantiomer (125 pg/kg and 250 pgfkg doses),
Inactive cnantiomer and vehicle groups were very similar. There were ne significant differences be-
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tween vehicle and drug groups fer either pre—injection stimulus—evoked responses or pre—injection
spontaneous firing rate. The failure to observe a shillin the baseline firing across repeated trials dem-
anstrates that firing had returned to normal prior to commenecement of a new stimulation, and thus
the interval between stimulation was appropriate for the determination of drug cifects.

A, B.

C—————] 10 mm :lﬁlmm
I

Limb Withdrawal
3.2 £ 0.2 kg/em?

- 1 T T T T T i T T T T ’

a1 2 3} 4
Timne (sec)

Pressure (kg/cm?)
rrTr et

Fig. |

A. Diagram of the pressure device vsed in the behavioral and electrophysiological experiments.
B. Pressure waveform representing the mean pressure eliciting limb withdrawal m lightly anesthe-
tized rats (n=12). The hatched area represents the mean £ SEM.

1204 A, WDR Neurons B. Non-nociceptive
Neurons

2

g
5
= .2 804

o
g3

| "
= 2 e
B?- E 4[].?
= =
g | #*ok
= 20 7T

il | % : o\
Vehicle  WIN33212-2 WINIS 2122 WINS5,212-3 WINES 2122
125k 250psky 250l Z30ugke
Fig. 2

A. Effects of WIN 55,212-2 and WIN 55,2123 on noxious stimulus—evoked activity of WDR
neurons in lumbar dorsal horr, B, The effects of WIN 55,2122 on non—noxions stimulos—cyvoked
activity of non—nociceptive neurons in the tumbar spinal cord, (Mean & SEM for 5 consecutive
post—injection trals). Significant difference from Vohicle and WIN 55,212--3, *+p < (.01,

The moest important finding of these experiments was that administration of WIN 55,212-2 pro-
duced a poteni and enantioselective decrease in noxious stimulus—evoked firing compared to vehicle
treatment {ANOVA on 5 post—injection trials: F3 4= 40.58, p < 0.0001, see Fig. 2A). The low dose
of WIN 55,212-2 (125 pgfkg) produced a 58.8% inhibition of noxious stimulus—evoked activity
whereas the high dose (250 pg/ke) produced an 82.4% inhrbition of noxions stimulus—evoked activity
relative to pre—injection levels of eveked activity (see Fig. 2A}. By contrast, administration of either
vehicle or inactive enanticmer did not significantly alter evoked activity. Post hoc comparisons per-
formed on the percentage of pre-injection levels of evoked activity revealed a significant suppression
of noxiocus stimulus—evoked activity at each dose of WIN 55.212-2 relative to vehicle treatment
(p < 0.01). Treatment with the inactive enantiomer WIN 55,212-3 (250 pug/kg) did not differ sigmifi-
cantly from trcatment with vehicle but differed significantly from treatment with cither dose of
WIN 53,2122 (p<0.01, see Fig. 2A). The effects of the low and high dose of WIN 55,2122 on nox-
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ious stimus—evoked activity did not differ significantly from each other. A representative experi-
ment {selected on the basis of proximtity to the mean for that group) is shown in Fig. 3 to illustrate
the effects of i.v. administration of 250 ug/kg WIN 55,212-2 on noxious stimnius—evoked activity.

31.75kgfom? 7

-
L
2

Firing Rate (Hz)

Dt v enzads 1-7
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Teigls 7 -37: 3.75 kg/em? 4

Fig. 3

Example of mhibition of evoked activity in a WDR neuron by the cannabinoid WIN 55,212-2. The
responses of the neuron to the pressure device shown in Fig. 1A were sxamined during 37 trials
corresponding to cach row of dots in the raster plot (fop rows=trial 1); each dol represents the time
of occurrence of a single action potential relative o the stimulus onset. Toals 1 to 7 consisted of
apphcations of increasingly strong mechanical stimulation ranging from non—noxious to noxtous
levels (0.5, 1, 1.5, 2, 2.5, 3, 3.75 kgfem?). The concomitant increases in density of dots under the
stimuilus in the first 7 rows are indicative of the increasingly strong responss of the neuron. LEFT
{INSET): The mean firing rates ot the neuron during a graded series of stimulations are plotted
{log—log coordinates) against the applied pressure. The nearon's systematic changs in regponsive-
ness was the basis for classifying this cell as a WDR neuron. CENTER: The noxious stimulus iTlas-
trated by the pressure wavefonm (top center) was administerad every 2 min for trials 7 10 37, Trials
512 constituted baseiime trials; after trial 12 (arrow), WIN 55,212-2 (250 pegfke, i.v.) was admin-
istered. A marked decrease inthe responsivenass of the neuren is indicated by the sharply decreascd
density of dots in subsequent tows of the raster plet. RIGHT (INSET): Comparison of the meun
firing rats duning the stimulus for the 5 baseline toals to the finng rate during the stimulus for the
first 10} post—injection trials illustrating, approximately, an 82% decrease in responsivencss, The
black peristimulus time histogram between the raster plot and (he pressure waveform mepresents
the baseline firing rate prior to injection, whereas the grey penstimulus Hme histognim represents
the firing rate for the first 10 postinjection trials.

Treatment with WIN 55,212-2 {250 pg/kg) did not significantly alter the firing rate evoked by
non—noxious stimulation in three non—nociceptive neurons (see Fig 2B).

The mean time course of the elfecis of WIN 55,2122, WIN 35,212-3 and vehicle throughout the
recording period is shown in Fig. 4. These data indicate that the cannabineid—induced suppression of
noxigus stimulus—evoked activity was long—lasting, enantioselective and reversible, although in 3
cases the cell was lost before recovery occurred in animals treated with 125 pg/kg of WIN 55,212-2.
Cells recorded in animals receiving 230 pg/kg doses of WIN 55,2122 recovered to greater than 605
of baseline responding by 45 min. Mean noxicus stimmlus—evoked activity changed less than 5%
throughout a 45 minute interval following administration of either vehicle or inactive enantiomer.
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Fig. 4
Time course of the etfects of WIN 55,212-2, WIN 55.212-3 and vehicle on noxious stimulus—
evoked activity of WLXR nearans in lumbar dorsal hoin.

Discnssion

The synthetic cannabinoid WIN 33,212-2 produced a potent, reversible and enantioselective in-
hibition of noxions stimulus—evoked activity in lumbar dorsal horn newrons. By contrast, the activity
of non—nociceptive neurons in the lumbar spinal cord evoked by non-nexious pressure was un-
changed by a dose of WIN 55,2122 (250pg/kg, i.v.} that produced the maximal suppression of nox-
ious stimulus-evoked activity in WDR neurons. These data provide direct evidence that cannabinoids
maodulate the activity of nociceptive neurons. These findings are consistent with the hypothesis that
endogenous cannabinoids act as nonopiate modulators of pain neurotransmission by a direct or indi-
rect aetion on spinal nociceptive neurons.

The tiring ratc of the WDR neurons recorded in the present study increased when stimulos strength
was Increased from very mild through noxious levels. This Mnding, together with the excitatory re-
spenses of these cells to a light brush stunulus, and the afterdischarges seen at noxious levels of stimu-
lation suggest that the neurons we recorded in the lumbar dorsal hom were indeed WDR neurens, rath-
er than mechanosensitive cells or some other type of non-nociceptive neuron. By contrast, the
cannabinoid agonist failed to alter the stimmlns—evoked activity in the non—nogiceptive neurons we
recorded. These data support the hypothesis that cannabineids selectively suppress pain neurctrans-
mMiss100.

The suppression of noxious stimulus—evoked activity mduced by WIN 35,2122 in this experi-
ment is likely to be mediated by actions of this compound at cannabineid receptors. The inactive cnan-
tiomer WIN 55,2123 failed to alter noxious stimulus—evoked activity in WDR neurons. Mereover,
the high potency of the effects, the rapid onset, and the timely recovery of normal responding are con-
sistent with receptor—mediated effects. Likewise, the data from the present study are consistent with
the receptor—mediated suppression by WIN 55,212-2 of Fos protein (27} in the lumbar dorsal horn
that is induced by noxious stimulation (28}. The fact that the high dose of WIN 55,2122 did not pro-
duce a significanuy greater suppression of evoked activity than the low dose suggest that cannabinoid
receptors may be saturated at 125 nug/kg (1.v.) of the cannabinoid.

The observed electrophysiological effects are consistent with receptor—medialed antinociceptive
effects of cannabinoids that are observed in behavioral studies (see 4, 9, 10, see 14). A suppression
of the limb withdrawal reflex to the mechanical stimulus used in the prescnt experimenis is also ob-
scrved in lightly anesthelized rals afler administration of WIN 53,212-2 (250pg/kg, i.v.}, but not after
ailministration of vehicle {29). These data, together with previous work demonstrating a canmabinoid—
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induced suppression of pain reactivity to noxious mechanical stimuli (12}, suggest that the observed
inhibition of noxious stimulus—evoked activity of lumbar dorsal horn neurons by WIN 55,2122 may
have behavioral relevance. However, becanse general anesthetics may mask certain effects of canna-
hinoids in electrophysiological studies (30,31}, some caution must be exercised in generalizing these
results to the awake behaving animal,

Studies using antidromic activation have shown that WDR neurons project toe the ventropostero-
lateral nucleus of the thalamus via the lateral spinothalamic tract (32,33). Perhaps the strongest evi-
dence for the role of this pathway in pain neurotransmission is the well-localized sharp pain reported
by humans upon electrical stimulation of this structure (34). The inhibition of spinal WDR neurons
is consistent with our recent finding that WIN 55,212-2 produces marked inhibition of noxious stirmnu-
lus—cvoked activity of neurons in the ventroposterolateral nucleus of the thalamus (29). Taken togeth-
er, these findings provide convincing evidence that cannabinoids modulate the aclivity of nociceptive
TI@Urons.

It is now well established that the nervous system actively modulates sensitivity to noxious stimuli
via multiple neural substrates that serve to modify the cificiency of ascending pain tracts {see 33 for
review). This modification of pain neurotransmission is mediated in part by the release ol endogenous
opiotds (36, see 37 for review). However, nonopiate substrates for cndogenous analgesia have been
documented as well (38—40). Our findings raise the possibility that endogenous cannabinoids may be
involved in nonopiate mechanisms of pain modulation (38,39). The circumstances under which en-
dogenous cannabinoids exert such effects remain topics for future investigation.
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SUPPRESSION OF NOXIOUS STIMUILUS-EVOKED
EXPRESSION OF FOS PROTEIN-LIKE
IMMUNOREACTIVITY IN RAT SPINAL CORD BY A
SELECTIVE CANNABINOID AGONIST

K. TSOU, K. A LOWITZ, A G. HOHBANN, W. I MARTIN, O B HATHAWAY,
[ & BEREITER und J. M. WALKLR"

Schwier Research Laboratory, epartments af Psychology, Neuroscence and Sorpery, Brown University.
Mrovidence. RIL (32912, UL5.A,

Abstraet  Tn rals. canabinaids inhibit behavioral osponses to noxious stimwlation weh a pateney and
etficacy similar to fhat of momhme. However, heeawse cannabineids depress muter lonctoo, it hie ool
been possihle 1o state Beyond any doult that these effccrs were eelated 1o 8 dampening of noaoms seosary
input Thereforc, o fes tamunoeyrochemistry was wsed W explones Lhe possthilily thatl cannabinwids redoees
behavioral responies 10 Boxiolus stituli by docreasing spinal prosessng of nogiceprive wmputs. Rats
repeived systensie injections of the polent and selectve connabimeid apeeoisl WIN 55, 212-2 1he caceprol-in-
aclive enandiomer WIN 55202-3 or vehicle priot to ohservations in 4 mendel of e pain, the fommahbn
test. Ay dememsiraled previcusly, piaotar imjections of lormalin led to liflicg and licking of the wjected
paw, with two peaks of gotivity occurming st 5 and 30min wfler injectivn. The canmubinoid aponis
suppressed hese pain eesponse: and produced a reduction in mebility, Lumuneeytochemical processing
ni scolions with an antibody Lo the Fos prolein revealed Lhat the sannabincid marksdly suppressed
pain-evoked c-fis expression in the supcrticial and neck regions of the spinal doreal hara, bat nat in the
nuches proprios, Decrease] sqpression of o-foy also oceerred o e venteal harn The speciticity of this
effect and its probhablc onedistion by cannabimmd receptars are sugmested by Lheee Andingms: qe) the
suppressien by e drog of botll belavioral and inunenocyiochentical [REponses w0 pail was dase-
dependent; {ii) noither the behavioral nar tke immunocylechemical cesponse o the noitoos suimuoluos eas
sipnificantly aflacted by the receptor indctive cnamtiomer of the agonist tiur animals rendered tolerant to
canmatinaids by repeated impctiems of the geonist showed redoced responses o the droe.

These findings sugecst that cannabineids imhikit (he spingl processing nf nociceptive stimu and suppott
the natiom that cadoponous cannaimrlys meay el eutorally 1w meodily pain ransroissicen withio e veoral
ey obs 3wl

Key werds, cannabis, o-fos, pain,

The cloning of the cannabineid receptor™ and the
discovery of anandamide, a puotative endogenous
vannubineid receplor tigand,® opened 2 new avenue
of cunnabinoid research simed a0 onclenslynding the
physiological and behavioral roles of endogenous
cannahinergic neural systems.® The possibility that
one rale ol endogenous cannabinoids 15w modolae
Pain sensilivily wis suggested by Lhe many behaviory]
ceudics demonsiraling andlpesic offects of cannu-
hinoids io rodents (c.e. Refs £, 3,7, 12019, 22, 23,23
and 2A) In these studies. animals showed profound
Teshucdions in motne responses to nexious stimuoli of
varous mudalities, These findimges case 1the guestion
of whedher the supprssion ol poin beha vior obseryed
after cannabinoid sdminisiration results (rom de-

*I'o whom commespondence should he addressed.

Abbrevwteny: Wik 33 212-2) (R4 5-dihvdro-2-mcthyl-4-
(d-marphalinylmethyl)- [-r1-naphihaienylcarbony -6H-
perrelol2, -ijlquinalin-g-one mesylate; WIMN 55,212-3,
inactive enanliomer of WIN 55212.2

™1

prossion of the responsiveness O DoUILCpUve OoUrons
ar from a dircet action oo the motor systom.™
Howaver, kitle is known about the effects of canna-
Binaids on the responsivensss of nociceprive newrons.
Beoent work in our labordlory indicates Lhat the
geleotive cannabinoid aponist WIN 55 212-2 prodoces
a rapid, reversible and enantinselactive suppression of
noaions shifmulys-evoked activity in owide dynamic
mnge neurons nordal lumbsr dersa] hom '™ Thaese
clevirophysiohopival dala suggest thal connabinoids
modulate pain neorotransmission, but more rescarch
is needed o characterize the actions of cannahinoids
an pam Transfoission i the spinal coed and bran,

Another approach 1o investigating the =fecis ol
cannabineids on pain pathways iz 10 study the ellects
of cannabinoids om ¢-fer cxpression ovoked by nox-
ipns stimuolation. Sensory stimuli lead to increasced
expression of the proto-oncogene c-fus in the CUNE,
and the wndglomical distribulion of immunoereaclive
neurcas 15 dependent upen the modaliy of the
stimulus ** Although c-for is nol 4 specific marker
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for pain, noxious stimuli lead to exprassion of o-fos
in both the superficial and deep lavers of the darsal
hoen MY areas known 10 be mopurlunt [or pain
processing.*® Furthermore, the prototypic narcotic
dnalgesic morphinc strongly  SUppresses  nOXious
stimulus-cvoked Fos-like immunoreacorvity in the
spinal cord. 4 Fos immuogeytochemistry has alse
been ernploved in the study ol anlinodoeplive delions
ol #adrenoveplor agents,” W -methyl-p-aspartate re-
coptor antagonists. ™ glicocorticoids®! and acupune-
ture.'* Fos bnmuonocytochemistey has thus become an
mnparetant tood for pain research, Because suppression
of c-fhy expression can serve us an index ol anslgesia
independent of melor wsponses.™

I this report, we describe the effects of the potent,
chantioselective  and  conformationally  rescraimed
amincalkylindole cannabinoid ceceptor agonis. WIS
55.212-20 ong-foy expression evobed in the spinul
cord by an injectien of {omoalin in the paw. The
lformalin test’ 4 slandard model of tonic pain, was
used 1n the present study. becagse prolongesd or
repeptive noxious stimulalion s necessary (o reliubly
evibe expression of o-fos in the spinal cord, ™ In
order o delermine whelher the changes in e-for
cxpression were mediated by actions at cannabingid
recceptars, separate studies emamined (1) different
doses of the drug, (i) 1he receplor-inaclive enun-
fiomer WIN 55202-3 and (i) the poussibilily thul
tpderunce to cannabinoids would ditinish the bebay-
word] and neurochemical effcots of the drug.

EXPERIMENTAL PROCEDURES

Drgee ard chemicaly

WM 53,212-2 mesvlaee was purchasad from Research
Giochemicals Tnovcporated Matick, BA) The inactive
cnantiomer WIN 55, 212-3 mesvlale was 5 gift fram [ Dean
Haycock of Sterling-Winthrop Research Group (Baensse-
laer. 7Y, The drugs were dispersed oo vehicle cantoming
culpior, sthanol and saline 1.1 18] a2 concentration of
L meml. The naleclonal rabbit Tax antibody (Ab-2p was
purchased from Cnmgogens Scicnce (Undondale, BY), This
atilibody was raisesd o rabhil againsl a synthelic peplide
fragment cormcsponding to residiees 4—17 of heman Fog
pLoreit.

Arfgei resting

The melbods Tor anabgesia lestng were reviewsd and
approved by the Brown Loewersity Institutional Aniksal
Care and Use Commitles. Male Spropuer Dawley rals
(230120 g1 were abtained from Charles Rnaer Lahoratarics
[(Wilosngton., MAD or our own beeeding colooy Jderived
from Churles River stock. Because anesthesin lvads s
restricted spinal distribution of Fos-like inununaresctive
IEarOns 0 responste o poxious simuli and Lo oerrelaee
hehaviaral wnd neurachemical Fosponscs, WG o permcnts
were condocte] in awake, Ireely-moviog ks Aosmals
received o subeataneous mpeehion of 130 @01 of diluee tacma-
lit (4% puralormaldebvde) in the plantir surface of the ef
hindpaw 1 min (ollowing e injection of WIN 55,2122
{Sme'ke. v =5 ar lmake, » =115 the inactive enan-
tiomer W 35 2[2-3 (0 meks, # =5 or yehicle (n = 170
A pain bekavior rating was pecfotmed ac 3 oin intervals foe
Lh. A seoce of O was cecorded (10 the ral did net taver the
injected paw diening che intgreal, & scare of 1 was recarded
i b cat Lifled his paw and o score of 2 was cecorded 1T

the tai licked his paw, Mean behavior stomes were
chwdined [or sacl Somn inwerval. Twe hours tollowing
administration of fanmaling the experiment was termimated
and the immunocylochemnical procedoures were performed.

dnefwcrion of twleranee

Harz (i = 51 reccived four Lp. igections of 15 meikg WIN
53.212-20 whicly were adminislered on the cvening of Tay 1
the marming and cvening of Day 2, 2nd the moming ol Ty
3. Twenry-Tour hoeurs aller Lhe Just injection, the rats wene
inpecled with 1 mgrkg of WK 35,212.2ip.. and behaviveul
and imennccytochemical procedures were conducted as
demribed abave. A separatc group of Animals (o 3 oe-
coived injections of vehicle al the same limes during the
lolerance-ind wction phasie, excer that the rats were injecred
with 10mgkg ip. of WEN 552120 on the test day.
Comparisens were also mude with maive snimals 4 = 5)
recsiving a sngle imgectien of wehicls on the test diy.

Inmeancytordentisfey

Rars were deeply anesthetied by inpetinns off pentabar
kital (&dbmgkg, ip and porfused with 1000l of dce-cold
heparinized (1000 U,nil) sadine follewed by 23 1-3400 m) fixa-
v (4% paraformaldehede in 00 M sodium phosphule
Bufler] at approsimarely 3 mbmin. The lumbar—sacral sce-
ment of the spinal sord was removed, cleared of the covering
sheath and posthsxed in the fvative far 1-2 k. The spinad
vord wae Lhen crvaprotected in 30% sucrose in 00 M
phosphate-buffered saling overniphl. The Ussue was em-
Pedded in OCT compound at —XFC Transverse soctions
(M pm) of the spinadl cord were cur using o oryosial
Adreraate slices were collectsd in b1 M phosphate-buiercd
saiine (loating, wushed three fimcs with the same bafTer
and prottcaed with 2% Doecmal rabbit serune for 1h to
Wock the non-specific binding. ‘The sections weee then
mncubated with cabbic polyclonal Fos protein antibody at g
cancenlralion of 1: 100 for #0h at 45C7 Fos-like inuuno-
Toactivity was visnaized by the avidin biolin-perozidase
mettond, " using  diaminohengdine {005%0 and  H.0.
HL01% ) a8 the chromogens. The seclions were moanied.
ait-dried and coverslipped. The specificny of the Fos im-
munusiaining was checked by preabzorpiion of the antibody
with a 1-old cxcess ol the peplide anligen.

Thatry arieed vsis

Pholomicroyranhs were twken of imminecylochemicai,.
stainzd spieal cord secrions al = L3 mapmificaion. The
number of Fos-psitive cells was coungzd an pring {ap-
progmacely |1 = Jocmt by an investigalsr wha was blind
¢ the expermental condilion. Three sectioms Froma Tunbar
45 determined by gualttative examination 1: contain the
grearest noamber of labeled cells were selected from each ear,
The nuember of laheled czlls was couned and e averape
number of labeled cells was feconded. Al el demon-
strating Fos-like immunoneactivity were counted as labeled
regardless of label inteasity. For each rat. e wial nunsher
of vells was recorded as well us the subtotal mospecilic
subdivisions of the spinal geay mattee ipsilaleral w the
injected paw, Bounduries beteesn lamimae were marked on
Lhe pholomicrographs by drawimng lines o ink? The sub-
divisions nsed wore those defted by Presley er al:™ i) the
superhcial laminae aminae T anmd 11, t0id the nuclous
preprms {larwnac I and 1Y) iy the neck ol the dorsal
hara (laminge ¥ asd ¥1), and {ivy the vontm born (laminac
Y, Y1, 1X and X).

Neatictlegd @l psis

Slulistcal compansee was catred aut psing analveis
of vananee. Significant treatment effecrs were solated
wsing todividuad s-lests. Beesuse nof the high degree of
ennsistency in rhe behavioral vespanze, all control enimals
werg pooled mwlo o single group and compared foo e
uther Lreaimoent conditions by analyvsis of vareance. Fur the
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mmunocytochemical  experiments, each  drug-treated
contrel animal was paired with a vehicle-treated control.
Control groups were constructed separately for each set of
experiments from the matched pairs of animals, which were
tested and processed for Fos immunocytochemistry at the
same time. For all experiments, £ < 0.05 was considered
statistically significant.

RESULTS

General features of ¢-fos expression

The general features of c-fos expression in the
spinal cord after intraplantar administration of dilute
formalin were similar to those rcported previ-
ously. 2#14313% Neyrons containing Fos-like immuno-
reactivity were easily identified by their darkly stained
nuclei. Positive cells appeared in the ipsilateral dorsal
horn and ventral horn, predominantly at lumbar
4/5 levet (Figs 1A, 2). Approximately 45% of labeted
neurons were localized to the superficial laminae
(T and IT). Lower levels were observed in the neck of
the dorsal horn (laminae V and VI) and the adjacent
ventral gray, constituting approximately 30 and 10%
of all labeled cells, respectively. The rostrocaudal
distribution of immunoreactive neurons in these two
regions was maore extensive than in the superficial
laminae. Approximately 15% of immunoreactive
neurcns were localized to the nucleus proprius
(laminae 111 and |V}, Basal expression was extremely
low in untreated rats. Likewise, c-fos expression was
extremely low in the contralateral dorsal horn of
treated rats.

Effects of acute administration of WIN 55,212-2

Administration of WIN 55212-2 produced a
significant suppression of pain-evoked c-fos
expression in the lumbar spinal cord (Fig. 1B). This
was shown by the significant decrease in the number
of immunoreactive ncurons in the superficial laminae
(Fy5,=9.74, P <0.001) and the neck region
(Fy5, =142, P < 0.0001) compared to vehicle-treated
controfs (Fig. 2). The change was most prominent in
the neck region, i.e. a decrease of 48% compared to
the 28% decrease that was observed in the superficial
dorsal horn. The nucleus proprius was unaffected
(F,, = 1.44, N8), but a significant reduction of pain-
evoked c-fos cxpression in the vemtral horn was
observed (Fpy = 741, P =0.002).

The effect of WIN 55,212-2 on pain-evoked c-fos
expression was dose-dependent. Compared to the
Smg/kg dose of the drug, the 10 mg/kg dose pro-
duced significantly greater suppression of the Fos
response 1o noxious stimulation in the neck region
(d.f. =15, ¢t =4.6, P < .05 and in the ventral horn
(df. =15, + =6.72, P < 0.03). The dosc functions
were not identical in the various regions studied. As
shown in Fig. 2, the effect of the cannabinoid in the
supetficial laminae was maximal at 5 mg/kg, but this
same dose produced an intermediate effect in the
deep dorsal horn and was ineffective in the ventral
horn.

Rats treated with the cannabinoid agonist showed
reduced motor activity and a loss of licking and
lifting of the injected paw during the 1h following
formalin injection (Fig. 3). Analysis of variance re-
vealed marked differences between the drug-treated
and control groups (F=121.23, P < 0.0001). Ani-
mals treated with 5mg/kg of the drug generally
showed recovery of pain behavior (lifting of the paw)
within 30 min after formahn mjection (Fig. 3). By
contrast, animals treated with 10 mg/kg WIN 55,212-
2 showed significantly greater suppression of the
response to formalin than rats treated with 5 mg/kg
(df. =14, t = 11.6, P < 0.004). Animals treated with
10 mg/kg of the agonist failed to respond to the
noxious stimutus throughout the observation period
and exhibited signs of catalepsy.

Lack of effect of the enantiomer WIN 55,212-3

Administration of WIN 55,212-3, the inactive
enantiomer of WIN 55,212-2, failed to produce can-
nabinoid-like effects in cither immunocytochemical
or behavioral measures. After formalin injection, the
rats showed levels of ¢-fos expression and pain-
related behavior that were similar to the control rats.
No significant differences were found between enan-
tiomer and control in cither the behavioural response
(Fig. 4) or the levels of c-fos expression in any of the
spinal areas examined (Fig. 1C, Table 1).

Cannabinoid tolerance

All animals that received repeated injections of
WIN 55,212-2 showed a reduced analgesic effect
compared to that observed after acute administration
of WIN 55,212-2, i.e. animals exhibited lifting of the
injected paw. However, complete tolerance, defined
here as licking and lifting of the injected paw in 4
manner and extent that was indistinguishable from
the control rats, was only observed in one animal.
These data suggest that the tolerance procedures used
in the present study effectively reduced the efficacy of
the drug. In contrast to rats treated with vehicle, all
five of the rats that were repeatedly injected with drug
failed to exhibit catalepsy and immobility after i.p.
injection of 10 mg/kg of WIN 55,212-2, These behav-
ioral effects were confirmed by statistical analysis,
which revealed that antmals receiving repeated injec-
tions of the cannabinoid still exhibited a decreased
response to the painful stimulus compared to control
animals (d.f. =25, ¢ =27.5, P < 0.001; Fig. 5). How-
ever, the analgesic response was significantly lower
than that which occurred in animals that had not
received repeated injections of the drug {(d.f. = [4,
t =424, P <0.0001). Thus, continuous exposure
to WIN 55,212-2 resulted in a tolerance manifested
by a loss of efficacy in behavicral measures. as
demeonstrated previousty.™

Partial tolerance to the effect of cannabinocids on
pain-evoked expression of Fos-like immunoreactivity
also occurred following repeated administration
of WIN 55.212-2 (Fig. 6) Although the tolerance
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Fig. 2. Dose-response functions showing the number of
neurons in various spinal cord laminae that exhibited pain-
evoked Fos-like immunoreactivity in animals pretreated
with vehicle or a cannabinoid agonist. The number of
immunoreactive cells was first determined lor cach animal
by calculating the meun for three scctions qualitatively
exhibiting the greatest aumber of labeled cells. Data shown
represent mean number of labeled cells per section + S EM.
across subjects. Animals received an ip. injection ol gjther
a wvehicle control solution (n =17) or WIN 552122
(Smgikg, n =5 or 10mgkg, #=12) 10min prior to
formalin injection. Two hours later, the spinal cords were
processed [or immunocytochemistry. The number of
immunoreactive neurons was significantly decreased by the
drug in all laminae except III and IV.

regimen did not affect the ability of WIN 55212-2 to
decrease pain-evoked ¢-fos expression in the super-
ficial dorsal horn. it did lead to a rcduced effect in
the neck region (d.f. = 15, r =9.09, P < 0.01) and the
ventral horn (d.f. = 15, ¢ =12.6, P <0.005). These
findings demonstrate that the long-term exposure to
the cannabinoid agonist reduced its efficacy in the
deep dorsal horn and the ventral horn.

DISCUSSION

The main finding of these studies was that the
potent and selective cannabinoid agonist WIN
55.212-2 suppresses pain-evoked c-fos cxpression in
the spinal dorsal horn. This effect was obscrved both
in the superficial laminae and in the neck region
{laminae V and VI) of the dorsal horn of the spinal

Cuontrol

14 |

WIN 55,213-2

( Smpke
0.8 T T

Mcan Bechavior Score

1A

WIN 55.212-2

- i\ 10 mg/ke r
m P

10 20 30 A 50
Time (min) )

Fig. 3. Time course of the behavioral effects of intraplantar
injection of lformalin in rats following i.p. adninistration of
vehicle {# =22) or the potent cannabinoid agonist WIN
55212-2 (S5mg/kg, n =5, or W0mg/kg, » = 11). Behavior
was scored during the 1 h period lollowing the injection of
formalin, as described in the text. Control rats exhibited
lypical behaviors consisting of lifting and licking of the
injected paw. Pain-reluted behavior in control rats exhibited
4 biphasic time course with peaks occurring during the first
Smin and around 30min as shown. This behavior was
suppressed especiaily during the first 30 min by Smgkg
WIN 55,212-2 and almost completely suppressed through-
out the | h observation period by the 10 mgikg dose of the
drug. The vertical bars represent S.E.M.

cord, as shown by the significant deccrease mn ihe
number of immunoreactive cells in these two regions.
The suppression of Fos-like immunoreactivity was
more pronounced in the neck region than in the
superficial laminae. and failed to occur in nucleus
proprius. a pattern similar to that obscrved after
administration of morphine.*'*

Pharmacological specificity was established in the
present work by examining dose-effects, receptor
desensitization and an inactive cnantiomer.” The
resulis from all of these experimentls support the
hypothesis that the cffects of cannabinoids on pain-
evoked c-fos expression were mediated by canna-
binoid receptors. Previous work demonsirated that
repeated injections of cannabinoids produce toler-
ance Lo both the central and peripheral effects of the
drug,”™ and cross-tolerance oceurs with cannabinoids

Fig. |. Photomicrographs depicting Fos-like immunoreactivity in the dorsal horn of rats that is induced

by noxious stimulation. Following i.p. administration of a vehicle control solution or a dosc of the potent
cannabinoid agenist WIN 55,212-2, a 4% solution ol paraformaldehyde was injected into the hindpaw
and the animal’s behavior was observed for | h, as described in the text. After a 2 h period the animals
were killed and immunocytochemistry for Fos protein-like immunorcactivity was performed. (A} Example
of a section obtained from a control {vehicle-treated) rat. {B) Example of a section from the dorsai horn
of a rat treated with WIN 55.212-2 (10 mg/kg, 1.p.). (C) Example of section from a rat treated with the
inactive enantiomer WIN 55212-3 (10 mg/ke, i.p.). {D) Example of a section obtained from an animal
that was rendered tolerant to cannabinoids by repcated ‘injections of WIN 55,212-2, Scale bar {lower
right) = 100 gm.
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Fig. 4. Lack of effect of the inactive enantiomer WIN
35,212-3. Plantar injection of dilute formalin in rats caused
pain-relaled behaviors such as licking and lifting of the paw
(quantificd as described in the 1ext). The same significant
increase in these behaviors occurred in rats treated with the
inactive enantiomer (WIN 55212-3) of the cannabinoid
agomst (WIN 55212-2) used in this study. As shown. the
biphasic time-dependeni behavicral effects of formalin
injection are nearly identical for control (7 =22) and
enantiomer-ireated rats (# = 5), providing strong evidence
for the receptor mediation of changes induced by the active
compound.

having diverse chemical structures.” These data
strongly suggest that cannabinoid receplors undergo
biological adaptation in responsc to chronic occu-
pation. We therefore hypothesized that continuous
exposure to WIN 55,212-2 would decrease its ability
to suppress Fos-like immunoreactivity evoked by
intraplantar formalin. The partial lolerance we ob-
served is consistent with previous behavioral research
and supports the notion that the effects on c-fos
cxpression were mediated by cannabinoid receptors.

Previous work demonstrated that cannabinoid
receptors exhibil enantioselectivity.*®?® Therefore, the
observation that the rcceptor-inactive cnantiomer
WIN 35,212-3 failed to produce any effects in the
present work adds further support to the notion that
cannabinoid receptors mediated the observed effects.
This observation, together with the partial tolerance
and dose dependency of the effects, strongly suggest
that the actions of WIN 55,212-2 in thesc cxperiments
are both specific and receptor mediated.

As demonstrated with other cannabinoids, -
WIN 55,212-2 did not decreuse the swelling of the
formalin-injected paw (data not shown). This find-
ing, together with previous findings showing (hat
direct central applications of cannabinoids produce
analgesia,'®™ suggest a central site of action of the

TFable |. WIN 55212-3 does not alter Fos-like immuno-
reactivity in ral lumbar spinal cord

Laminae Control (n = 5) Enantiomer {n = 5)
1n 396+ 2.0 31425
I, IV 122+15 9.5+13
V. VI 269443 24.1 + 6.7
Veniral horn Bd4+15 RIL 1R

Data are mean number of labeled cells per section + S.E.M..

P =005

drug in the present study. Because we used systemic
injections, the site of action of the drug could be
spinal, supraspinal or both. It is difficult (o dis-
tinguish among these altcrnatives, because previous
work demonstrated that cannabinoid analgesia
involves both supraspinal and spinal sites of
action.*?*% TIntraventricular® and intrathecal'®¥
administration of cannabineids produce antinocicep-
tion, and the antinociceptive effects of cannabinoids
observed after intravenous administration'® are
attenuated following spinal transection. One site of
action in spinal cord could be the superficial dersal
horn, where the cannabinoid receptor density is
higher than the rest of the spinal gray'! and where
a significant suppression of ¢-fos expression was
observed in the present study.

In the present study, the suppression of noxious
stimulus-evoked c-fos cxpression was greater in the
neck of the dorsal horn than in the superficial lami-
nae. This same pattcrn of suppression was observed
after systemic administration of morphine.” Further-
more, since the dose curves suggest that maximal
efficacy was achieved at Smg/kg in the superficial
dorsal horn, one may conclude that cannabinoids are
not capable of fully suppressing c-fos expression in
this area. It is thus possible that some neurons in
the superficial laminae exhibit greater resistance to

Conuol

Tulerant

Mean Beluvior Scote

9.4

WIN 55,2122 (10 mg/ky)

il 5 1Y A IR W M 400 48 S 55 B

Time (min}

Fig. 5. Effect of WIN 355212.2 on the time course of
pain-related behaviors following plantar injections of dilute
formalin in normal rats and rats rendered tolerant to
cannabimnoids by repeated injcctions over a three day
period. Control rats (&, » = 22) cxhibited the previously
reported biphasic pain response characterized by marked
peaks of paw licking at 5 and 30 min. The nearly complete
suppression of this behavior by 10 mgikg WIN 55,212-2
(W, » =11} was markedly attenvated in rats subjected to
the tolerance regimen (@. # = 3). Partial tolerance was
indicated by the significant overall increase in pain-related
behavior compared to normal rats receiving the cannabinoid
agonist, but a decrease from rats that did not receive the
drug. The vertical bars represent S.E.M.
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Fig. 6. Effect of WIN 55212-2 on noxious stimulation-
evokad expression of a Fos-like protein in various regions
of the lumbar spinal cord in normal rats and rats rendered
tolerant to cannabinoids by repeated mjection of the potent
cannabinoid agonist WIN 55,212-2 over a three day period
{described in the text). As with the behavioral response,
partial tolerance was observed. The cannabinoid agonist
WIN 55,212 suppressed c-fos expression to a greater degree
in normal rats than in rats rendered toleramt to canna-
binoids. Conirol rats (1 = 5) exhibited patterns of Fos-like
immunoreactivity similar to that shown in Fig. 2. Asterisks
denote a significant difference (£ < 0.05) between animals
receiving an acute injection of WIN 55,212-2 (10 mg/kg, i.p.,
n =5) and animals rendered tolerant to the cannabinoid
{r = 5). The vertical bars represent 5.E.M.

analgesic agents. More work is needed to clarify the
nature of these interactions.

The distribution of labeled neurons that were
affected by the cannabinoid strongly suggests an
action on nociceptive neurons. Jasmin et a."* demon-
strated that the distribution of spinal Fos-like
immunoreactivity following 1h of wulking on a
rota-rod was significantly different (rom that found
following noxious stimulation of the hindpaw. For

i

example, motor behavior failed to induce the ex-
pression of Fos-like immunereactivity in spinal cord
ateas that primarily mediate pain neurotransmission:
the superficiul dorsal horn, the outer substantia
gelatinosa and the lateral, reticulated portion of
lamina V. Indeed, non-noxious sensory slimulation
also failed to produce labeling in these regions.™
Therefore, the suppressive effects of WIN 55,212-2 in
the superficial dorsal horn and other areas related to
nociceptive processing provide a strong argument
that cannabinoids modulate ascending nociceptive
pathways via direct or indirect actions in the spinal
dorsal horn. In this regard, it is important to notc
that some ventral horn neurons originating in the
lumbar spinal cord project to the thalamus via
the spinothalamic tract.'® Therefore, the observed
suppression of c-fos expression in neurons of the
ventral horn may also reflect suppression of sensory
pathways.

CONCLUSIONS

These experiments demonstrate a receptor-medi-
ated action of cannabinoids on nociceptive neurons
in the CNS. It would appear from these findings
that one function of endogenous cannabinoids is to
regulate pain sensitivity via modulation of spinal pain
pathways. Nothing is known about the conditions
which activate this novel non-opiate system or
whether under natural conditions such modulation
occurs. It would thus be of considerable interest to
determine whether non-opiate forms of stimulation-
produced analgesia or stress-induced analgesia
mmvolve endogenous cannabinoids.
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Results
Autoradiographic distribution of [ 3H]WIN,55212-2 following ventricular administration

Examination of autoradiograms indicated that the distribution of [H] WIN55,212-2 was lim-
ited to periventricular structures. Dense labeling was found both rostral and caudal to the microinjec-
tion site. The structures in which significant labeling was observed included the septal area, the medial
and lateral portions of the habenula, the anterior and posterior portions of the paraventricular thalamic
nucleus, the periventricular hypothalamic area including the dorsomedial and ventromedial hypotha-
lamic nuclei as well as the arcuate nucleus of the hypothalamus (Fig. 1). In addition, structures sur-
rounding the agueduct, including the entire periaqueductal gray and the dorsal raphe nucleus (Fig. 2),
exhibited dense labeling following intracerebral ventricular (i.c.v.) administration.

Antinociceptive effects of WIN 55,2122

The effects of i.c. microinjections of WIN55,212-2 into periventricular sites are illustrated in
Fig. 2. There was no change in baseline tail—flick latencies following injections into the medial septal
area (N=7), IHb (N=12), perihypothalamic area (N=7), and the ventrolateral periaqueductal gray
(N=6). Microinjections of WIN55,212-2 into the arcuate nucleus (N=7) produced elevations in tail—
flick latency during the test session; however, these effects were variable, often did not occur immedi-
ately following injection, and were not statistically significant. By contrast, microinjections into the
dorsal or dorsolateral portion of the periaqueductal gray (mean £ s.e.m.; 18.3+£4.2); F322=9.05,P
=0.001) and into the dorsal raphe n. (26.6 9.0; Fy 12=6.03,P=0.03) reduced nociceptive respond-
ing to noxious thermal stimuli. '

50

* WINS5,212-2 (5 kg)

*
40—

30

20

% Antinociception (MPE})

lateral medial  lateral arcuate n. peri- dPAG  vPAG  dorsal raphe n.
ventricle septal area habenula hypothalamic
- area ——
Anterior Posterior
Fig. 2

Effects of a 5 ug dose of WIN55,212-2 microinjected into periventricular sites. Mean %MPE +
s.e.m. obtained for each site over first 15 min (6 tests) of 30 min test session. In no case did the antino-
ciceptive effects from site injections exceed that produced by microinjections into the LV. Asterisks
signifies P <0.05 in post hoc analyses. Abbreviations: dPAG and vPAG; dorsolateral and ventrolateral
portions of the periaqueductal gray.

The onset and time course of the cannabinoid-induced antinociception from microinjections
into the lateral ventricle, the dorsolateral periaqueductal gray and the dorsal raphe is illustrated in Fig.
3. The onset of the increase in tail—flick latencies is slower after i.c.v. microinjection, compared with
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the onset following direct i.c. microinjection into the dorsolateral periaqueductal gray and dorsal
raphe. Analgesia reaches its peak in animals receiving i.c.v. injection (46 + 6.7) at approximately 5
min post—injection, whereas the greatest degree of antinociception attained following dorsolateral
periaqueductal gray and dorsal raphe microinjections (37 £ 5.4 and 45 +7.4, respectively) is almost
immediately after injection. The antinociceptive actions of WIN55,212-2 in the dorsolateral peria-
queductal gray and dorsal raphe never reached a level that was greater than that produced by i.c.v.
microinjection of 5 ug. Although the antinociception was longer—lasting than that observed after di-
rect site injections, there was no significant difference between magnitude or duration of these effects
between the groups across time.,

X control sites; N=24

+ lateral ventricle; N =15

55- B. st ® dorsal raphe n.; N=8

Gl | B dorsolateral periaqueductal gray; N = 10

45—
=
‘; 35—
2
B
& 25
[*
=
=
2 15-
153
-
=5 | I | i | T | | | T | |
-3 0 3 6 9 12 15 18 21 24 27 30
ingect Time (min)
Fig 3.

Time course of i.c. microinjection of WIN55,212-2. Data are presented as mean * s.e.m. at each time
point. The onset of antinociception was immediate following direct site injection, as o posed toi.c.v.
injection where peak effect did not occur until 5 min post injection. P < 0.05 (*ICV, ]PDR,§dPAG).

Discussion

The results of this study demonstrate that intraventricularly administered [FHIWIN 55,212-2
is confined predominantly to periventricular structures during the peak of antinociception.
Furthermore, direct i.c. microinjections of a low dose of the cannabinoid agonist, WIN55,212-2 into
certain periventricular structures significantly decreases sensitivity to a noxious thermal stimulus in
rats, Thus, significant elevations in tail-flick latencies were produced by microinjections into the
dorsolateral periaqueductal gray and dorsal raphe, whereas injections into the medial septal area,
lateral habenula, arcuate nucleus, perihypothalamic area, and ventrolateral periaqueductal gray failed
to produce significant effects. The magnitude of the antinociceptive effects resulting from dorsolateral
periaqueductal gray and dorsal raphe microinjection was approximately equal to the effects observed
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following i.c.v. microinjection. Although the duration of the antinociceptive effects appeared to differ
by site, these apparent differences were not significant.

In a previous report (1) two cannabinoid agonists (WIN55,212-2 and CP55,940) produced
potent antinociceptive effects following i.c.v microinjection of 5 to 20 pg. Based on these findings,
the lowest effective dose of WINS55,212-2 in that study (5 ug) was selected to examine particular brain
sites, because direct injection into appropriate sites should yield more potent effects. Since microin-
Jections in the dorsolateral periaqueductal gray and the dorsal raphe did not produce greater antinoci-
ceptive effects than i.c.v. microinjection of the same dose, one cannot reasonably conclude that the
dorsolateral periaqueductal gray and dorsal raphe are the primary sites of action of cannabinoids in
the brain. Conceivably, a principal site of action exists elsewhere and would mediate a significantly
stronger effect than any observed in this study. Alternatively, it is possible that the approximately
equianalgesic effects of direct site and i.c.v. microinjections are the result of additivity among the per-
iventricular sites that are reached when the drug is injected in the ventricle. In spite of these limitations,
the findings suggest that the dorsolateral periaqueductal gray and dorsal raphe are two sites of action
of cannabinoids for the production of antinociceptive effects.

The latency to onset and the time course of the effects of dorsolateral periaqueductal gray and
dorsal raphe microinjections differed from i.c.v. microinjections. The rapid onset and shorter time
course of antinociception observed following dorsolateral periaqueductal gray and dorsal raphe mi-
croinjection make it highly unlikely that the observed effects were the result of diffusion to nearby
sites or viathe ventricular system to more distant locations. This conclusion is supported by the finding
that microinjections into the dorsolateral periaqueductal gray and dorsal raphe produced an elevation
in tail-flick latency, but injections into the neighboring ventrolateral periaqueductal gray had no ef-
fect.

The function of the periaqueductal gray and it’s role in the endogenous modulation of nocicep-
tive stimuli contintues to be an area of considerable interest (see 35, for review). It is clear from this
research that the periaqueductal gray possesses functionally distinct regions that support either opioid
or non—opioid mediated circuits that modulate pain sensitivity (36). The findings that opiate antago-
nists often fail to or only partially reverse stimulation—produced analgesia elicited from the periaque-
ductal gray (29,37,38), and thati.c. microinjections of N-methyl D—aspartate (NMDA) into the dorso-
lateral periaqueductal gray produce a rapid increase in rat tail—flick latencies that is not antagonized
by naloxone (39) are examples of the regional and neurochemical differences present within the peria-
queductal gray. The results of the present study suggest that endogenous cannabinoids may act at can-
nabinoid receptors in these midbrain periventricular circuits to modulate pain sensitivity.
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Summary

Microinjections of low doses of the potent and selective cannabinoids WIN
55,212—2 and CP 55,940 into the lateral ventricle produce long—lasting re-
duction in sensitivity to noxious thermal stimuli {1). To determine the cen-
tral distribution of ventricularly administered WIN55,212-2, we microin-
jected an analgesic dose of the drug with [PH]WIN55,212—2. At the peak
time of antinociception, the radiolabeled drug was confined to periventricu-
lar sites throughout the brain. The contribution of particular periventricular
structures to the antinociceptive effect was evaluated using intracerebral
microinjection techniques and the tail —flick test. Guide cannulae were im-
planted above the following periventricular structures: the medial septal
area, lateral habenlua, perihypothalamic area, arcuate nucleus of the hypo-
thalamus, dorsal raphe nucleus and the dorsolateral and ventrolateral as-
pects of the periaqueductal gray. Microinjections of WIN55,212—-2 (5
ug/0.5 ul) into the medial septal area, lateral habenula, perihypothalamic
area, arcuate nucleus, and ventrolateral periaqueductal gray did not signifi-
cantly affect tail—flick latencies. By contrast, microinjections of
WINS55,212-2 into the dorsolateral periaqueductal gray and the dorsal
raphe significantly elevated tail —flick latencies. The results of this study in-
dicate that at least two periventricular structures within the brain are in-
volved in cannabinoid antinociception.

The discovery of a G—protein coupled cannabinoid receptor (2,3) together with the identification of
the putative endogenous cannabineid ligand anandamide (4,5) and the partial purification of other pu-
tative ligands for the cannabinoid receptor (6,7) provide a strong argument for the existence of an en-
dogenous cannabinoid neural system (see 8, for review). The following lines of evidence (1,9-18)
suggest that one function of this novel systemis to modulate pain sensitivity: (1) cannabinoids produce
analgesia with nearly the same potency and efficacy as morphine in rodents; (2) the inactivity of the
enantiomers of cannabinoids, the development of tolerance, and the strong correlation between canna-
binoid receptor binding affinity and behavioral potency indicate that this effect is mediated by canna-
binoid receptors; (3) the analgesic effects of cannabinoids are centrally mediated and have both spinal
and supraspinal substrates, and; (4) cannabinoids inhibit nociceptive responses in wide dynamic range
neurons in the spinal cord (see 19, this volume) and the thalamus (20), thus illustrating that cannabi-
noid effects on behavioral measures of pain are due at least in part to the inhibition of neurotransmis-
sion within spinothalamic nociceptive pathways. These findings suggest that endogenous cannabi-
noids may serve naturally to inhibit the processing of painful inputs.

Although cannabinoids have been shown to inhibit the transmission of noxious activity, little
is known about the sites within the brain that mediate the antinociceptive effects of cannabinoids.
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Since Tsou and Jang’s (21) demonstration of the role of the periaqueductal gray in the analgesic effects
of morphine, a variety of investigations using electrical stimulation and intracerebral (i.c.) microinjec-
tion techniques have revealed the presence of an extensive periventricular system that exerts powerful
control over the processing of painful stimuli (22-27). Stimulation—produced analgesia is elicited by
electrical stimulation of periventricular brain regions such as the medial septal area, intralaminar
nucleus of the thalamus, dorsal raphe and periaqueductal gray (28). Although electrical stimulation
as well as i.c. microinjection studies have focused on mechanisms of opiate analgesia, a sizable body
of evidence suggests that non—opiate neurotransmitters or neuromodulators also play an important
role in neural systems that modulate pain sensitivity (29-31). These findings suggest the possibility
that the sites of action of cannabinoid analgesia may reveal components of a novel nonopiate, canna-
binergic pain modulatory system. A site of considerable interest is the periaqueductal gray, which con-
tains high concentrations of cannabinoid receptors (32) and was shown by Lichtman and Martin (14)
to mediate antinociception following local microinjections of cannabinoids. To further elucidate the
mechanisms of cannabinoid analgesia, we used the tail—flick test to examine the involvement a variety
of periventricular brain nuclei in the modulation of nociceptive processing by cannabinoids.

Methods
Surgical procedures

Guide cannulae were implanted above targeted structures in male Sprague Dawley rats weigh-
ing 275 to 325 g under pentobarbital (50 mg/kg) anesthesia. The cannulae were made from 24 ga thin-
wall stainless steel hypodermic tubing (Small Parts Inc., Miami, FI) which were beveled at the tip.
The stereotaxic coordinates were based on modifications of the coordinates in the atlas of Paxinos and
Watson (33) using zero points from bregma or lambda (anterior—posterior: AP), midline suture (later-
al-medial: LM), and skull surface (dorsal—-ventral: DV). The AP was referenced to bregma for the
following structures (APLM,DV): medial septal area (+0.7,0, 6.1), lateral ventricle (-1.0,~1.5,—4.3),
arcuate nucleus (-2.5,-0.3,—-10.1), perihypothalamic area (-3.0,-0.3,-9.0 to 9.8), lateral habenula
(3.6, —0.7,-5.7). The AP was referenced to lambda for the following structures: dorsolateral peria-
queductal gray (+1.0, -0.6, —5.6), ventrolateral periaqueductal gray (+1.0, 0.6, —6.8), dorsal raphe
(+1.0, =2.7, 7.9, with an 20°angle so that the cannula tract did not pass through aqueduct of Sylvius).
To minimize damage, the DV were adjusted so that a 31 ga stainless steel injection needle from 1.0
to 5.0 mm beyond the tip of the guide cannulae depending on the depth of the structure. Dental acrylic
and stainless steel screws were used to secure guide cannulae to the skull.

Drug preparation and administration

WIN 55,212-2 mesylate was purchased from Research Biochemicals Inc. (Natick, MA) and
dissolved in 60% dimethylsulfoxide (DMSO). For the lateral ventricle injections, drugs were deliv-
ered at a dose of 5 pug/10 ul over 1 min. All other injections were delivered at a dose of 5 pg/0.5 pl
over 72 s.

Autoradiography

Because intraventricular administration produces antinociception at low doses (1}, studies of
central sites of action of cannabinoids could be facilitated by knowing the brain distribution of intra-
ventricularly administered cannabinoids. Therefore an autoradiographic study of the brain distribu-
tion of intraventricularly administered [PHJWIN 55,212-2 was carried out. Rats (n=3) underwent sur-
gery for placement of guide cannulae for i.c.v. microinjection. After a 3 to 5 day recovery period, a
10 pl solution containing 3.7 ng [FHJWIN 55,212-2 (49.6 Ci/mMol; DuPont/New England Nuclear,
Boston, MA) and 20 ug unlabeled WIN 55,212-2 in 60% DMSO was injected into the left lateral ven-
tricle of each rat. Animals were then tested for antinociception using the tail—flick test. After 6 min-
utes, the approximate time to peak analgesia (1), animals were decapitated, their brains were removed,
rapidly frozen, and stored at —80 °C. Twenty micron frozen coronal sections were thaw—mounted onto
slides that were placed in X—ray cassettes with a sheet of LKB Ultrofilm and a set of tritium standards
(American Radiochemicals Inc., St. Louis). Following an exposure time of 30 days, the film was de-
veloped using D-19 Kodak developer, and negative images were printed. Adjacent sections, stained
with Cresyl violet, were used to identify structures. The autoradiograms and stained sections were dig-
itized using an image analysis computer system (Imaging Research Inc., St. Catherines, Ontario, Can-
ada).
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Analgesia testing

Three to seven days after surgery, the antinociceptive effects of WIN 55,212-2 were measured
using the tailflick procedure of D’ Amour and Smith (34). Each test consisted of a baseline period
during which the latency to withdraw the tail from a radiant heat source was recorded every 3 min;
a 10 s cut—off was employed to avoid tissue damage. After the establishment of stable tail—flick laten-
cies (2.5 to 4.5 s), baseline latencies were recorded for a period of 15 min. Then, WIN 55,2122 or
a vehicle solution of DMSO was microinjected into the structure being tested. After the injection, tail—
flick latencies were recorded every three minutes for at least 30 min. All experiments adhered to the
guidelines on the study of pain in awake animals established by International Association for the Study
of Pain and were approved by the Brown University Institutional Animal Care and Use Committee.

Histology

Animals were sacrificed by lethal injections of pentobarbital and were perfused transcardially
with 0.9% saline and 10% formalin. Brains were removed, stored overnight in a 30% sucrose—forma-
lin solution, and then frozen sections were obtained and stained with cresyl violet. These were ex-
amined under a microscope to identify location of each injection. Only animals with verified injection
sites were included in the data analysis.

Data analysis

Antinociceptive effects of WIN 55,5122 were determined by calculating the percent maxi-
mum possible effect (%MPE) derived from the following equation: (test latency - control latency)/(10
— control latency) X 100, where 10 represents the cut—-off latency and the control latency equals the
average of three baseline tests prior to injection. Control groups of animals receiving only vehicle in-
jections were tested for structures where a mean %MPE of greater than 25 was obtained at some time
point during the 30 min of post injection testing. For these brain regions, repeated measures ANOVA
was used to test the significance of the injection of WIN55,212-2 compared to the control group. The
Sheffe test was used to make post—-hoc comparisons between groups, where appropriate. For time
course analyses, an ANOVA was carried out on the control animals. Since there was no significant
difference between sites in the control condition, these animals were pooled for post hoc comparisons.

Fig. 1
Autoradiographic localization of [PH]JWIN 55,2122 microinjected in the lateral ventricle as de-
scribed in text. A—C: Coronal section through the diencephalon, D-F: Corenal section through the
midbrain. A,D: nissl-stained sections, B,E: autoradiogram showing distribution of [PHIWIN
55,212-2 (dark areas), C,F: Autoradiogram superlmposed on nissl—stained section to aid in visualiza-
tion of the distribution of radioisotope.
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Suppression of Noxious Stimulus-Evoked Activity in thé Ventral
Posterolateral Nucleus of the Thalamus by a Cannabinoid Agonist:
Correlation between Electrophysiological and

Antinociceptive Effects

William J. Martin, Andrea G. Hohmann, and J. Michael Walker
Schrier Research Laboratory, Department of Psychology, Brown University, Providence, Rhode Island 02912

The GNS contains a putative cannabinergic neurotransmitier
and an abundance of G-protein-coupled cannabinoid recep-
tors. Howaver, little is known about the function of this novel
neurochemical system. Cannabinoid agonists produce antino-
ciception in behavioral tests, suggesting the possibility that this
systam serves in part to modulate pain sensitivity. To explore
this possibility, the effects of the cannabinoid agonist WIN
55,212-2 on nociceptive neurons in the ventroposteroiateral
(VPL} nucleus of the thalamus were examined in urethane-
anesthetized rats. After identification of a nociresponsive neu-
ron, a computer-controlled device deliverad graded pressure
stimull to the contralateral hindpaw. WIN 55,212-2 (0.0625,
0.125, and 0.25 mg/kg, iv.) suppressed noxious stimulus-
evoked activity of VPL neurons in a dose-dependent and re-
versible manner. Noxious stimulus-evoked firing was affected
more than spontaneous firing. These effects were apparently
mediated by cannabinoid receptors, because the cannabinoid
recepior-inactive enantiomer of the drug (WIN 55,212-3, 0.25

mg/kg) failed to alter the activity of this population of celis.
Administration of morphine (0.5 mg/kg, i.v.) produced effects
that were very similar to those produced by the cannabinoid.
WIN 55,212-2 (0.25 mg/kg, i.v.} failed to alter the responses of
non-nociceptive low-threshold mechanosensitive neurons in
the VPL. WIN 55,212-2 produced antinociceptive effects with a
potency and time course similar to that observed in the elec-
trophysiclogical experiments, despite the diffsrences in the
anesthetic states of the animals used in these experiments. The
antinociceptive and electrophysiological effects on VPL. neu-
rons outlasted the motor effects of the drug. Furthermore, the
changes in nociceptive responding could not be atiributed to
changes in skin temperature. Taken together, these findings
suggest that cannabinoids decrease nociceptive neurotrans-
mission at the level of the thalamus and that one function of
endogencus cannabinoids may be to modulate pain sensitivity.

Key words: cannabinoid analgesia; tetrahydrocannabinol;
anandarnide; thalamus; nociception; rat

The identification of specific G-protein-coupled cannabinoid re-
ceptors (Howlett et al,, 1990) and the discovery of anandamide

-{Devane et al., 1992), a putative ligand for these receptors, pro-
vide strong evidence for an endogenous cannabinergic neural
system (for review, see Pertwee, 1993). These discoveries are the
foundation for new research aimed at understanding the functions
of endogenous cannabinoids. Although much is known about the
pharmacology of cannabinoids, little is known about their actions
on particular neural systems, and no definitive statements can be
made about the functions of endogenous cannabinoids.

The high levels of cannabinoid receptors in the CNS suggest
that endogenous cannabinoids are a major class of neuromodu-
lators. Studies of the distribution of cannabinoid receptors re-
vealed that they occur in concentrations that equal or exceed
those of the most plentiful neurotransmitter receptors known
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(Herkenham et al., 1991; Herkenham, 1995). With regard fo the
present investigations of the role of cannabinoids in pain modu-
lation, it is notable that the concentration of cannabinoid recep-
tors in spinal cord (Herkenham et al,, 1991) is 10 to 50 times
higher than the level of opiate receptors (Faull and Villiger, 1987,
Besse et al,, 1991). The high concentration of cannabinoid recep-
tors in specific brain areas accounts for the powerful effects of
cannabinoids on behavior and suggests that endogenous cannabi-
noids are a major neurochemical system in the brain.

Although there are no direct data on the functions of endoge-
nous cannabinoids, administration of their synthetic counterparts
suggesis that endogenous cannabinoids modulate pain sensitivity.
Exogenous cannabineids reduce responsiveness to noxious ther-
mal stimuli (Buxbaum, 1972; Sofia, 1973; Bloom et al., 1977; Jacob
et al,, 1981; Yaksh, 1981; Lichtman and Martin, 1991a,b), me-
chanical stimuli (Sofia et al., 1973), and chemical stimuli {Moss
and Johnson, 1980) in rats and mice, with a potency and efficacy
similar to that of morphine (Buxbaum, 1972; Bloom, 1977; Jacob
et al., 1981). However, these compounds also suppress motor
function (Loewe, 1946; Gough and Olley, 1977; Ueki, 1980) and
decrease neurotransmission in the output pathways of the basal
ganglia (Miller and Walker, 1995), raising questions about the
interpretation of results from behavioral tests of pain sensitivity
(Cartmell et 2l., 1991). Several recent studies suggest that canna-
binoids suppress nociceptive processing at the level of the spinal
cord {Lichtman et al., 1991a,b; Hohmann et al., 1995; Tsou et al.,
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1996); however, the extent to which these effects are conserved
throughout ascending sensory pathways is not known.

The spinothalamic tract plays an integral role in the transmis-
sion of nociceptive information from the spinal to supraspinal
level (Mitchell and Hellon, 1977; Guilbaud et al., 1980; Peschan-
ski et al., 1980a,b, 1983) (for review, see Willis, 1984). Originating
primarily in the dorsal horn of the spinal cord, spinothalamic tract
neurons terminate in several thalamic nuclei including the ven-
troposterolateral (VPL) nucleus (Lund and Webster, 1967; McAl-
lister and Wels, 1981; Peschanski et al., 1983; Peschanski and
Besson, 1984). The VPL nucleus receives inputs from spinal wide
dynamic range neurons, which encode the strength of noxious and
non-noxious stimuli (Mendell, 1966; Giesler et al,, 1976) (see also
Price, 1988). This specificity is maintained at the level of the VPL,
at which somatotopically arranged neurons with relatively small
receptive fields represent the location and intensity of noxious
somatic stimuli (Peschanski et al., 1980a,b, 1983; Guilbaud et al.,
1980, 1987). Furthermore, morphine suppresses the responses of
VPL neurons to noxious stimuli (Hill and Pepper, 1978; Benoist et
al., 1983), an important demonstration in view of the strategic
location of the VPL within pain-processing circuitry.

The cannabinoid agonist WIN 55,212-2 was used throughout
the experiments reported herein. The potency and selectivity of
this compound and its ability to produce cannabinoid receptor-
mediated behavioral and electrophysiological effects have been
documented using both in vitre and in vivo approaches (Compton
et al., 1992; I’Ambra et al,, 1992; Jansen et al,, 1992; Pertwee et
al,, 1993; Felder et al., 1995). Here, we describe experiments that
demonstrate the following. (1) A cannabinoid agonist inhibits the
activity of nociceptive neurons but not mechanosensitive neurons
in the VPL of anesthetized rats in a manner similar to morphine.
(2) There is a strong relationship between the electrophysiological
and antinociceptive effects of the cannabinoid. (3) The cannabi-
noid’s electrophysiological and antinociceptive actions can be

" dissociated from its effects on thermoregulation and motor func-

tion. Together these findings demonstrate that cannabinoids
selectively inhibit nociceptive neurotransmission in rat spinotha-
lamic tract neurons and suggest a possible function of a canna-
binergic receptor system in the modulation of pain sensitivity.

MATERIALS AND METHODS

Dirug preparation and administration. WIN 55212-2 (Research Biochemi-
cals Interpational, Natick, MA) and WIN 55,212-3 (a gift from Dean A.
Haycock, Sterling Research Group, Rensselaer, NY) were dissolved in a
1:1:18 mixture of ethanol: emulphoe {Alkamuls EL-620, Rhone-Poulenc,
Cranbury, NJ): saline. Morphine sulfate (Mallincrodt, Paris, KY) was
dissolved in saline at a concentration of 0.5 mg/ml. WIN 53,212-2 was
prepared in concentrations of 0.0625, 0,125, and 0.25 mg/ml Drugs were
administered in a volume of I mi/kg through the lateral tail vein.

Electrophysiological methods

Surgical preparation. For all electraphysiofogical experiments, male
Sprague Dawley rats weighing 250400 gm were anesthetized with ure-
thane (1.5 g/kg, i.p., supplemented as required) and placed in a stereo-
taxic frame. Body temperature was monitored and maintained at 37°C
using an automated heating pad. The cortex above the VPL was exposed,
the dura mater was excised, and the brain was kept moist with 0.9% NaCl.

Electrode preparation and recording. Single-barrel glass micropipettes
were pulled in a Narashige PE2 puller; tips were broken back to ~1 pm
diameter. The electrode was filled with a saturated solution of fast green
dye in 2 m NaCl. Electrode penetrations were made in the region of the
VFL (-3.2 mm posterior, 3.6 mm lateral, and ~49 to 5.4 mm ventral
from bregma) based on the atlas of Paxinos and Watson (1986). On
isolation of a spontaneously active single neuron, its response to light
brushing with a camel hair brush of the contralateral and ipsitateral
hindpaws was examined. If the neuron was responsive to the stimulus,
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then its response to light pinching with forceps and joint movement was
determined. Neurons that responded to brushing add pressure, but aot to
joint movement, were then tested for their responses to a graded pressure
stimulus applied to the receptive field. Data were collected for 1 sec
before stimulus onset, during the § sec of the stimulus application, and for
an additional 5 sec after termination of the stimulus. In all cases, drugs
were tested on only one cell at one dose per animal.

Histology. At the end of each experiment, fast green dye was ejected by
passing 30 A through the electrode (tip negative) for 20 min to mark the
focation of the recording site. Animals were perfused transcardially with
0.9% NaCl, followed by 10% formalin. Brains were removed and stored
overnight in a 30% sucrose—formalin solution. Frozen sections (40 mm)
were mounted, stained with neutral red, and examined microscopically to
localize the recording site. Data from a particular subject were included
in the study only if histological examination revealed that the recording
was obtained from a neuron within the boundaries of the VPL.

Administration of noxious pressure. A computer-controlied miniature
air cylinder (described by Hohmann et al., 1995) was used to administer
the pressure stimulus. The stireulus was 5 sec in duration, rising contin-
uously from zero pressure to a peak of 4.6 kg/em? over a 3 sec period and
held for 2 sec.

Experimental procedure. Baseline responses to the noxious pressure
stimulus were determined by applying the stimulus 10 times at 1 min
intervals. The drug or vehicle was then injected intravenously, and the
stimulus was applied at 1 min intervals for 10 min. To follow the recovery
from the effects of the drug, a 10 min rest period was allowed; then the
stimulus was delivered every 2 min until the responses retumed to within
20% of bascline.

Data acquisition. The output of the preamplifier was connected to an
electronic eircuit that produced a logic pulse for each action potential.
The output was passed to a computer, which stored the time of ocour-
rence of each action potential (0.1 msec accuracy) and produced a
graphical display of the data as they were acquired.

Classification of nociresponsive neurons. Siimulus-response functions
were calculated from pretreatment baseline data by plotting the firing
rate against the mean applied pressure during the increasing portion of
the stimulus (0--3 sec). Preliminary analyses indicated that the stimulus-
response functions were logarithmic rather than linear. Therefore, the
values for firing rate and pressure were subjected to logarithmic trans-
formation followed by linear regression analysis. Only neurons that
exhibited stimulus—response functions with a slope of at least 0.2 and an
r value of at least 0.5 were classified as wide dynamic range neurons and
inctuded in the study.

Examination of responses of non-nociceptive mechanosensitive neurons io
non-nosious stimuli after WIN 55,212-2. Non-neciceptive mechanosensi-
tive neurons (7 = 5) were recorded in the VPL using methods based on
those described by others (Angel and Clark 1975; Dong et al, 1978;
Peschanski et al., 1981; Miletic and Coffield, 1989; Montagne-Clavel and
Oliveras, 1995). These neurons usually exhibited little or no spontaneous
activity; therefore, a search stimulus (light tapping with a wooden probe)
was used to identify candidate neurons, Once isolated, the receptive field
of the neuron was mapped on the plantar surface of the contralateral
hindpaw using an insect pin, and the region that yielded maximal re-
sponses was marked in ink. Activity was evoked in these cells using a
light-touch stimulus, which consisted of gently tapping the receptive field
with a rounded wooden probe (3 mm diameter). Tapping the skin within
the receptive field of the neuron produced reliable and reproducible
activation of mechanosensitive neurons. These neurons were character-
ized as non-nociceptive based on the lack of a greater response to the
noxious pressure stimulus (4.6 kgom?) than to the light-touch stimulus,
The light-touch stimulus was applied at the same intervals and for the
same duration as the pressure stimulus used to evoke activity in wide
dynamic range neurens in the VPL. After haseline responses were estab-
lished, the effect of the high dose of WIN 55.212-2 (0.25 mg/kg) on
activity evoked in these neurons by the non-noxious stimulus was
examined.

Data analysis. As noted above. all electrophysiological data were stored
as the time of occurrence of each action potential. These data were
transformed into firing rates (mean number of action potentials/duration
of the interval) for successive intervals before and after administration of
the stimulus using computer programs written by the iavestigators on a
Hewlett-Packard 9000/720 worksiation. These data were used to con-
struct the peristimulus time histograms (PSTHs) shown in the figures.
Similar techniques were used to determine the mean stimulus pressure at
different times, which were combinad with the calculated firing rates to
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construct stimulus-response functions. These data were transferred to an
IBM mainframe for statistical analysis using BMDP Statistical Software
{Los Angeles, CA). ANOVA and appropriate post hoc tests were used to
analyze treatment effects. The Greenhouse-Geiser (1959) correction was
applied 1o interaction terms containing a repeated factor.

The effects of various drug treatments on stimulus-response functions
of naciceptive neurons were determined by calculating the mean response
for each drug condition and performing a linear regression on the
logq-transformed mean firing rates against the logg-transformed mean
pressures using the method of least squares. Estimation of 95% confi-
dence intervals for slope was determined using the method described by
Goldstein (1964). The sigaificance of the correlation coefficients was
determined by ANOVA. Differences among the slopes of the mean
stimulus-response functions were assessed using the method described by
Edwards (1984), and the p value was adjusted to account for multiple
comparisons by the Bonferroni method (Myers, 1972).

The duration of the electrophysiological effects was calcutated as the
interval during which responses deviated from prednug levels by >20%.

Behavioral methods

Antinociceptive effects of WIN 55,212-2: mechanical stimulation. A sepa-
rate experiment was performed to examine the effect of WIN 55,212-2 on
the behavioral response to the noxious pressure stimulus. In this exper-
iment, the threshold of the withdrawal reflex to the computer-controlled
mechanical pressure stimulus was determiged. Because of the nature of
the apparatus, it was necessary to lightly anesthetize rats (n = 12) for this

riment. This was accomplished by intraperitoneal injection of ure-
thane (1 gm/Kg), which preduced a reduction in motor tone without
suppressing nociceptive withdrawal or corneal reflexes. A hindpaw was
placed in the pressure device, and the noxious stimulus used ia the
electrophysiological experiments was applied; electrophysiological re-
sponses were not recorded during this procedure. Throughout the period
of stimulation, the pressure within the air cylinder was digitized (10
samples/sec) by a computer for later determination of the pressure at
which a nociceptive withdrawal reflex occurred. When a withdrawal reflex
occurred (judged by a sudden and vigorous withdrawal flexion of the
hindlimb), the stimulus was immediately removed, the pressure at which
the response occurred was recorded, and a 3 min interval was allowed fo
pass before the next test. After a stable baseline was established, eithex
WIN 55,212-2 (0.25 mg/kg, i.v.) or vehicle was administered, and the rat
was tested at 3 min intervals for the next 60 min.

Antinociceptive effects of WIN 55,212-2: thermal stimuldation. A second
experiment was performed to further examine the relationship between
the effects of the drug on behavioral and electrophysiologicat responses to
noxious stimali, This experiment used awake animals (n = 20) and an
established measure of pain sensitivity, that is, the tail flick test of
D'Amour and Smith (1941), Initially, the radiant heat source was ad-
justed to produce tail-flick latencies in the range of 2.5-4.5 sec, Then the
latency to withdraw the tail from the noxious thermal stimulus was
recorded every 3 min for 15 min. WIN 55,212-2 (0, 0.0625, 0.125, 0.25
mg/kg) was administered intravenously via the lateral tait vein, and testing
resumed for the following 45 min or untii latencies returned to within
20% of baseline. Time—effect curves were constructed as the percent
maximal possible effect (%MPE) derived from the following equation:

test latency — control latency
% MPE = x 100,
cut-off latency — control latency

where the control latency equaled the mean of three predrug baseline
tests, and the cut-off latency was 10 sec.

Measurement of tail and paw temperature. It has been reported that
changes in skin temperature can lead to artifactual changes in appareat
pain sensitivity (Tjolsen et al., 1989). Therefore, the effects of the vehicle
and WIN 55,2122 on skin temperature were cxamined in two experi-
ments, one under conditions similar to those used in the electrophysio-
logical expetiments and another under conditions similar to those used in
the behavioral experiments. In the first experiment, sham-operated rats
(n = 3) were anesthetized with urethane, positioned on a feedback-
controtled heating pad, and secured in a stereotaxic frame, as described
for the electrophysiology experiments. A craniotomy was performed over
the VPL, and the dura mater was excised. After ~1.5 hr of acclimatiza-
tion to the heating pad, skin temperature was measured by means ofa
copper—constantan type T thermocouple probe (diameter = 1.2 mm,
Teflon insulated) {Omega Enginecring, Stamford, CT), which was fas-
tencd to the hindpaw with adhesive tape. Bascline readings of skin
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temperature were tecorded at 3 min intervals for 15 min before intrave-
nous administration of WIN 55,212-2 (0.25 mp/kg) and continued at 3
min intervals for the subsequent 60 min. )

To examine further the possibility that the drug altered nociceptive
responses by changing skin temperature, tail skin temperature was re-
corded in awake animals at 3 min intervals for 15 min before and 120 min
after administration of either WIN 55,212-2 (.25 mg/kg, iv.) or the
vehicle {n = 13). The procedure for measuring temperature was the same
as described above, except that the thermoprobe was attached to the
ventral surface of the tail where the thermal stimulus is normally applied
for tail-flick testing. .

Effects of WIN 55,212-2 on motor function. To examine the relationship
between the antinociceptive and motor effects of the drug, motor function
was assessed using two different measuies, and the time course of the
effects of WIN 55,212-2 was recorded. The first study used the rotored
procedure, a sensitive measure of moter coordination {Punham aad
Miya, 1957; Kinnard and Carr, 1957). A second study, which was per-
formed in a separate group of rats, examined the cataleptic effects of
WIN 55,212-2.

A 6 cm rotorod treadmilt (UGQ Basile madel 7700, Stoelting, Chicago,
1L} was set to rotate at a constant speed of 10 rpm. Rats {n = 16) were
trained to run continuously for 2 min during two training sessions sepa-
rated by 1-2 hr. After this criterion was achieved, animals recetved
injections of either WIN 55,212-2 (0.25 mg/kg, iv.} or vehicle. Animals
were tested for their ability to remain on the rotored at 5 postinjection
times (5, 10, 20, 30, and 60 min). If a fall occurred during the test session,
the animal was immediately returned to the rotorod, and the mean
duration on the treadmill was calculated for the two attempts.

Catalepsy was measured using a bar test similar to that described by
Pertwee and Wickens (1991). Each rat (n = 6) was placed witk both
forelegs over a horizontal stainless steel bar (diameter = 0.5 em) ¢ cm
above a Plexiglas base. The latency to descend from the bar was used as
the index of cataiepsy. The test was performed befare injection of WIN
55,212-2 (0.25 mg/kg, i.v.) and at 3 mig intervals for 30 min thereafter. A
maximum descent latency of 60 sec was allowed,

Data analysis. ANOVA was used to assess changes in nociceptive
responding, skin temperature, and motor function. As with the electro-
physiological studies, the duration of the drug effects for the measures
described above (withdrawal from noxious pressure, tail fiick, catalepsy,
ratorod) was determined by calewlating the time during which responding
deviated from the mean predrug response by >20%. The data from the
experiments on catalepsy were analyzed by the nonparametric sign test,
because of floor and ceiling effects. p < 0.05 was considered statistically
significant in all experiments.

The experiments reported herein were approved by the Brown Uni-
versity Institutional Animal Care and Use Committee.

AESULTS

A total of 32 nociceptive and 5 non-nociceptive neurons were
recorded in the VPL. As shown in Figure 1, neurons were found
in the region of VPL observed previously to contain neurons with
receptive fields on the contralateral hindpaw (Angel and Clark,
1975). '

Characterization of nociresponsive VPL neurons

The nociresponsive neurons included in this study fired sponta-
neously at a mean rate of 4.6 * 0.6 Hz (SEM) and responded to
the increasing intensity of the pressure stimulus with increases in
firing rate (Fig. 24). The peak mean firing rate of all nociceptive
neurons recorded in the VPL (measured before drug treatment)
was 14.6 * 0.6 Hz, which occurred during maximum stimulus
pressure. A repeated-measures ANOVA was performed on all 32
nociceptive cells for the 10 predrug baseline trials, Data were
extracted from 20 successive time intervals, during which stimulus
strength was continuously increasing. This analysis revealed that
firing rate increased as a function of pressure (Foga0s = 33.74,
p < 0.00005). There were no significaat differences in the evoked
response across baseline trials or among the drug groups for
either preinjection spontancous firing rate or stimulus-evoked
firing rate.
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Figure 1. Recenstruction of the anatomical locations of
neurons recorded in this study. Sections through the right
diencephalon were redrawn according to the atlas of Paxinos
and Watson (1986). Heavy black lines outline the VPL nu-
cleus of the thalamus. Fifled circles show the location of
nociceptive neurons, whereas open circles show the location
of non-nociceptive neurons included in the study.

The mean slope of the preinjection (log-log) stimulus-response
function of the 32 nociresponsive neurons examined was 0.84 (n =
32, r = 0.990) (Fig. 2B). This population of neurons may be
classified as wide dynamic range type, because each celi showed a
graded response over a wide range of stirnulus intensities includ-
ing noxious levels.

Lack of effect of vehicle and the cannabinoid receptor-
inactive enantiomer WIN 55,212-3

Neither the vehicle nor WIN 55,212-3, the cannabinoid receptor-
inactive enantiomer, altered the responses of the nociceptive
neurons in the VPL to the noxious pressure stimulus (Fig. 34),
Repeated-measures ANOVA was performed to compare the
mean response with 10 presentations of the stimulus (at various
pressure levels including zero pressure during pre- and poststimu-
lus periods) before and after injection of enantiomer or vehicle.
Separate analyses failed to reveal any effects of either the vehicle
or WIN 55,212-3.

Effects of WIN 55,212-2 on nociceptive neurans
ANOVA revealed that WIN 55,212-2 (0.0625, 0.125, 0.25 mg/kg,
i.v.) decreased both spontaneous and noxious stimulus-evoked
activity (F515y = 12.88, p < 0.0001) (Fig. 3B,C). As shown in
Figure 4, there were dose-dependent differences in the times that
the drug significantly suppressed nociceptive stimulus-evoked
activity,

Although WIN 55,212-2 decreased both spontaneous and evoked
firing rates, the drug produced a greater effect on evoked firing (Fig,
5). ANOVA compared the rate of spontaneous firing after the
vehicle and various doses of WIN 55,212 during the (1 sec) prestimu-
lation period to the firing rate during the last (most noxious) second
of stimulation. The significant interaction between drug treatment
and stimulation condition in this analysis revealed a larger effect of
the drug on noxious stimulus-evoked firing than on spontaneous
firing (F(; 10y = 1141, p = 0.0002) (Fig. 5}.

WIN 55,212-2 produced dose-dependent changes in the slopes
of the stimulus-response functions (Fig. 6). The slope of the
stimubus—response function after injection of the lowest dose of
the drug was not significantly different from that observed after
the vehicle. However, the slopes of the mean stimulus-response
functions obtained after the doses of 0.125 and 0.25 mg/kg WIN
55,212-2 were more shallow than those obtained after the vehicle
(p < 0.05 for both comparisons). The slapes of the mean stimu-
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lus-response functions after the two higher. doses did not differ
from each other. At the highest dose of the drug (0.25 mg/kg), the
siope stimulus—response function was only 0.1 (p > 0.05), and its
95% confidence limits included zero (ie., a horizontal line),
indicating that the neurons were unable to encode stimulus
strength with increasing firing rates.

Morphine (0.5 mg/kg, iv.) also decreased the responsiveness of
neurons in VPL (F, . = 13.9, p = 0.02) (Fig. 7). Like the
cannabinoid, morphine produced a marked downward shift of the
stimulus—response function. As shown in Figure 7, the effect of
morphine (0.5 mg/kg) was very similar to that produced by 0.0625
mg/kg WIN 55,212, The slopes of the stimulus-response fanctions
for these two treatments did not differ.

Lack of effect of WIN 55,212-2 on non-nociceptive
mechanosensitive neurons in VPL

A matched-pairs ¢ test was used to compare firing evoked in
non-nociceptive cells by the non-noxious stimulus with that
evoked by the noxious pressure stimulus. This analysis failed to
reveal a significant difference between firing rate during non-
noxious and noxious stimulation [T, = 1.34, p > 0.05, nonsignif-
icant (ns); mean firing rate = SEM: 4.1 + 1.1 vs 2.6 + 0.8 Hz for
non-noxious and noxious levels of evoked activity, respectively].
The cannabinoid failed to suppress activity evoked by the non-
noxious tap stimulus (F(; 4 = 124, p = 0.33, ns; mean firing
rate * SEM: 4.1 *+ 1.1 vs 4.6 * 1.0 Hz for pre- and postinjection
mean levels of evoked activity, respectively) (see Fig. 10). In fact,
the drug appeared to increase the signal-to-noise ratio of some
cells (e.g., Fig. 8); ie., background firing slowed, and the cells
exhibited a sharper response to the tap stimulus,

Lack of effect of WIN 55,212-2 on paw temperature in
anesthetized rats

Repeated-measures ANOVA conducted on the skin temperature
readings obtained over time from the plantar surfaces of the
hindpaws of animals treated with WIN 55,212-2 (0.25 mg/kg, i.v.)
(r = 3) failed (o reveal any drug effects on skin temperature. The
overall change in mean pre- and postinjection skin temperature
was only 0.6°C (mean * SEM: 31,7 + 0.3 vs 31.1 * 0.3°C for pre-
and postinjection, respectively).
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Figure 2. A, Example of a PSTH for a single VPL neuron before drug
treatment. Top left, Site of application of the noxious pressure stimulus.
Top center, Level of the applied pressure in register with the PSTH below.
Top right, The stimulus—response function (pressure vs firing rate) of this
cell. Bottorn, Raster plot showing firing pattern of newron. A single dot
represents the occurrence of a single action potential; rows represent
successive applications of the stimulus. The increased density of dots
during the stimulus illustrates the increased firing rate of the nevron. B,
Mean predrug stimulus-response functions for all nociceptive neurons
included in the study (n = 32). The data used in the repression were
derived by averaging the preinjection stimulus-evoked firing rate during
the graded portion of the stimulus to obtain estimates of the mean firing
rate at eight (mean) levels of pressure. The logarithms of the mean firing
rates and pressures were subjected to linear regression. This yielded a
slope of 0.84 for the mean stimulus-response function and a correlation
coefficient of 0.99. Inser, Scatter plot of slope of predrug stimulus-re-
sponse function versus correlation coefficient for all nociceptive neurons
used in the study. All neurons exhibited a correlation coefficient of at least
0.5; the slopes of the log,, transforms of stimulus-response functions in
untreated animals ranged from 0.2 to 1.25.

Tail skin temperature changes in awake rats after
injections of WIN 55,212-2 and vehicle
Repeated-measures ANOVA on the pre- and postinjection mea-
sures of tail skin temperature in awake rats revealed neither a
significant overall difference between the effects of vehicle and
WIN 55,212-2 nor a significant interaction effect (drug treatment
across measurement times). However, there was a significant
effect of testing time (n = 13} (Fzg.a15 = 3.13, p = 0.03) atirib-
utable to a short-lived but consistent increase in temperature 3
min after injection {mean increase = 2.8°C). The lack of any
significant differences or interactions involving drug groups, to-
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gether with the rapid enset (3 min) and brief duration of the effect
{return to within 0.87°C of mean baseline temperature within 3
min), suggests that this was a nonspecific effect of the intravenous
injection in the tail vein.

Relationship between antinociceptive and
electrophysiological effects

To determine the magnitude and duration of the effects of WIN
55,212-2 (025 mg/kg, iv.) on paw withdrawal, a repeated-
measures ANOVA, blocked by time (12 min/block), was per-
formed. Consistent with previous findings (Hohmann et al., 1993),
baseline withdrawal responses occurred at a mean pressure of
3.0 = 0.3 kg/cm® in sedated rats. WIN 55,212-2 increased the
pressure required to elicit a nociceptive paw-withdrawal reflex to
4.0 = 0.3 kgfem® (Fs 50y = 3.00, p < 0.05). Ten minutes after drug
administration, three of six animals failed to respond to the
pressure stimulus before it was terminated at its maximal pressure
of 4.6 kg/cm?. Antinociception was observed in this test for >30
min (Table 1). Thus, the duration of the antinociceptive effect was
very similar to the duration of the change in responsiveness of
nociceptive neurons in the VPL (Fig. 94). WIN 55,212-2 ((.0625
to 0.5 mg/kg, i.v.) also produced dose-dependent elevations in
tail-flick latencies (Fig. 98). Furthermore, a4 comparison of the
effect of WIN 55,212-2 on firing rate and tail-flick latencies re-
vealed a strong correlation (r = 0.99) between the inhibition of
noxious stimulus-evoked activity at different doses of the drug and
the increase in tail-flick latencies.

Motor effects of WIN 55,212-2 in awake animals

As expected from previous research (Loewe, 1946; Gough and
Olley, 1977; Ueki, 1980), WIN 55,212-2 (0.25 mg/kg, i.v.} induced
motor impairment in both tests of motor function. WIN 55,212-2
{0.25 mg/kg, i.v.) produced a significant decrease in running time
in the rotorod test (Fi, s, = 4.25, p < 0.01). Likewise, four of six
animals treated with the drug showed maximum effects (60 sec
cutoff latency) in the test of catalepsy, and all animals showed
increased descent latency compared with the predrug injection
(p = 0.016).

The main finding of interest in these experiments was the
shorter duration of the effect of the drug on motor function
(catalepsy and rotorod) than on responses to noxious stimulation
(paw withdrawal, tail flick, and noxious stimulus-evoked firing).

Table 1. Comparison of the time course of the 0.25 mg/kg dose of WIN
55,212-2 on motor, nociceptive, and electrophysiological activity

Minutes to recovery to
within 20% of baseline

Measure valve (mean = SEM) Anesthesia
Catalepsy 45+15 None
Rotorod 1356 None
Tail flick 28 + 2.1%% None
Noxious stimulus-

evoked neuronal activity 35+ 76" Surgical
Paw withdrawal 33 =850 Sedation

ANOVA revealed a significant difference between the mean recovery times for each
measure. Comparisons between measures were determined by Bonferroni post hoc
comparison using pooled variance.

2 Time course significantly different {p < 0.65, Newman-Keuls test) from rotorod
and catalepsy.

*Time course not significantly difierent from cannabinoid-induced-inhibition of
noxious stimulus-evoked neuranal activity.
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Figure 3. A, Spontaneous and evoked firing before
and after administration of the vehicle {n = 6) or the
cannabinoid receptor-inactive compound WIN
55,212-3 (n = 4). Top, Level of the applied pressure in
register with the PSTHs below. Middle and bottom,
Average of 10 predrug (middle) and 10 postdrug (bot-
tom} firing rate histograms, Neither the vehicle nor
the inactive enantiomer WIN 55,212-3 produced an
effect on spontaneous or evoked firing. B, Inhibition
of peak evoked-activity by various doses of WIN
§5,212-2. C, Dose-dependent decreases in the respon-
siveness of VPL neurons to a noxious pressure stim-
ulus after administration of the cannabinoid agonist
WIN 55,212-2. Top center, Line over the histograms
showing the pressure applied to the paw at various
times. Bottom three histograms, Black hisiograms tep-
resent the group mean response during 10 min before
drug administration; gray histograms represent the
mean response during 10 min after administration
WIN 55,212-2.

One-way ANOVA revealed significant differences in the duration
of the effects of WIN 55,212-2 on the various measures, which
were determined for each animal as the amount of time during
which responses deviated by >20% from the individual’s mean
predrug response (F 09, = 600, p = 0.0014) (Fig. 10). Compar-
isons between all pairs of means using the Newman-Keuls post
hoc test revealed that the duration of the drug effect did not differ
between the measures of motor function (catalepsy and rotorod).
Likewise, the duration of the drug effect did not differ among
responses to different types of noxious stimulation (tail flick,
paw withdrawal, electrophysiology). However, the duration of
the effect of the drug on each measure of motor function was
shocter than the cffect on each measure of responsiveness to
noxious stimuli (Table 1) ( p < 0.05 for all comparisons). These
differences in time course were independent of the state of
anesthesia, because the duration of drug-induced changes in
sensory responses were not significantly different in awake (tail
flick), sedated (paw withdrawal), and deeply anesthetized
(electrophysiology) rats.
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DISCUSSION

The cannabinoid receptor agonist WIN 55212-2 inhibited
stimulus-evoked activity of nociceptive neurons in the VPL. It
appears that the drug had a selective effect on nociceptive neu-
rons, because it produced greater inhibition of noxious stimulus-
evoked firing than spontaneous firing and failed to alter the
activity of non-nociceptive mechanosensitive neurons in the VPL.
It appears that these effects were mediated by cannabinoid recep-
tors, because they were potent, dosc-dependent, reversibie, and
not produced by the receptor-inactive enantiomer or the vehicle.

Previous studies from our laboratory have provided evidence
for a role of cannabinoids in the processing of nociceptive infor-
mation. For example, systemic administration of WIN 55,212-2
suppressed both noxious stimulus-evoked expression of ¢-fos in
the spinal dorsal horn and pain-related behavior (Tsou et al.,
1996). The role of cannabinoid receptors was suggested by the
lack of effect in animals rendercd tolerant to cannabinoids and by
the lack of eRect of the receptor-inactive enantiomer WIN

~ 55,212-3. A separate study showed that WIN 55,212-2 selectively
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Figure 4. Evoked firing over time before and after intravenous adminis-
tration of the vehicle or a dose of WIN 55,212-2. Vehicle (fifled circles)
injections had no effect on noxious stimulus-evoked activity. The canna-
binoid agonist produced marked dose-dependent differences in evoked
firing during the fater periods: 0.0625 mg/kg (fifled triangles), 0.125 mg/kp
(plus signs), 0.25 mg/kg (filled squares) WIN 55,212-2, Asterisks, Signifi-
cantly different from coatral: *p < 0.05; **p < 0.01 (Dunnet test). Sce text
for additional details on the statistical analysis of this experiment.

inhibited noxious stimulus-evoked responses of wide dynamic
range neurons in the dorsal horn of the spinal cord without
affecting the responses of non-nociceptive neurons (Hohmann et
al., 1995). The finding in this study that similar effects occur in the
thalamus supports our previous work and suggests that at least
some of the dorsal horn neurons recorded previously were spino-
thalamic tract neurons.

As expected from previous research (Tsou and Chang, 1964;
Calvillo et al., 1974; Kitahata et al., 1974; Hill and Pepper, 1978;
Benoist et al., 1983; Homma et al., 1983), morphine suppressed
noxious stimulus-evoked firing in VPL. A comparison of WIN
55,212-2 with morphine indicates that the effects of these com-
pounds were very similar. Both WIN 55,212-2 and morphine
reduced non-noxious and noxious stimulus-evoked activity in VPL

15 1 Evcked Firing

s
=]

Firing Rate (Hz)

i

Vehicle 0.0625 0.125 0.250

Dose WIN 55,2122 (mg/ke, L.p.)

Fipure 5. Effect of various doses of WIN 55,212-2 on spontancous and
noxious stimulus-evoked activity. Firing rate {averaged over 10 stimulus
presentations after drug injection) during the 1 sec preceding the stimulus
{Spontancous Firing) and the last {most noxious) 1 sec of stimulation.
ANOVA revealed a significantly greater effect on evoked compared with
spontaneous firing. Vertical lines represent SEMs.
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Figure 6. Mean stimutus-response functions after administration of ve-
hicle (filled circles), WIN 55,212-2 [0.0625 mg/kg (filled friangles), 0.125
mg/kg (filled squares), or 0.25 mg/kg (filled diamonds)] or morphine { plus
signs). The lowest dose of the drug {0.0625 mg/kg) reduced the overall
firing but did not alier the slope of the stimulus-response function.
Morphine (0.5 mg/kg) showed a similar effect. Significant decreases in
slope occurred at higher doses of WIN 55,2122 (0.125 and 0.25 my/kg).
Postinjection slope values and confidence limits for estimation of B were
determined as described in Matetials and Methods.

neurons, and both compounds produced a similar maximum ef-
fect: nearly complete inhibition of noxious stimulus-evoked firing.
The similar efficacy of the two classes of compounds observed in
this study supports previous behavioral studies that found com-
parable analgesic efficacy of the two classes of compounds (Bux-
baum, 1972; Bloom, 1977; Jacob et al., 1981). Although cannabi-
noids and opiates produce similar effects on nociception, there is
little evidence for a direct interaction of cannabinoids with opiate
receptors (for review, see Martin, 1986). Nonetheless, it does
appear that the two systems may share some neural substrates at
either a cellular level or via common actions on neurochemicals
known to modulate pain perception (Gascon and Bensemana,
1975; Welch et al., 1995).

The suppressive effect of WIN 55,212-2 on noxious stimulus-
evoked activity does not represent an anesthetic effect of the drug,

B Pre-Injection
Post-Injection: Morphine: 0.5 mp/kg

Figure 7. PSTH illustrating the effect of morphine (0.5 mgfkeg, iv.) on
stimulus-evoked activity in the VPL. Top center, Line over the histograms
showing the pressure applied to the paw al various times. Botiom, Black
histograms represent the group mean response during 10 min before drug
administration; gray histograms represent the mean response during 10
min after administration of morphitte. As shown, morphine markedly
reduced stimulus-evoked activity.
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Figure 8. Firing rate histogram of mechanosensitive non-nociceptive neuron before and after administration (open friangle) of WIN 55,212-2 (0.25 mg/kg,
iv.}. The cannabinoid agonist did not significantly reduce the responses of mechanosensitive neurons to tap stimuli {filled friangles) administered every
minute. Note the reduction in spontaneous activity after the drug and the more robust response to the stirmubys in this cell after the drug,

because it failed to alter the evoked activity of non-nociceptive
mechanoreceptive neurons in the same area. Furthermore, the
cannabinoid agonist had a greater effect on evoked firing than on
spontancous firing. The lack of effect of the drug on non-
nociceptive mechanosensitive neurons in the VPL is consistent
with the previous failure of a cannabinoid to affect non-
nociceptive mechanosensitive neurons in the spinal dorsal horn
{Hohmann et al.,, 1995). These findings suggest that the effect of
the cannabinoid on nociceptive neurons is selective.

The drug-induced decrease in electrophysiological and behav-

oral sensitivity to noxious stimuli outlasted the impairment of
motor function, providing evidence for a dissociation between
cannabinoid-induced changes in motor and pain-related behavior.
Thus, profound analgesia and suppression of electrophysiological
responses {0 noxious stimuli occurred during periods when motor
impairment was minimal. Because the potency of WIN 55,212-2 in
tests of analgesia is much greater than its potency in tests of motor
function (Abood and Martin, 1992), one would expect the anal-
gesic effect to outlast the motor impairment. These findings pro-
vide a strong basis for the conclusion that the actions of WIN
55,212-2 on pain and movement are mediated by separate pro-
cesses and suggest that the decreased behavioral responsiveness
to noxious stimuli does not result merely from a disruption of
motor function. This conclusion is supported by studies that
demonstrated antinociceptive actions of cannabinoids in a test
{vocalization to shock) that does not require a gross maotor re-
sponse (Ferri et al., 1981, 1986).

The effects observed in these experiments cannot be accounted
for by changes in skin temperature, because skin temperature was
unchanged by the drug under the conditions used in the electro-
physiological experiments. Presumably, the automatic heating cit-
cuitry prevented any such effects. In the behavioral experiments,
the change in tail-flick latency was not attributable to a change in
tail temperature, because the small change observed lasted for
only one-tenth the duration of the change in tail-fick latency and
could not be attributed to the drug. Moreover, the increase in tail
temperature observed would be expected to lead to an artifactual

decrease in tail-flick latency (an apparent hyperalgesic state)
(Tjolsen et al., 1989), an effect opposite to the observed increase.

The relationship between the electrophysiological, antinecicep-
tive, and motor effects of WIN 55,212-2 also cannot be accounted
for by the level of anesthesia used in the experiments. No signif-
icant differences were found among the time courses of the
changes in tail-flick latency (awake), paw-withdrawal latency (se-
dation), or the electrophysiological effects (surgicat ancsthesia),
However, the duration of the effect on the tail-flick reflex (awake),
paw-withdrawal reflex (sedation), and evoked firing (surgical an-
esthesia) was significantly greater than the duration of the effects
on rotorod performance (awake) and catalepsy (awake). If the
differences in time course were the result of anesthesia, one would
expect catalepsy, rotorod, and tail flick to be similar; paw with-
drawal intermediate; and noxious stimulus-evoked firing the fong-
est. This clearly did not occur, Thus, the shorter duration of the
cannabinoid effect on motor behavior compared with nociceptive
responsiveness cannot be accounted for by a faster clearance of
the drug during the waking state. These findings demonstrate that
the differences in the time course of motor impairment compared
with behavioral antinociception and thalamic electraphysiology
reflect actions at a neural systems level rather than merely an
artifact of anesthesia.

The site of action of WIN 55,212-2 was not investigated in this
study; however, this is an important question for future investiga-
tions. Previous behavioral studies suggested that cannabinoid
receptor-mediated antinociception is mediated by both spinal and
supraspinal sites ('Yaksh, 1981; Lichtman and Martin, 1991; Smith
and Martin, 1991; Martin et al,, 1993), consistent with the pres-
ence of cannabinoid receptors in brain and spinal areas that
modulate the transmission of nociceptive information (e.g., the
spinal dorsal horn and periaqueductal gray) (Herkenham et al,,
1991). Recent work from this laboratory demonstrated that mi-
croinjections of a low dose of WIN 55,212-2 into the periaque-
ductal gray or dorsal raphe nucleus elevate tail-flick latencies
(Martin et al., 1995). Kayser and co-workers (1983) reported that
micreinjections of morphine into these areas also depress noci-
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Figure 9. A, Time course of the antinociceptive and electrophysiological
effects of WIN 55,212-2 (0.25 mg/kg, i.v.). Antinociception was assessed as
the pressure at which rats (lightly anesthetized) exhibited a withdrawal
response to a mechanica! stimulus that increased in intensity over time, as
described in the text. Data are preseated as percent antinociception. For
electrophysiology experiments (in separate animals under surgical anes-
thesia), the same mechanical stimulus was used to apply pressure to the
contralateral hindpaw, whereas stimulus-evoked activity was recorded
from individual neurons in the VPL. The effects of WIN 55,212-2 are
presented as percent inhibition of stimuius-evoked activity relative to
preinjection values. Note that the inhibition of paw withdrawal (filled
circles) (as percent antinociception) parallels the inhibition of stimulus-
evoked activity (filled squares) in VPL neurons. B, The relationship
between inhibition of noxious-stimulus-evoked activity and inhibition of
tail-flick reflex were determined using regression analysis. For each pro-
cedure, vehicle (filled square) or WIN 55212-2 {0.0625 mg/kg (filled
triangle), 0.125 mg/kg ( plus sign), or 0.25 mg/kg (filled circle)] was admin-
istered to separate groups of animals. Tail-flick data (awake animals) are
presented as mean %MPE during the 10 min after injection. Elecirophys-
iology data are presented as mean peak firing rate during the 10 min after
injection. The high correlation (r = 0.99) is indicative of a relationship
between the behavioral and the electrophysiological responses.

ceptive responses of ventrobasal thalamic neurons. Thus, the
periaqueductal gray and dorsal raphe are potential mediators of
the effects we observed.

In summary, the results of this study demonstrate that canna-
binoids reduce sensory transmission within an important ascend-
ing nociceptive pathway. These effects were mediated by canna-
binoid receptors and followed a time course that was
indistinguishabie from that of the analgesic effects of the drug but
different from that of the motor effects. The alteration in the
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Figure 10. Effect of WIN 55,212-2 (0.25 mg/kg, i.v.) on two measuses of
nociception (solid fines} and two measures of motor activity (dashed lines).
WIN 55,212-2 impaired motor function in tests of both ataxia { plus signs)
and catalepsy (filled circles). However, the antinoticeptive effects pro-
duced by WIN 55,212-2 in the paw-withdrawal (filled squares) and tail-flick
(filled triangles) tests significantly outlasted the impairment of motor
function, which suggests mediation of these effects by separate processes.
Data are presented as percent increase from baseline.

stimulus—response functions of nociceptive neurons preduced by
WIN 55,212-2 was very similar to that produced by morphine, a
powerful narcotic analgesic. These findings suggest a possible role
of the endogenous cannabinoid anandamide in pain modulation.
If this substance serves as a cannabinoid neurotransmitter, it
would appear that one of its functions is to modulate pain trans-
mission by decreasing the sensory responsiveness of neurons
within the spinothalamic pathway. The circumstances under which
anandamide is released and its site(s) of action remain important
topics for future investigations.
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