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Hoffman, Alexander F. and Carl R. Lupica. Direct actions of Chiara and Imperato 1988; Koob 1992; Koob et al. 1998; W

cannabinoids on synaptic transmission in the nucleus accumbengrgl Bozarth 1987). However, recent evidence also sugggsts

comparison with opioids] NeurophysioB5: 72—83, 2001. The nu- thg\t many drugs of abuse have dopamine-independent inte
n

cleus accumbens (NAc) represents a critical site for the rewarding:] s with NAc neuronal circuitry (Carlezon and Wise 1996

addictive properties of several classes of abused drugs. The med . . : .
spiny GABAergic projection neurons (MSNs) in the NAc receivé-hieng and Williams 1998; Koob 1992; Martin et al. 199

innervation from intrinsic GABAergic interneurons and glutamatergi¥ uan et al. 1992).
innervation from extrinsic sources. Both GABA and glutamate release The majority (>90%) of neurons within the NAc ar¢
onto MSNs are inhibited by drugs of abuse, suggesting that this actigABAergic medium spiny neurons (MSNs) (Groenewegen
may contribute to their rewarding properties. To investigate the agr 1991) that send their output to several brain structurk

tions of cannabinoids in the NAc, we performed whole cell recordin : . P
from MSNs located in the shell region in rat brain slices. The (:ann(\?aﬁ-CIUdIng the ventral pallidum (Chang and Kitai 1985) and t

binoid agonist WIN 55,212-2 (M) had no effect on the resting ventral tegme”ta' arga (VTA) (Steffensen et al. 1998). Th
membrane potential, input resistance, or whole cell conductan€€|lS receive dopaminergic input from the VTA and glutam
suggesting no direct postsynaptic effects. Evoked glutamatergic eX@rgic inputs from the hippocampus, amygdala, and prefro
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cally evoked GABAergic inhibitory postsynaptic currents (evIPSCs)'Oreé recent studies provide strong evidence that GABAer
were reduced by WIN 55,212-2 in every neuron testedg(=€ 123 inhibition is mediated by intrinsic interneurons that comprigeés
nM; 60% maximal inhibition), and the inhibition of IPSCs by WINonly a small fraction of the striatal/NAc neuronal populatidr
55,212-2 was completely antagonized by the CB1 receptor antagoifist., 3—5%) but provide extensive innervation of medium spi

SR141716A (J.}.LM) In contrast evIPSCs were inhibited #150% of output neurons (Jaeger et al. 1994’ Kawaguchi et al. 19
MSNs by the /5 opioid agonistp-Ala*-methioniné-enkephalin 85 and Tepper 1999).

amide and were completely unaffected by a seleqiiv@pioid recep- Many commonly abused drugs, including opioids, ps

tor agonist (DAMGO). WIN 55,212-2 also increased paired-pulseh . .

facilitation of the evIPSCs and did not alter the amplitudes of tetrghomotor stimulants and phencyclidine (PCP) are self-ad
dotoxin-resistant miniature IPSCs, suggesting a presynaptic actiifered into the NAc by animals (Carlezon and Wise 19465
Taken together, these data suggest that cannabinoids and opidtBride et al. 1999) and inhibit fast amino acid-mediat
differentially modulate inhibitory and excitatory synaptic transmissynaptic transmission in this structure (Chieng and Willia
sion in the NAc and that the abuse liability of marijuana may bgggg: Harvey and Lacey 1996, 1997; Martin et al. 1997; Nicqla'
related to the direct actions of cannabinoids in this structure. and Malenka 1997). These two observations suggest th
least part of the rewarding effects of these drugs may be dug to
their direct effects on synaptic transmission in the NAc. |n
addition, since dopamine itself inhibits both GABAergic ar|d
The nucleus accumbens/ventral striatum (NAc) representglatamatergic synaptic inputs to NAc MSNs (Harvey arjd
critical site for mediating the rewarding and/or addictive prog-acey 1996, 1997; Nicola and Malenka 1997; Pennartz et|al.
erties of several classes of abused drugs, including ethard®92), it is possible that the direct effects of these drugs |on
opioids, psychomotor stimulants, and marijuana (Gardner alNéc circuitry, and their indirect effects via an increase in NAc
Vorel 1998; Koob 1992; Koob et al. 1998; Wise 1996; Wisdopamine levels may contribute to the rewarding propertieq of
and Bozarth 1987). It is generally appreciated that all of thetigese drugs. Based on these data, we hypothesize that t¢ th
drugs augment extracellular dopamine levels in the NAc agatent that the inhibition of synaptic transmission in the NAc
that this action contributes to their rewarding properties (Déflects the rewarding properties of drugs of abuse, other drugs

INTRODUCTION

Present address and address for reprint requests: C. R. Lupica, Dept. dthe costs of publication of this article were defrayed in part by the payment
Pharmacology, University of Arizona Health Sciences Center, 1501 N. Cangd-page charges. The article must therefore be hereby marked “advertisemgnt”
bell Ave., Tucson, AZ 85724-5050 (E-mail: crlupica@email.arizona.edu). in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

72 0022-3077/01 $5.00 Copyright © 2001 The American Physiological Society www.jn.physiology{org

Tnod

D



http://jn.physiology.org/

CANNABINOIDS AND OPIOIDS IN THE NUCLEUS ACCUMBENS 73

that similarly modulate synaptic transmission in the NAc wilinterior to Bregma (Paxinos and Watson 1986). The anterior cgm-
also exhibit rewarding properties. missure and _the islands of Calleja were u_sed as landmarks for locgting
Cannabis sativamarijuana) is a drug possessing pharmébe shell region of the NAc. Thus recordings were made from MSNs
cological properties that sustain its use in humans (Abood ajyd ~300-500um medial to the anterior commissure and 10¢-
Martin 1992). Although marijuana has been used for centuriggo0/M dorsal to the islands of Calleja (Chieng and Williams 19

it i | tlv that it ti | circuitrv h axinos and Watson 1986). Also in some slices, the major island$ of
IL1S only recently that Its actions on neuronal CIrCuitry Nave ) ieia could be readily distinguished, and in these cases, record|ngs

begun to be understood. Its active constituents, termed canpgre confined to an area lateral to this structure. MSNs were visuglly
binoids, activate various cellular effectors via interaction Witfistinguished from interneurons in the NAc by the comparative sizd of

G-protein-coupled receptors classified as CB1 and CB2 (Ame#éir somata (Chieng and Williams 1998) using a fixed stage upright

found extensively throughout the mammalian CNS (Pertwé@odt and Zieglgansberger 1990; Miller et al. 1997; Svoboda et|al.
1997). Cannabinoids have been shown to inhibit the releasel8f9)- In addition, electrophysiological criteria (resting membr
several neurotransmitters, including glutamate (Misner aﬁ?&ﬁtl;eggsftﬁi;giswrg\é 1?Ssgnuc§egf ttgedli:ticr:glrﬁgrt{ ﬁwneds:bsgg e
Sullivan 1999; Shen et al. 1996; Takahashi and Linden 20 . - , X

and GABA (Chan et al. 1998; Hoffman and Lupica 2000; leng and Williams 1998; Uchimura et al. 1990).

Vaughan et al. 1999, 2000) in a variety of brain areas. |n | I di
addition to these actions, cannabinoids increase the activity PO € cell recording o
midbrain dopamine neurons that project to the NAc (FrenchWhole cell patch-clamp recordings of NAc neurons were perform%
1997), increasing dopamine levels in this structure (Chen et @ging methods adapted from those described previously (Lupica 19$9;
1990). Although the NAc contains a moderately high-densityiller et al. 1997). Signals were acquired using an Axoclamp-2A, or g
of CB1 receptors (Herkenham et al. 1991; Tsou et al. 199@)opatch 200A amplifier (Axon Instruments, Burlingame, CA) arjdy
the actions of these drugs in this structure remain larg ctrodes pulled from thick-walled borosilicate capillary tubing (O. '@

unknown. Therefore in the present study we have examined ID, 1.5 mm OD, Sutter Instrument, Novato, CA). Voltage or curreé

Steps, used for monitoring series resistance, and for constructiof f

consequences of cannabinoid receptor activation on the phé’ér'rent-voltage (V) curves, were generated using a Master-8 (A

iology of MSNs in the shell region of the NAc and havejerysalem, Israel). Series resistance was monitored continuously sing
compared these effects to those generated by opioid receRiféil (10 mv), hyperpolarizing voltage steps (200 ms), and only c¢iE

activation. demonstrating<20 M) series resistance were used in these experimeh®&-
In most cases, the series resistance did not change appreciably durircgihe
METHODS recording period. However, when the series resistance increased, P
d

was a noticeable decrease in whole cell conductance and a sudde Qn
VR

All protocols were conducted under National Institutes of Healt}ystained decrease in the holding current. When this occurred the cel
Guidelines using the handbook “Animals in Research” and wefg ysed in further analyses.

approved by the Institutional Animal Care and Use Committee (Na- gxcitatory postsynaptic currents (EPSCs) were recorded ugim
tional Institute on Drug Abuse, Intramural Research Program, Baltjiole cell electrodes (5-7 MQ) filled with the following solution if

/Bl

[
more, MD). mM): 125.0 K"-gluconate, 10.0 KCI, 10.0 HEPES, 1.0 EGTA, 0.1

) ) CaCl, 2.0 Mg*-ATP, and 0.2 N&-GTP; adjusted to pH 7.2-7.4 I
Slice preparation with 1 M KOH (270—280 mosM). During EPSC recordings, neuro 15&)

Male Sprague-Dawley rats (Charles River Labs, Raleigh, N ere voltage clamped at —80 to —90 mV, and GABhhibitory | 5,
14-30 days old, were killed by decapitation, and their brains we S)t?ént?g'Zggrper}tpss(g’fv%?rgvzgoeggﬁg Eglids:)rllg pg:rggor:](me(d' %5:
rapidly removed and placed in ice-cold oxygenated artificial cerebl’é’t 0to—90 mV u.sin whole cell electrodes filled with t%e foIIovf/)inc =
spinal fluid (ACSF; see following text). The brain was then blocked in lution (in mM ,12590 CsCl 10.0 HEPES. 1.0 EGTA. 0.1 Caglo | <
a coronal plane~3 mm anterior to, and 5 mm posterior to Bregm olution (in mM): HLsL LU P ,0.1Ca b

2*.ATP, and 0.2 N&-GTP and the quaternary lidocaine derivatiy
-314, 2, pH 7.2-7.4. During IPSC recordings, glutamatergic B
s were blocked by adding the glutamate receptor antagonists
jtroquinoxaline-2,3-dione (DNQX, 1@M) and p-(-)-2-amino-5-

)

using a razor blade. The posterior end of the tissue block was t

glued to the stage of a vibrating tissue slicer (Technical Produ

International, St. Louis, MO) using cyanoacrylate. A midsaggital ¢
was then made with a scalpel blade to separate the two hemispheres, ; ;
and coronal brain slices were cut at 3@6 nominal thickness. The P o;p.h(tmoplepnstzé:nom gcé%gépv' “l’gﬂs)éo theEéggF. lifiedl 5
slices were then transferred to a beaker containing ACSF, aerated witff | awure P sts an s (MIPSCs, m s) were amplifiedl 5-
95% O,-5% CO, at room temperature, where they were stored 140 100-fold, filtered at 1-3 kHz and either recorded to videotape|or
=90 min before recordings. Slices were transferred to a recordi %ectly to the hard drive of a personal computer for later analygis.
chamber (~25Qul volume) that was integrated into the stage of al gczsl cl’:] %r_?;nmnl? OL da;[g v_l\_/;e(reLdlljglgéeclizgto 4;%0 k:]—lvz rLth;ng 3
upright microscope (Carl Zeiss Instruments, Germany). The slic % gtrithc?ydue ;ec?rgpﬁflsidlog; sc?ftware package ((é(())urt?es?/ 06]} Dr
were held in place by a circular platinum-iridium wire and wer -8hn Dempster, Strathclyde University, Glasgow, UK, http:/innovel-

continuously superfused with oxygenated artificial cerebrospinal fl . .
(ACSF) at gratg of 2 ml/min, at)r/gom temperature (~23°C)F.) cOmm?lbs.strath.ac.uk/physpharm). The frequency, amplitudes, and kirletig

ACSF consisted of (in mM) 126 NaCl, 3.0 KCI, 1.5 MgC2.4 CaCl, properties of these currents were then analyzed using the Mini Apal-

. ysis software package (v4.3, Synaptosoft, Leonia, NJ, http://ww-
é;sz;%)Ngzl-g;(amsﬁ/i.gcglucose, and 26 NaHG@nd was saturated with w.synaptosoft.com). Average mIPSCs/mEPSCs were generatedq by

aligning individual events by rise time, and a peak to decay single
exponential fit was applied to each average using the formula

o2

Localization of MSNs

All MSNs included in this study were located within the shell y = Al*exp(—xm) + Baseline

region of the NAc, contained in slices taken fronl.6 to 0.7 mm whereAlis the peak amplitude andis the time constant for decay
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Evoked postsynaptic currents were generated using a bipolar tuggveral studies have demonstrated postsynaptic effects of
sten stimulating electrode placed within 100160 of the recording nabinoids on a variety of membrane conductances (Deadwyler
electrode. Whole cell access was monitored using voltage (or curregf)a|. 1995: Mackie et al. 1995: Schweitzer 2000). To detgr-

step pulses (—10-20 mV, 200 ms) delivered after each stimulus usj
the Master-8 pulse generator. Stimulation (0.1-ms pulse duration) 4%
delivered at 15- to 30-s intervals using an optically isolated const

f¥he whether cannabinoids alter the postsynaptic propertieg of
Ns, we examined the effect of the cannabinoid agonist WIN

Can

current unit (AMPI) and the timer. Paired-pulse stimulation wa ,212-2 on the passive membrane _p_ropertles of these cel_s n
performed by delivering the same stimulus at either 150 ms (IPSC)@fITent clamp. Under control conditions, the mean resting

100 ms (EPSC) inter-pulse intervals. In each experiment, stimulatiBfembrane potential of these cells £ 11) was—83.5+ 2.6
intensity was adjusted to evoke a submaximal response (50x4p0 MV and the membrane input resistance was 825 M().
Analyses of drug effects on evoked synaptic responses, membrat@wvever, superfusion of WIN 55,212-2 (M) for a period of
potential, and input resistance were performed using PC-based stifie sufficient to achieve maximal effects on synaptic 1

[4”]

ware (Neuropro, R. C. Electronics, Goleta, CA, or the Strathclydgonses (see following text) did not significantly affect these

program, WCP v3.05). parameters (resting membrane potentiaB5.1 = 2.7 mV,

) input resistance, 183 16 MQ), P > 0.05, paired Student’s
Chemicals 2-tailedt-test). Furthermore, in cells voltage-clamped-&0

Drugs were obtained from the following sources: tetrodotoxi"Vs WIN 55,212-2 had no effect on either the steady-state
(TTX), 6,7-dinitroquinoxaline-2,3-dione (DNQX), picrotoxin, ruthe-conductance, measured using a series of hyperpolarizing volt-

nium red, bicuculline methiodide, dopamine, [Ty#Ala?, N-CH,- age steps (= 4; Fig. 1), or on holding current (control, 60
Phe, Gly-ol-enkephalin] (DAMGO), andp-Ala®-methioniné-en 14 pA, WIN 55,212-2, 69+ 9 pA, n = 4, P > 0.05, 2-tailed
kephalinamide (DALA), naloxone (Sigma, St. Louis, MO); APV Student’s pairedttest). Thus WIN 55,212-2 did not alter eithe

(RS)-baclofen, and WIN 55,212-2 (Tocris Cookson, Ballwin, MO)}he resting membrane properties, or whole cell conductanc
SR141716A was obtained from the National Institute on Drug Abusgese MSNSs.

drug-supply system. WIN 55,212-2 and SR141716A were prepared as

concentrated (10 mM) stock solutions in DMSO. Final (bath) concen- . . )
trations were<0.01% DMSO. All drugs were made up at either 50 o£B1 andu-opioid modulation of evoked EPSCs in NAc
100 times the desired final concentration in deionized water and th@@urons

added to the flow of the superfusion medium using a calibrated . . .
syringe pump (Razel Scientific Instruments, Stamford, CT). Previous studies have demonstrated that CBs inhibit glU

matergic transmission in several brain regions, including {
Statistical analvsis hippocampus (M|sner_and S_ulllvan 1999; Shen et al. 199
y cerebellum (Takahashi and Linden 2000), and substantia n

D —
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Group data are presented as the mearsE in all cases. Drug-
induced changes in cumulative mEPSC and mIPSC amplitude and A
inter-event interval distributions were analyzed for statistical signifi-
cance using the Kolmogorov-Smirnov test (Mini Analysis v4.3), with

-61 mv—

a conservative critical probability level & < 0.01. All other statis- [omv
tical tests, including-tests and ANOVAs, were performed using a 100 ms
critical probability of P < 0.05 (Prism version 3.0, GraphPad Soft-
ware, San Diego, CA). Post hoc analysis (Newman-Keuls test) was Control WIN 55,212-2
performed only when an ANOVA vyielded a significari® € 0.05)
main effect. -

— [~
RESULTS a "
Classification of neurons 02nA|

100 ms

Previous studies have demonstrated that the GABAergic
MSNs are the most numerous neurons in the NAc and that

these cells can be electrophysiologically distinguished from the E 100-

smaller population of interneurons (Chieng and Williams 1998; < Vi (MV)

Uchimura et al. 1990). All of the neurons included in this study = 0 7100 75 20
were classified as MSNs based on the lack of spontaneous & -100-

firing, relatively hyperpolarized resting membrane potentials 3 200 00

(=75 to —85 mV), and the absence of a membrane sag asso- 2 —e— Control
ciated with the hyperpolarization-activated cation currépt ( % -300 ~a-WIN

The MSNs were further distinguished from interneurons be- g 400

cause their somata are much smaller when visualized using % 500

DIC-IR microscopy (Chieng and Williams 1998).

FIG. 1. Absence of WIN 55,212-2 effects on membrane conductance in

Effects of WIN 55.212-2 on postsynaptic properties of NACmedium spiny neurons (MSNsA: current responses to voltage steps in |a

neurons a 15-min application of the cannabinoid agonist WIN 55,212-2.81). B:
steady-state current-voltage relationship for the responses shoAnViiN

Although there is ample evidence to suggest that CB1 15,122 had no effect on membrane conductance, holding current, or mem-

ceptors are localized to presynaptic terminals within the CN&ane potential in any of the cells testedn11).

single MSN located in the shell region of the NAc prior to and at the end|of
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(Szabo et al. 2000). Thus to determine whether glutamatergic '
inputs to the NAc were modulated by cannabinoid receptors we Control WIN 55,2122 (1 pM)  Scaled / superimposed

isolated evoked EPSCs (evEPSCs) by electrically stimulatin

the NAc under conditions where GABAreceptor activity was 100 oA
eliminated by addition of picrotoxin (10QM). As shown in P
Fig. 2, the inward currents elicited under these conditions were 50 ms

largely mediated by non-N-methglaspartate (NMDA) gluta-
mate receptors because they were nearly eliminated-(2% Control DAMGO (1 uM) Scaled / superimposed

of control,n = 5) by 10 uM DNQX. The w-opioid agonist

DAMGO (1 M) reversibly inhibited the evEPSCs (64 7%

of control,P < 0.05,n = 8, pairedt-test; Fig. 2). However, in \10pA
contrast to the opioid effect, the cannabinoid agonist WIN 50 s

55,212-2 (1uM) caused a smaller inhibition of these evEPSCs
(Fig. 2, 82= 6% of control,P < 0.05,n = 10, paired-test), i
that was only partially blocked by the CB1 antagonist Control Baclofen (30xM) Scaled / superimposed
SR141716A (Rinaldi-Carmona et al. 1994)gM, 93 = 5%
of control, P > 0.05,n = 4; pairedt-test). Together, these
data suggest thati-opioid receptors inhibit glutamatergic
synaptic transmission in the NAc to a greater extent than
CB1 receptors.

Because paired-pulse facilitation is a presynaptic phenome
non (Mennerick and Zorumski 1995), pharmacological agents
that alter this process are thought to act presynapticallé

50 ms
(Chieng and Williams 1998; Jiang et al. 2000). To determin 2.0

whether the inhibition of evoked EPSCs by either CB1 o€ & *
u-opioid receptors was due to a presynaptic interaction, wg » 151
examined their effects on paired evEPSCs using identical stin@ &
uli, delivered at a 100-ms inter-pulse interval. The controBq  1.0-
average ratio of the second response to the first (EPSC?/U)
EPSC1) was 1.1% 0.05 (n= 9; Fig. 3). At the end of a 10- & & 05

A

DNQX 0.0-

50 pA
WIN 55,212-2 I_ DAMGO
25ms Wash

Con WIN DAMGO Baclofen
FIG. 3. Effects of WIN 55,212-2 (uM), DAMGO (1 uM), and baclofen
'100 pA

(30 M) on paired evEPSC responses elicited using a 100-ms inter-py
interval. A: averaged traces, representing 10 sweeps, obtained during
25 ms indicated condition in 3 different MSN®B: mean effects of WIN 55,212-2

Although the 2nd evEPSC of the pair (EPSC2) was facilitated compared \
the 1st (EPSC1), neither WIN 55,212-2 nor DAMGO significantly altered t
100- level of facilitation (P> 0.05, Student's paired 2-tailetitest). However,
* baclofen significantly enhanced the level of facilitation (P0.05, Student’s

80- § paired 2-tailed-test).

60- to 15-min application of WIN 55,212-2 (&M), this ratio was
* not significantly changed (1.15 0.05, P = 0.65, 2-tailed
40 paired Student'st-test; Fig. 3). Similarly, theu agonist
DAMGO (1 M) did not significantly effect the paired-pulsé

204 ratio (control, 1.18+ 0.04; DAMGO, 1.17+ 0.04,n=9,P =
0.89, paired Student'stest; Fig. 3).

WIN WIN  DAMGO Wash/ DNQX _To determine whet_he_r the lack of changes in_ paired-pu

NLX ratios was characteristic of our slice preparation, we a

*SR examined the effects of the GABAeceptor agonist, baclofen

Fic. 2. Effects of opioid and cannabinoid agonists on evoked excitatoghd dopamine on these paired evEPSC responses. In d
postsynaptic currents (evEPSCs) in NAc MSHseffects of WIN 55,212-2 (1 contrast to the effects of the cannabinoid and the opioid a

uM) and [Tyrp-Ala?, N-CH,-Phé, Gly-ol-enkephalin] (DAMGO, 1uM) on . L. .
averaged (10 sweeps) eVEPSC responses recorded from different MSNs. TRiSE Doth baclofen (3QuM; Fig. 3) and dopamine (3@M)

evEPSC % Inhibition

eVEPSCs were isolated by addition of 100/ picrotoxin to the artificial reversibly and significantly increased the paired evEPSC ratio

cerebrospinal fluid (ACSFB: mean effects of WIN 55,212-2 (WIM, = 10),  (ratio values: contro= 1.21+ 0.11, baclofen= 1.45+ 0.13,
WIN 55,212-2 + SR141716A (WIN+ SR, n = 4), DAMGO (n = 8), P = 0.03,n = 5; control= 1.26 + 0.09, dopamine= 1.48 +

wash/naloxone (NLX, 5uM, n = 5), and 6,7-dinitroquinoxaline-2,3-dione _ _c. _
(DNQX, n = 5) on evEPSCs. *R< 0.05 vs. control, 1-way ANOVA. Note that O.l%,\\/NAashz 1N.12 - O'li'P | O'O%i? t5, ;eﬁ)_iateg rtr;]egsulre}
the evEPSC was significantly reduced by WIN 55,212-2 and DAMGO and thAf\ and Newman-Keuls post hoc test) Thus both baclo

it was completely eliminated by DNQX (1GM). and dopamine increased paired evEPSC ratios, whereas

Control Control (n = 9), DAMGO (n = 9), and baclofen (s 5) on paired evEPSC responseq.

LT02 ‘ST AInc Y0F ee"0gzDT Aq /B10°ABojoisAyd-uly/:dny wouy papeojumod
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cannabinoid and opioid agonists had no effect on this paramA  Control (TTX) WIN 55,212-2 (1 uM)
eter.

oy

T r'lr g Tlrr[r Yy

k ”r*[r' ]"W rhFI” f ]MMMWW

CB1 andu-opioid modulation of mMEPSCs in NAc neurons

The preceding results suggest that both WIN 55,212-2 and

DAMGO did not inhibit excitatory transmission in NAc MSNs Ul I aa ﬁ T Tty oppa
through a presynaptic mechanism. However, previous work poe
has suggested that DAMGO acts both pre- and postsynapticalg s00ms

to alter glutamatergic transmission in these cells (Martin et al

1997), and the mechanism of the cannabinoid effect is ung 1.0 2 10
known. Thus to explore these possibilities further, we exam- ¢ 3 (sl
ined the effects of WIN 55,212-2 and DAMGO on miniature, ‘g 06 § 06
action potential-independent EPSCs (MEPSCs) in the presenge ™ 2
of the Na" channel blocker TTX (500 nM). Miniature EPSCs g 04 04
were recorded in MSNs voltage clamped-a80 to —90 mV ~ § E o2
using whole cell electrodes containing Kjluconate, in ACSF ~ © ©

containing picrotoxin (L0uM). These responses are thought O‘Co 10 20 30 40 50 60 O'OO 12 3 4
to reflect the quantal release of glutamate acting at non-NMDA
receptors (Nicola and Malenka 1997). The mEPSCs recorded
under these conditionsn(= 10) exhibited an average fre- C
quency of 1.7+ 0.2 Hz, an average amplitude of 22t991.6 251 21
pA, a decay time constant of 8:8 0.4 ms, and were greatly
reduced in frequency and amplitude by DNQX (AM; Fig.

5A). These data therefore suggest that the majority of these
events were mediated by glutamate activating non-NMDA
receptors. The cannabinoid agonist WIN 55,212-2.4, n =

6) produced a small but significant reduction in the average
amplitude (paired Studentistest,P = 0.01, Fig. 4) of these
mEPSCs but did not significantly alter the frequency (Student’s 0- 0

pairedt-test, P = 0.09) or the average decay time constant Con  WIN Con WIN

(control, 7.7+ 0.3 ms, WIN 55,212-2, 8.9 0.7 ms,P = 0.07, FiG. 4. Effects of WIN 55,212-2 (M) on miniature EPSCs (mMEPSCs

; & i recorded during superfusion with TTX (08M). A: raw traces showing
palred Student's teSt) of these events. In contrast, Wj@pl mMEPSCs during a 2-min control epoch and during the 10th to 12th min of W

oid agonist DAMGO (1uM, n = 4) S_igniﬁcantly reduced_the 55,212-2 application in a single MSIB: cumulative probability distributions
mean MEPSC frequency (R 0.05, paired Studentistest, Fig. for mEPSC amplitudes and inter-event intervals during control and W
5) but did not alter mean mEPSC amplitud®e> 0.05, paired 55,212-2 epochs taken from the same cell as showA.ifnset: averaged

Student'st-test, Fig. 5) or the average decay time constafEPSC during the control period (r 236 mEPSCs) and during WIN

_ 55,212-2 (n= 227) application (- - -). Note the decrease in mEPSC amplitu
(Contr0|' 9.4+ 0.6 ms, DAMGO, 10+ 0.5 ms,P = 0.19, in the presence of WIN 55,212-2 that was consistent with the signific

paired Student's-test). In addition, the effect of DAMGO 0n change in the cumulative amplitude distribution {2 0.01, Kolmogorov-
MEPSC frequency was reversed by application of the opidsthirnov (K-S) test]C: mean effects of WIN 55,212-2 on mEPSC amplitud
receptor antagonist, naloxone (NLXu®/, Fig. 5). These data and frequency (= 6). Note that WIN 55,212-2 significantly inhibited mEPSQ
suggest that the cannabinoid receptor agonist WIN 55,21%1'32htude without altering mEPSC frequency (paired Studertest, *P <
produced a small reduction of glutamatergic transmission
through a postsynaptic mechanism while DAMGO likely actegintagonist bicuculline methiodide (BMI, 20M, Fig. 6). As
via a presynaptic mechanism. shown in Fig. 6A, WIN 55,212-2 (JuM) caused a time-
dependent decrease in the evIPSC amplitude that was max|
CB1 and opioid receptor effects on evoked IPSCs in NAc at 8—-10 min into the_ agonist application. _Thls inhibition ¢
neurons evIPSCs was seen in every MSN examined. As we ha
previously reported, the highly lipophilic nature of cannabing
There is ample evidence that cannabinoids inhibit GABAeligands results in a relatively long period of time to achie

mEPSC Amplitude (pA) Interevent interval (sec)

mEPSC Amplitude
(PA)
&

mEPSC Frequency

gic neurotransmission in other brain areas (Chan et al. 19@8uilibrium in the tissue, and precludes washout during thg

Hoffman and Lupica 2000; Szabo et al. 1999; Vaughan et akperiments (Hoffman and Lupica 2000). Therefore to ens
1999, 2000). Therefore we examined whether GABAergzannabinoid receptor mediation of these effects, we pretrea

IPSCs were also modulated by cannabinoids in the NAc amdveral slices with the selective CB1 receptor antagonist

compared these effects to those of opioid receptor activati@R141716A (1uM) for 10—15 min prior to WIN 55,212-2
In these experiments, MSNs were voltage-clampee &0 to application. As previously reported in the hippocampus (Ho
—90 mV using whole cell electrodes containing CsCl, witman and Lupica 2000), the CB1 antagonist had no effect
APV (40 uM) and DNQX (10uM) included in the superfusion itself on the evIPSC (9% 8% of control,P > 0.05, 1 sample
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medium to block glutamatergic transmission. Under these cartest) but completely blocked the expected inhibition duri
ditions, electrical stimulation of the slice produced large iNNIN 55,212-2 application (Fig. 6B and C). In a further

ward currents that were completely blocked by the GABAattempt to establish whether the effects of WIN 55,212-2 were
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A the NAc. Because DAMGO is a highly selectiye-opioid
receptor agonist (Goldstein and Naidu 1989), we also exam-
Control (TTX DAMGO (1 uM . , ; ;
( ) (1 M) ined the possible modulation of evIPSCs with the nonselectjve
ooty R it n/d opioid agonist DALA. In contrast to the effects of
’ ] F DAMGO, DALA (5 uM) significantly reduced evIPSCs re
N . " I i 0
-y p " n[ i corded in NAc MSNs (69 8/o_of control,P < O.(_)5, repeated
measures ANOVAn = 11, Fig. 8). However, it was found
e ||y ™ WP e w““]. that, unlike the activation of CB1 receptors in which virtually
20pA all evIPSCs were inhibited, only a fraction-50%) of these
NLX (5 uM) 500 ms DNQX (10 pM) responses were significantly inhibited by DALA. Thus tHe
. effects of DALA on evIPSCs could be further divided into twp
[ AL ' M groups: those in which DALA had a large effect (456% of
l“:""]vr‘ﬁ 'TT'I , II'uIrT"v ol ¥ s Lot Y A
o Control DAMGO WIN 55,212-2 BMI
UL el Rt R e - —
[ |250 pA
25ms
B 1.0 BMI (20 uM) g
> > ’ "R s
2 08 = g 500 o o %o, '-""’.-‘. 2
-8 g Q o* P T ‘e .’ . Y
& 0.6 g g_’ ' .‘"o . o . . 8
2 2 3 1000, ¢t e, . =
T 0.4 £ . 3
2 2 . 3
5 g 15004 . : .
3 0.2 3 10 20 30 40 g
Time (min) o
O 2 mas0e07 %o o5 10 15 20 25 3 5
0 0.0 05 1.0 1.5 20 25 3.0
. Control SR141716A  WIN 55,212-2 :
mEPSC Amplitude (pA) Interevent interval (s) B :5
[%2]
C S
3 |£OpA §
\<Q; 1:"" 100 ms _Q
4 g 0 SR141716A (1 uM) <
C
2 g T R g
£ g < 250 [
o L 8 ool 2o -‘: Lol S
? Q o ) e 'oo. . & %, * NS
2] = . o, W, ot e A
S-J ﬁ o 750 v ...'\.. .\o.:". . *%0 8
€ S w
-1000+ y T r ) o
~Con DAMGO NLX ~—Con DAMGO NIX e 1 2 N4 X o
. . Time (min) S
Fic. 5. Effects of theu-opioid agonist DAMGO (1uM) on mEPSCs e
recorded during superfusion with TTX (0.8M). A: raw traces showing C 80- <
mEPSCs during 2-min epochs recorded, sequentially, under control conditions S . e
(in TTX), during DAMGO application, during DAMGG+ NLX application, £ 60 N
and during application of DNQXB: cumulative probability distributions for £ o
mEPSC amplitudes and inter-event intervals during the indicated drug condi- < 401 2
tions. In this cell, DAMGO significantly decreased the mEPSC frequeey ( Z)
0.01, K-S test), but did not alter mIPSC amplitude: mean effects of %]
DAMGO on mEPSC amplitude and frequency £n4). Note that DAMGO & 204
significantly inhibited mMEPSC frequency, without altering mEPSC amplitude °
(1-way ANOVA followed by Newman-Keuls post hoc analysis, ¥P0.05), 0-
and that NLX (5uM) reversed this effect. WIN X\gg

receptor mediated and to compare its effects in the NAC Withec. 6. Differential effects of WIN 55,212-2 and DAMGO on evoke
those in other systems, we constructed a concentration-rgibitory postsynaptic currents (evIPSCs) in NAc MSNs. effects of
sponse curve using the cumulative administration of WlﬁAtM?hOt(vlv #\lMs)sa;szglNh5_E_,t2ﬁ2t-h2 (J,uI'\F/I))S?:n E\AIPSCSDWA&E Sahmg MSI\# t
; ; ; ote tha ,212-2 inhibited the ev , Whereas ad no effe¢c
55,212-2 (10 nM SP“M) W.h”e measuring eVIPS.CS. ”.1 NAC and that the evIPSC was completely blocked by the GAB#ntagonist
neurons. As shown in Fig. 7, WIN 55,212-2 inhibited thgjcyculine methiodide (BMI; 20uM). B: the selective CB1 antagonisf
evoked IPSC in a concentration-dependent fashion, with 8R141716A (1uM) completely blocked the inhibition of the evIPSC by WIN
estimated Ego of 123 nM. 55,212-2. Averaged traces (10 sweeps) were obtained during the coftrol
In contrast to the robust inhibition of evIPSCs by the Carfp_eriod, 15 min after beginning SR141716A application and 10 min affer

L . . . beginning application of WIN 55,212-Z: mean effects of WIN 55,212-2 on
nabinoid agonist, th@,-OpIOId agonist DAMGO (JW“M) had evIPSCS, and the antagonism of the effect of the cannabinoid agonis{ by

no effect on these responses (FigAGandB), suggesting that sr141716A. Note that SR141716A completely blocked the effect of fhe
these receptors do not modulate GABA release onto MSNscimnabinoid agonist (*R< 0.05 vs. control, 1-way ANOVA).
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MSNSs.

paired evIPSCs elicited with stimuli separated by 150 ms.

depression (IPSC2/ISPC2 0.84 = 0.05,n = 10). However,
during WIN 55,212-2 (1uM) application, IPSC2 was, on
average, significantly larger than evIPSC1 (IPSC2/IPSC1
1.2 = 0.11,P < 0.05 vs. control, paired Studentgest; Fig.

9), suggesting a presynaptic site of WIN 55,212-2 actiq
Similarly, the opioid agonist DALA (5uM) significantly in-
creased the paired evIPSC ratio to £9.25 (n=5,P < 0.05,
repeated-measures ANOVA, Newman-Keuls) in the group

n ~
e T

evIPSC (% Inhibition) 00
N
¢
aal

reversed by NLX (5uM; ratio = 0.84 = 0.17).

O T T T T
108 107 106 10-5 CBL1 receptor effects on miniature IPSCs in NAc neurons
The results described above demonstrate that, in contrag
[WIN 55,212-2] (M) its small effect on EPSCs, WIN 55,212-2 robustly inhibitg
FiG. 7. Concentration response relationship for the inhibitory effect ay|PSCs in NAc MSNs. Moreover the paired-pulse expe

WIN 55,212-2 on evIPSCsA: averaged waveforms showing a concentration, ants demonstrate a likely presynaptic mechanism for th

response for the inhibition of the evIPSCs in a single M8Nconcentration- . ibiti T full | th hani fth
response relationship for WIN 55,212-2. Each point represents the averHapl_ ! K_)n' 0 more 1ully exp ore_ € mec ar!'sm 0 e C_a
(+SE) for 4-12 individual cells. The EGfor this effect was 123 nM. nabinoid effects on GABA-mediated synaptic transmissio

and to further examine the possible role that postsynap{%

control, n = 5) and those in which DALA had a very smallyctions may play, we studied the effects of WIN 55,212-2
effect (89+ 8% of control,n = 6). Therefore it appears thatTTx jnsensitive mIPSCs. These experiments were condud
the effects of opioid receptor activation were much morgectrodes containing CsCl and in the presence of glutan
variable, ranging from no significant response for the selectiygceptor antagonists (40M APV and 10uM DNQX) in the
p agonist, DAMGO, to a significant inhibition of evIPSCs withacsF. Under these conditions, small spontaneous inward

of BMI (20 uM; Fig. 10B). In contrast to other classes ¢
neurons routinely studied in our laboratory (e.g., hippocam

Izoo pA
50 100 pA
m DALA l_ A
Control Control soms Control WIN 55,212-2 (1 uM) Scaled / superimposed
B 804
s *k
(=]
= 60+
= - 150 ms
2 40
3
T 201 B
[
J .-
0 5
All High  +NLX Low  DAMGO 2D
resp resp Z %
=3
DALA i o
FIG. 8. Inhibition of evIPSCs in a subpopulation of NAc neurons by the a=
/8 agonistp-AlaZ-methioniné-enkephalinamide (DALA)A: averaged traces

(10 sweeps) from a single experiment obtained during the control period, .
during DALA application (1uM), and during subsequent application of NLX Control  WIN 55,212-2
(5 uM). In a 2nd cell,right, DALA had no observable effect on the evIPSC. Fric. 9. WIN 55,212-2 reversed the paired-pulse inhibition of evIPSCs

B: mean effects of LM DALA on all cells (n = 11) and on the subpopulations NAc MSNs.A: averaged traces (10 sweeps) from a single experiment obtaihed

of cells that showed either robust inhibition (High resp,= 5) or little  during the control period and during the application of WIN 55,212-2. Fpr
inhibition (Low resp,n = 6) in response to DALA. NLX reversed the effect of comparison, the traces obtaineddereach condition have been scaled to th
DALA in the responsive cells (NLXn = 5, P > 0.05 vs. control). In addition, 1st evIPSC (IPSC1). Note that the inhibition of IPSC2 relative to IPSC1 was
the u-agonist DAMGO (1uM) had no significant effect on the evIPSCs in anychanged to facilitationB: mean effects of WIN 55,212-2 on paired-puls
of the cells tested (& 8). *P < 0.05, **P < 0.01 vs. control, 1-way ANOVA. inhibition of evIPSCs in MSNs (&= 10, **P < 0.01, Student’s pairetitest).
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%

the nonselective opioid agonist DALA in a subpopulation pf

In an effort to establish whether the observed inhibition [of
GABAergic transmission reflected pre- or postsynaptic actiops,
we examined the effects of WIN 55,212-2 and DALA oh

the absence of the agonist, the second evIPSC of the pair wa$
inhibited relative to the first, indicating a modest paired-pulse

neurons that was highly sensitive to DALA, and this effect wps

rents were observed that were completely blocked by addity
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A change in the frequency of these events (0.6.1 Hz, Fig. 10,
f'{r [ ! 'r"" VY" A and C). Despite the low frequency of occurrence, the CH
8 agonist WIN 55,212-2 (uM) significantly reduced the fre-
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FIG. 10.  WIN 55,212-2 effects on mIPSCs in NAc MSN&. raw traces £ S
from 3-min epochs obtained during control period, during TTX (Q.9) o o : i i , . i —o
application, and 9-12 min after beginning the WIN 55,212-2.{4) appli- TTX RR 0-3' 36 6-9 9-12'12-15'15-18'
cation. B: time course of mIPSC frequency during superfusion with WIN N 5150
55,212-2, SR141716A (kM) and bicuculline methiodide (BMI, 22M) in a WIN 55,212-

single MSN. Note the small effect of WIN 55,212-2 on mIPSC frequency and i 11.  Effects of WIN 55,212-2 on mIPSCs whose frequency was

its reversal with SR141617A. Also note the reduction in mIPSC frequency Byeased by addition of the polyvalent cation ruthenium red (@200 RR). A:
BMI. Analysis of this cell using cumulative amplitude and frequency distriray traces obtained from 3-min epochs collected during the control period
butions (not shown) indicated that only the frequency was signific_antly r§TX), from the 6th to 9th min of ruthenium red application, and during tf
duced by WIN 55,212-2 (P< 0.01, K-S test)C: mean (*SEn = 6) time 12t to 15th min of WIN 55,212-2 (LM) application.B: time course of a
course of the effect of WIN 55,212-2 (M). The average mIPSC frequency single experiment in which ruthenium red, WIN 55,212-2 and BMI we
and amplitude were calculated for each 3-min epoch of data and are plotigflied. Note the large increase in mIPSC frequency with ruthenium red,
consecutively (abscissa). - - - (C), the control baseline frequency in TTX. Th¢hibition of mIPSC frequency by WIN 55,212-2, and the elimination
only significant group effect was the small decrease in frequency caused whgbscs by BMI.C: mean= SE time course of the effect of WIN 55,212-2 (]
TTX was applied (*P< 0.05, repeated-measures ANOVA, Newman-Keul$,\1y during ruthenium red superfusion é 4). The mean mIPSC frequencyf
post hoc test). and amplitude were calculated for each consecutive 3-min epoch of df
Statistical analysis (repeated-measures ANOVA, Newman-Keuls post
pyramidal neurons) (Hoffman and Lupica 2000), the frequentsst), revealed that WIN 55,212-2_significantly (%2 0.05) r_edu_ced mIPSC
of the spontaneously occurring currents in MSNs in the apgquency at between 12 and 18 min of WIN 55,212-2 application by 20-3(

n addition, the cumulative frequency distributions in all 4 cells (not show
sence of TTX was very low (0.Z 0.2 Hz,n = 6). Because of \ere significantly different from control at these time points<(F0.01, K-S

this, the application of TTX (0.5uM) caused only a small test). - - - (C), the control baseline frequency in ruthenium red.
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guency of mIPSCs in two of six cell®(< 0.01, K-S test; Fig. mine directly inhibits both excitatory and inhibitory amin
10B), and these effects were reversed by the CB1 antagoaisid-mediated synaptic transmission in the NAc (Harvey and
SR 141617A (1uM; Fig. 10B). However, when the effects ofLacey 1996, 1997; Nicola and Malenka 1997; Pennartz et|al.
the CB1 agonist on all cells were averaged, this effect was ri@92), it is likely that this mechanism plays an important rdle
statistically significant (repeated measures ANOWVR, > in regulating network activity, and hence reward, in this struc-
0.05). Similarly, there was no significant effect of the agonistire. Therefore since activation of cannabinoid receptors in the
on mIPSC amplitude (Fig. 10C). VTA (French 1997) increases dopamine levels in the NAc
Because we were concerned that the low frequency @hen et al. 1990), it is also possible that this mechanism
mIPSCs in these MSNs might affect the reliability of oucontributes to the rewarding properties of marijuana. On the
analysis, we attempted to increase their number with the baiiner hand, several drugs of abuse, including opioids (Chi¢ng
application of the polyvalent cation ruthenium red. Rutheniuaind Williams 1998; Martin et al. 1997), cocaine (Nicola et
red has been shown to increase the frequency of GABAerdi@96), amphetamine (Nicola and Malenka 1997; Nicola et

1998; Trudeau et al. 1996). In addition, ruthenium red has beactions in the NAc. Moreover all of these drugs are seff-
shown to block voltage-dependent calcium channels, eliminadministered by animals into the NAc (Carlezon and Wise
ing them as a possible site of action (Cibulsky and Sath&£896; McBride et al. 1999), again suggesting that their rewayd-
1999). In these experiments, mIPSCs were first monitorediimg properties are related, at least in part, to their direct acti
the presence of TTX. Ruthenium red (2QM) was then on NAc synapses. In contrast to these more commonly studi
applied for=10 min prior to application of WIN 55,212-2. drugs of abuse, direct effects of cannabinoids within the N
Ruthenium red produced a large eightfold increase in th@ve not been demonstrated until now. However, the mod
frequency of mIPSCs (mIPSC frequency: TEX0.37 = 0.1 ately high level of CB1 receptor expression in this brain regi
Hz; ruthenium red= 3.1 = 0.3 Hz,n = 4) that was maximal (Herkenham et al. 1991; Tsou et al. 1998) indicates that th
within 6 min of beginning its application (Fig. B). The receptors might mediate the effects of cannabinoids in

average amplitude of the mIPSCs was also increased by rutNéc.

nium red, although not to a statistically significant level Cannabinoid agonists have been shown to modulate post$
(MIPSC amplitude: TTX= 17.0 + 2.1 pA, ruthenium red= aptic K channels in hippocampal pyramidal neurons (De3
19.4+ 1.8 pA, ANOVA, P > 0.05). The time constant for thewyler et al. 1995; Schweitzer 2000) and in cellular express
decay of the averaged mIPSCs was unaffected by rutheniggstems (Mackie et al. 1995). However, our data suggest

red (decay time constants: TT3% 51.2 += 2.9 ms, ruthenium inwardly rectifying K" channels were not modulated in MSN
red = 53.4 = 3.1 ms), and these mIPSCs were completelyy WIN 55,212-2 because membrane potential, holding c
eliminated by BMI (20uM, n = 4, Fig. 11B), confirming that rent, input resistance, and the conductance of MSNs w
they were mediated by the activation of GABAeceptors. unchanged. This is consistent with results in periacquedu
WIN 55,212-2 (1uM) caused no change in the average angray (PAG) neurons (Vaughan et al. 2000) and hippocam
plitudes of these mIPSCs (Fig. 11C) nor did it change the tinirgterneurons (unpublished data). However, because we did
constant for the mean mIPSC decay (6@®.8 ms). However, attempt to isolate specific voltage-dependent postsynaptic g
WIN 55,212-2 caused a small (20—-25%) but significant reduductances, we cannot exclude possible effects of cannabin
tion in the average frequency of mIPSCs 12-18 min aften these ion channels (Deadwyler et al. 1995; Schweit
beginning its application (Fig. 1JA andC; n = 4; repeated- 2000).

measures ANOVAP < 0.01;P < 0.01 Kolmogorov-Smirnov
test).
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Cannabinoid and opioid modulation of glutamatergic
transmission

DISCUSSION o s
Cannabinoids have been shown to inhibit glutamate rele

The present study reports several novel findings regardimgthe hippocampus (Misner and Sullivan 1999; Shen et
the actions of cannabinoids and opioids on the physiology ©996), cerebellum (Takahashi and Linden 2000), and subs
MSNs located in the shell region of the NAc. First, the cartia nigra (Szabo et al. 2000). Therefore we examined the effgcts
nabinoid agonist WIN 55,212-2 did not affect postsynaptiof WIN 55,212-2 on pharmacologically isolated glutamaterdic
passive membrane properties of MSNs in vitro. Second, glEPSCs in MSNs (Martin et al. 1997; Pennartz et al. 1991,
tamatergic synaptic inputs to NAc neurons were only margii992). These experiments demonstrated that, in contrast td the
ally inhibited by WIN 55,212-2 but robustly inhibited by therobust cannabinoid-mediated inhibition of glutamatergic trafs-
u-opioid agonist DAMGO. Third, GABAergic synaptic re-mission observed in other brain regions, evEPSCs were dnly
sponses were consistently inhibited by WIN 55,212-2 in athodestly inhibited by the cannabinoid agonist WIN 55,2122
cells, inhibited by theu/6 opioid agonist DALA in some cells, in the NAc, and these effects were only partially reversed py
and completely insensitive to theg-opioid receptor agonist the CB1 antagonist SR141716A. However, jh®pioid ago-
DAMGO. Together, these data demonstrate the differentiailst DAMGO reduced these responses to a larger degree (Nlar-
modulation of excitatory and inhibitory synaptic transmissiotin et al. 1997). These data therefore suggest that excitajory
by cannabinoids in the NAc and distinguishes these actioimputs to MSNs were more strongly inhibited opioids
from those of opioids. than by cannabinoids in MSNs.

A common action of many drugs of abuse, including can- To determine whether the cannabinoid- and opioid-mediafed
nabinoids, is to increase the levels of dopamine in the NAgchibition of EPSCs reflected actions at pre- or postsynagtic
(Chen et al. 1990; Di Chiara and Imperato 1988). Since dopsites, we examined the effects of WIN 55,212-2 and DAMGEO
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on the paired-pulse facilitation of evEPSCs (Harvey and Lac&rminals that expresiopioid receptors. A previous study hal
1996). We found that neither WIN 55,212-2 nor DAMGGshown inhibition of evoked synaptic potentials in NAc MSN
modulated evEPSC paired-pulse ratios despite the pronounbgdu-, 6-, andk-opioid receptors (Yuan et al. 1992). Howevey,
facilitation of these responses by dopamine and baclofen (alswas unclear whether these depolarizing responses were dom¢
see Harvey and Lacey 1996). This suggested that, in contragbtsed of EPSPs, IPSPs, or both. Furthermore in that stydy,
dopamine and baclofen, the inhibitory effects of DAMGO oonly a small number of the neurons demonstrated clear hyper-
WIN 55,212-2 on evEPSCs were not presynaptic. To mop®larizing IPSPs that were inhibited by selectjwveor §-opioid
fully explore this possibility, we used a more powerful analysiagonists. In contrast, the present data support the more regcent
of TTX-resistant MEPSCs. These quantal release events a@baervations thai-opioid receptors are more prominently req
very sensitive measure of the locus of a drug’s effect becaussented on GABAergic terminals in the NAc than arepi-
changes in mMEPSC amplitudes are associated with a postsyid- receptors, which are largely associated with postsynaptic
aptic site of drug action, whereas changes in mEPSC frequet@fBAergic cellular profiles (Svingos et al. 1997, 1998). Ourr
are likely due to interaction with a presynaptic site (Cohen data also suggest thé&topioid receptors may only be found Oh:{

L

al. 1992; Lupica 1995; Thompson et al. 1993). In the presemsubset of the inhibitory terminals making contact with MS
study, WIN 55,212-2 decreased mEPSC amplitude, withotihus unlike the effect of CB1 receptor activation, which i
altering mEPSC frequency, whereas DAMGO reduced mEP®ited GABA release onto all MSNs§-opioid receptors
frequency but did not affect mMEPSC amplitude. Thus theseemed to more selectively regulate GABA release onto only a
data suggested that WIN 55,212-2 acted postsynapticakybset of these neurons.

whereas DAMGO acted presynaptically to inhibit glutamater- Unlike its effect on glutamatergic transmission in the pres
gic transmission. Given these results, it is unclear why pairestudy the cannabinoid agonist, WIN 55,212-2, likely reduc
pulse facilitation was unaffected by the opioid. However, b&sABAergic transmission in the NAc through, exclusively,
cause NMDA receptor function is known to be augmented lpresynaptic action. This was supported by data showin
both DAMGO (Martin et al. 1997) and repetitive stimulatiorswitch from paired-pulse depression to facilitation of eviIPS
(Pennartz et al. 1991) in MSNs, it is possible that this postsyduring CB1 receptor (and opioid receptor) activation an
aptic change obscured DAMGO'’s presynaptic actions, whidomplete absence of WIN 55,212-2 effects on mIPSC am
were clearly seen in the mEPSC experiments. This ideatigles or decay kinetics. In these experiments, and in a prev
supported by data demonstrating that almost no NMDA comstudy (Nicola and Malenka 1997), the frequency of mIPS
ponent contributes to mMEPSCs (Nicola and Malenka 199%as found to be very low. This was somewhat surprisi
present study). However, despite this disparity, both theecause the fast spiking GABAergic interneurons that
MEPSC and the paired evEPSC experiments suggest thatthmight to provide the major inhibitory input to MSNs in th
small effect of WIN 55,212-2 on glutamatergic transmissiostriatum (and probably the NAc; see following text) are sp
likely occurred through a postsynaptic interaction, whereas tt@eously active in vivo and in slice preparations (Kawagu
effects of DAMGO were likely presynaptic on mEPSCs, anelt al. 1995; Kods and Tepper 1999) This may be explained @
both pre- and postsynaptic on the paired evEPSC responthes fact that these previous experiments were conducted<af
(Martin et al. 1997). The mechanism of this apparent postsyiigher temperatures (35°C), whereas those in the present stugy,

ducted at room temperature, which tends to decrease the
ber of spontaneously active cells. In an attempt to mitig e
possible deleterious effects of a small sample size on puyr
analysis of mIPSCs, we also examined these events in |tHg

In direct contrast to its modest effects on evEPSCs, theesence of ruthenium red, which enhances mIPSC frequeriey
cannabinoid agonist more strongly inhibited GAB#nediated by a direct interaction with the transmitter release machingy
evIPSCs in NAc MSNs. The effect of WIN 55,212-2 wagSciancalepore et al. 1998; Trudeau et al. 1996). This expg[i;
concentration-dependent (E£= 123 nM) and completely ment also demonstrated that WIN 55,212-2 had no effect|¢®
antagonized by the selective CB1 antagonist SR141716MPSC amplitude or kinetics and only a small effect on mIP$C'
(Rinaldi-Carmona et al. 1994). Furthermore the estimated geequency. Taken together, these results strongly suggest §
tency of WIN 55,212-2 was similar to that reported for eviPpresynaptic site of action for the cannabinoid in the NAc; @n
SCs in hippocampal pyramidal neurons (138 nM) (Hoffmagiffect that is also found in other brain areas (Chan et al. 19p8;
and Lupica 2000). The antagonist also had no effect alone idaffman and Lupica 2000; Szabo et al. 1998; Vaughan et(al.
evIPSCs, suggesting that endogenous cannabinoids do HR9, 2000).
modulate synaptic transmission in NAc brain slices under the

present conditions (Hoffman and Lupica 2000; Katona et gtynctional implications for the modulation of NAc output b

1999). ' . _ _cannabinoids
In comparison with the consistent effect of the cannabinoid

on GABA release onto MSNSs, the effects of the opioid agonists Prior descriptions of striatal/NAc physiology have attributgd
were much more variable. The selectiyeopioid receptor GABAergic inhibition of MSNs to synaptic interactions among
agonist DAMGO had no effect on the evIPSCs, and the notirese cells through an extensive network of axon collatenals
selectiveuw/s-opioid agonist DALA inhibited evIPSCs in only (Park et al. 1980; Wilson and Groves 1980). However, mgre
a subset of the MSNs examined§0%). Since DALA does recent data appear to refute this concept, suggesting insfead
not have significant activity ak-opioid receptors (Goldstein that the major source of inhibitory GABAergic input to MSNE
and Naidu 1989) and its effects were reversed by NLX, we derived from a much smaller population of striatal interneu-
conclude that these actions were on a subset of inhibitagns (Jaeger et al. 1994; Kawaguchi et al. 1995; Koés 4nd

Cannabinoid and opioid modulation of inhibitory
transmission
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Tepper 1999). In particular, one class of these intrinsic intgdenneTT BD anp Boraw JP. Synaptic input and output of parvalbuming
neurons has been shown to express MRNASs for glutamlc acianmunoreactive neurons in the neostriatum of the Neurosciences2:
07-719, 1994.
E'ecsrbcr)]xylasé%égAim) af‘d t?ﬁ tctil I’ecl:etptor E]Hohrr;annda&éemzor\l WAJ anp Wise RA. Rewarding actions of phencyclidine andg
erkennam . ) Ssummg . at this refationship 1s ,Ou,n ,mrelated drugs in nucleus accumbens shell and frontal caitBbeuroscil6:
the ventral striatum/NAc, it is likely that the presynaptic inhi- 31123122 1996.

bition of GABA release by WIN 55,212-2 seen in the presemian PK, CHan SC, aND YunG WH. Presynaptic inhibition of GABAergic

study was due to activation of CB1 receptors located on thenputs to rat substantia nigra pars reticulata neurones by a cannabipoid

terminals of these interneurons. Furthermore because theg@onist.Neuroreport9: 671-675, 1998.
interneurons receive substantial cortical glutamatergic inp
. L intracellular labeling studyBrain Res347: 112-116, 1985.
(Bennett and Bolam 1994’ Pennartz and Kitai 1991)’ th EN JP, RRepES W, LI J, SvitH D, LowinsoN J, AND GARDNER EL. Delta

represent a critical link in mediating cortico-accumbens feed-g.tetrahydrocannabinol produces naloxone-blockable enhancement of jpre
forward inhibition of medium spiny projection neuron output. synaptic basal dopamine efflux in nucleus accumbens of conscious, frefely-

Therefore one of the roles of CB1 receptors in the NAc mightmoving rats as measured by intracerebral microdialy&sychopharmacol-
be to dampen this feedforward inhibition, thereby disinhibiting ogy (Berl)102: 156-162, 1990.
MSNSs making them more responsive to excitatory cortic§HENG B AND WiLLiavs JT. Increased opioid inhibition of GABA release ir

input and increasing NAc output to the ventral pallidum and %g':ufgggcumbens during morphine withdrawhINeurosci18: 7033~

VTA.In ?OntraStv our data demonStratmg a more_c!rcumscanQRBﬂE MJ, JmEs LB, anD BEART PM. An excitant amino acid projection

modulation of GABA release onto MSNs by opioid receptors from the medial prefrontal cortex to the anterior part of nucleus accumb

suggest that this system may have a more limited role in then the rat.J Neurochemt5: 477-482, 1985.

disinhibition of these NAc projection neurons that may allov@HRISTIE MJ, SUMMERS RJ, SEPHENSON JA, Cook CJ, AND BEART PM.

certain groups of cells to function as discrete NAc output Excnatorydamlno acid prolgctlo‘rll_s‘to thegnucleus accumt()jer;s sce;ptgn the

pathways (Groenewegen et al. 1999; Pennartz et al. 1994). ?ors?:tireor?CrSZZe' tzgs_‘zl‘gésauggf“ izing D[3H]aspartate and [SH]GAREU-
The role of Fhe NA(_: n drl_Jg r_ewardz ab_use' and addiction h%ULSKY SM anD SaTHER WA. Block by ruthenium red of cloned neuronal

been the subject of intensive investigation for many decades,oitage-gated calcium channels. Pharmacol Exp TheR89: 1447—1453,

While it is clear that the rewarding properties of these drugs are999.

associated with changes in NAc activity, there is still considoren GA, Doze VA, anp Mapison DV. Opioid inhibition of GABA release

erable debate as to the specific mechanisms involved. Increasiggg1 ggs{gzgﬂc terminals of rat hippocampal interneurddsuron 9:

in NA mine levels ar ful neurochemical index f°<>™>> '

dr rCVc\jIOlPdab tz en etSf ?l €a Usen;Jf retl;] oc ?n Ici rde BEADWYLER SA, HampsoN RE, Mu J, WHYTE A, AND CHILDERS S. Cannabi-

. ug rewa u .0 0. .u y acc_ou orthe comp e ProCess-pigs modulate voltage sensitive potassium A-current in hippocampal n

Il\r/]lg of fast iynaptlc ak():tlt\;:ty Ib)t/ th|5tneu_r0m0(;jl(13|itgxn the _NAC;[ rons via a cAMP-dependent procedPharmacol Exp The273: 734743,
oreover pecause botn glutamatergic an ergic INputs199s.

to MSNs are directly inhibited by dopamine, as well as by! CHiARA G AND IMPERATO A. Drugs abused by humans preferentiall

e i ; increase synaptic dopamine concentrations in the mesolimbic systen
drugs of abuse, it is likely that these effects contribute to thef eely moving ratsProc Natl Acad Sci US/85: 52745278, 1988,

rgwardlng properties of these druQS' Thus a demonstratloan T HU AND ZIEGLGANSBERGERW. Visualizing unstained neurons in living
direct actions at NAc synapses provides a useful context irbrain slices by infrared DIC-videomicroscopBrain Res537: 333336,
which to consider the rewarding properties of a drug, either1990.

apart from. or in addition to. its effects on NAc dopamingRENCH ED. Delt&-tetrahydrocannabinol excites rat VTA dopamine neuro
' L - ' _o i through activation of cannabinoid CB1 but not opioid receptileurosci
levels. Indeed it is unlikely that the effects of WIN 55,212-2 in ett 226: 159162, 1997.

the present study were due to an increase in dopamine le ARDNER EL AND VOREL SR. Cannabinoid transmission and reward-relat
because a recent voltammetric study demonstrated that this/entsNeurobiol Dis5: 502-533, 1998.
agonist did not increase dopamine levels in NAc slices (SzaB@-bsTeN A anp Naibu A. Multiple opioid receptors: ligand selectivity

et al. 1999). Furthermore we did not see the robust inhibiti%\prgﬂ'E‘istigg HJ”dig"gR:’i\fgsii%”\f\‘}“r,a"‘;ﬁ'ES?ﬁrgEcoﬁigiﬁg&”\%;s’f%

. . R;
of glma_‘materglc EPSCs that would be expected with elevate(iﬁ/ouERs JG, AND LoHmAN AHM. Functional anatomy of ventral, limbic
dOpamme _|eVe.|S (Harvey and L_acey 1996)_- However, beCB:USQ/stem—innervated striatum. Iithe Mesolimbic Dopamine Systeedited
cannabinoids increase dopamine levels in the NAc in vivoby Willner P and Scheel-Kruger J. New York: Wiley, 1991, p. 19-59.

(Chen et al. 1990), it is likely that when systemically adminGROENEWEGENHJ, WRIGHT Cl, BEJER AV, AND VOORN P. Convergence and
istered they would indirectly inhibit glutamatergic Syrlal:)sessegre961tlon of ventral striatal inputs and outpten NY Acad Sc877:
49-63, 1999.

through this mechanism (Harvey and Lacey 1996). Despite ey J ano Lacey MG. Endogenous and exogenous dopamine depr.
complexity ofthese direct and indirect actions of drugs of abuseEPSCs in rat nucleus accumbens in vitro via D1 receptor activati
on amino acid-mediated synaptic processes in the NAc, it is likelyd Physiol (Lond)492: 143154, 1996. , _
that the modulation of the population activity of MSNs through/ARVEY J AND LACEY MG. A postsynaptic interaction between dopaming O
. . . . . nd NMDA receptors promotes presynaptic inhibition in the rat nucle
these 'synaptlc meChamsmS will COIjltl’Ibth to the rewardlng amiccumbens via adenosine releas&leuroscil?7: 5271-5280, 1997.
addictive properties of these drugs in the intact organism. HERKENHAM M, LYNN AB, JOHNSONMR, MELVIN LS, bE CosTA BR, AND RICE

KC. Characterization and localization of cannabinoid receptors in rat brg
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This work was supported by the National Institute on Drug Abuse. HorFmaN AF AnD Lupica CR. Mechanisms of cannabinoid inhibition of
GABA(A) synaptic transmission in the hippocampuddNeurosci20: 2470—
REFERENCES 2479, 2000. o o
HoHmANN AG aND HERKENHAM M. Localization of cannabinoid CB(1) recep-
Aoob ME anD MARTIN BR. Neurobiology of marijuana abus&rends tor mMRNA in neuronal subpopulations of rat striatum: a double-label in s
Pharmacol Scil3: 201-206, 1992. hybridization studySynapse37: 71-80, 2000.
AMERI A. The effects of cannabinoids on the brairog Neurobiol58: HowLeTT AC. Pharmacology of cannabinoid receptoksinu Rev Pharmacol
315-348, 1999. Toxicol 35: 607—-634, 1995.

%—tANG HT anp Kital ST. Projection neurons of the nucleus accumbens: pn

T

eD|UMOG

r

Ayd-uly/:dny wouy pap

e

ors

)

b,

/102 ‘ST AInC ud 9'££D22 0T Aq /Bi0"AbBo|

PSS

in:

jtu



http://jn.physiology.org/

CANNABINOIDS AND OPIOIDS IN THE NUCLEUS ACCUMBENS 83

JaEGER D, Kita H, aND WiLson CJ. Surround inhibition among projection PErRTwee RG. Pharmacology of cannabinoid CB1 and CB2 recep®hsr-
neurons is weak or nonexistent in the rat neostriatlifNeurophysiol72: macol Therapr4: 129-180, 1997.

2555-2558, 1994, RINALDI -CARMONA M, BARTH F, HEAULME M, SHIRE D, CALANDRA B, CONGY
JANG L, SUN S, NEDERGAARD M, AND KANG J. Paired-pulse modulation at  C, MaRTINEZ S, MARUANI J, NELIAT G, AND CaPUT D. SR141716A, a potent
individual GABAergic synapses in rat hippocampa$hysiol (Lond)523: and selective antagonist of the brain cannabinoid recepEBS Lett350:
425-439, 2000. 240-244, 1994.
KATONA |, SPERLAGH B, SK A, KAFALVI A, VizI ES, MAcKIE K, AND FREUND
TF. Presynaptically located CB1 cannabinoid receptors regulate GABAGA1 neuronsJ Neurosci20: 51-58. 2000
release from axon terminals of specific hippocampal interneutbieu- ' i ' P
rosci 19: 4544—4558, 1999, SciaNcALEPORE M, Savic N, Gyori J, AND CHERUBINI E. Facilitation of
KAwAGUCHI Y, WiLsoN CJ, Aucoob SJ,AND Emson PC. Striatal interneu- . -
rones: chemical, physiological and morphological characterizaliends pal neuronsJ NeurophysioB0: 23162322, 1998.

Neuroscil8: 527-535. 1995. SHEN M, Piser TM, SevsoLD VS, anD THAYER SA. Cannabinoid receptor
Koos GF. Neural mechanisms of drug reinforcemelitn NY Acad Sc654: agonists inhibit glutamatergic synaptic transmission in rat hippocam
171-191, 1992. cultures.J Neuroscil6: 4322—-4334, 1996.

Kooe GF, RoBeRTS AJ, SCHULTEIS G, ParsoNs LH, HeYser CJ, HvyTiA P,  STEFFENSENSC, S/INGOs AL, PIcKEL VM, AND HENRIKSEN SJ. Electrophysi-

MEeRrLo-PicH E, AND WEIss F. Neurocircuitry targets in ethanol reward and ological characterization of GABAergic neurons in the ventral tegmental

dependenceAlcohol Clin Exp Re®2: 3-9, 1998. area.J Neuroscil8: 8003—-8015, 1998.
KoosT anp TEPPERJIM. Inhibitory control of neostriatal projection neurons bySviNGos AL, CLARKE CL, AND PickeL VM. Cellular sites for activation of
GABAergic interneuronsNat Neurosci2: 467—472, 1999. delta-opioid receptors in the rat nucleus accumbens shell: relationship

Lupica CR. Delta and mu enkephalins inhibit spontaneous GABA-mediated Met5-enkephalind Neuroscil8: 1923-1933, 1998.
IPSCs via a cyclic AMP-independent mechanism in the rat hippocamp@&uncos AL, Moriwaki A, WANG JB, UHL GR, AND PickeL VM. mu-Opioid

J Neuroscil5: 737-749, 1995. receptors are localized to extrasynaptic plasma membranes of GABAe

Mackie K, LAl Y, WESTENBROEKR, AND MITCHELL R. Cannabinoids activate neurons and their targets in the rat nucleus accumb&rseuroscil?:
an inwardly rectifying potassium conductance and inhibit Q-type calcium o585 2594 1997,

currents in AtT20 cells transfected with rat brain cannabinoid recepta,qzopa KR. Abams CE. AND Lupica CR. Opioid receptor subtype expres
sion defines morphologically distinct classes of hippocampal interneurg

J Neuroscil5: 6552—-6561, 1995.
MARTIN G, NEE Z, AND SiGGINS GR. mu-Opioid receptors modulate NMDA

- . iy J Neuroscil9: 85-95, 1999.
receptor-mediated responses in nucleus accumbens nedifdBsroscil7: S7AB0 B. DORNER L. PFREUNDTNER C. NORENBERGW. AND STARKE K. Inhi-
11-22, 1997. ' ' . ' )

McBRIDE WJ, MurPHY JM, AND IKEMOTO S. Localization of brain reinforce- bition of g_abaergic inhipitory postsynaptic currents by cannabingids in
ment mechanisms: intracranial self- administration and intracranial placsez-Corpus striatumNeurosciences: 395-403, 1998.

conditioning studiesBehav Brain Red01: 129-152, 1999. ABO B, MuLLER T, AND KocH H. Effects of cannabinoids on dopaming
MENNERICK S AND ZORUMskI CF. Paired-pulse modulation of fast excitatory elease in the corpus striatum and the nucleus accumbens in Jitteu-

synaptic currents in microcultures of rat hippocampal neurdriBhysiol rochem73: 1084-1089, 1999.

(Lond) 488: 85-101, 1995. SzaBO B, WALLMICHRATH |, MATHONIA P, AND PFREUNDTNERC. Cannabinoids

MiLLer KK, Horrer A, Svosoba KR, AND Lupica CR. Cholecystokinin inhibit excitatory neurotransmission in the substantia nigra pars reticul
increases GABA release by inhibiting a resting Konductance in hip Neuroscienc®7: 89-97, 2000.
pocampal interneurong. Neuroscil7: 4994-5003, 1997. TakaHASHI KA AND LINDEN DJ. Cannabinoid receptor modulation of synaps

MisNer DL AaND SuLtivan JM. Mechanism of cannabinoid effects on long- received by cerebellar purkinje cells NeurophysioB3: 1167-1180, 2000.
term potentiation and depression in hippocampal CA1 neutbh&urosci  THompsoNSM, CaPoGNA M, AND Scanziani M. Presynaptic inhibition in the
19: 6795-6805, 1999. hippocampusTrends Neuroscl6: 222-227, 1993.

Nicota SM, KomsiaN SB, AND MALENKA RC. Psychostimulants depressTrypeau LE, DovLe RT, EvERY DG, AND HAYDON PG. Calcium-independent

excitatory synaptic transmission in the nucleus accumbens via presynaptiggtivation of the secretory apparatus by ruthenium red in hippocam

D1-like dopamine receptors. Neuroscil6: 1591-1604, 1996. neurons: a new tool to assess modulation of presynaptic fundtidaurosci
NicoLa SM anD MALENKA RC. Dopamine depresses excitatory and inhibitory 16: 46-54. 1996

iyﬁgﬁf,&gigsrg&zﬂg@ﬁ% d|159t|9n7ct mechanisms in the nucleus accumbep§oU K, BROWN S, SA\NUDO-PENA MC, MACKIE K, AND WALKER JM. Immu-
PARK MR LIGH.THALL W Al’\lD KIT.AI ST. Recurrent inhibition in the rat nohistochemical distribution of cannabinoid CB1 receptors in the rat cen
neostriatumBrain Res194: 359-369. 1980 nervous systemNeuroscience3: 393—-411, 1998.
PAXINOS G AND WATSON C. The Rat Brain in Stereotaxic Coordinatdgew ~UCHMURA N, CHERUBINI E, AND NORTH RA. Cation current activated by
York: Academic, 1986. hype_rpolarlzatlon in a subset of rat nucleus accumbens neuiddsuro-
PENNARTZ CM, BOEWINGA PH, KiTAl ST, AND LOPES DASILVA FH. Contribu-  Physiol64: 1847-1850, 1990. _
tion of NMDA receptors to postsynaptic potentials and paired-pulse facil.AUGHAN CW, CONNOR M, BAGLEY EE, AND CHRISTIE MJ. Actions of canna-
tation in identified neurons of the rat nucleus accumbens in \Bixp.Brain binoids on membrane properties and synaptic transmission in rat peria
Res86: 190-198, 1991. ductal gray neurons in vitrdvlol Pharmacol57: 288-295, 2000.

PENNARTZ CM, DOLLEMAN-V AN DER WEEL MJ, KiTAl ST,AND LOPES DASILVA ~ VAUGHAN CW, McGREGORIS, AND CHRISTIE MJ. Cannabinoid receptor acti-
FH. Presynaptic dopamine D1 receptors attenuate excitatory and inhibitoryation inhibits GABAergic neurotransmission in rostral ventromedial m
limbic inputs to the shell region of the rat nucleus accumbens studied indulla neurons in vitroBr J Pharmacol127: 935-940, 1999.
vitro. J Neurophysiob7: 1325-1334, 1992. WiLson CJ AND GrRoves PM. Fine structure and synaptic connections of th

PENNARTZ CM, GROENEWEGEN HJ, AND LOPES DA SiLva FH. The nucleus ~ common spiny neuron of the rat neostriatum: a study employing intracelly
accumbens as a complex of functionally distinct neuronal ensembles: arnject of horseradish peroxidas& Comp Neuroll94: 599-615, 1980.
integration of behavioural, electrophysiological and anatomical datzg ~ Wise RA. Neurobiology of addictionCurr Opin Neurobiol6: 243-251, 1996.
Neurobiol42: 719-761, 1994. Wise RA aND BozarTH MA. A psychomotor stimulant theory of addiction.

PennARTZ CM AND KiTal ST. Hippocampal inputs to identified neurons in an  Psychol Re®4: 469—-492, 1987.
in vitro slice preparation of the rat nucleus accumbens: evidence for feesan XR, MADAMBA S, AND SIGGINS GR. Opioid peptides reduce synapti
forward inhibition.J Neuroscill: 2838-2847, 1991. transmission in the nucleus accumbeNsurosci Lettl34: 223-228, 1992.

ScHwEITZER P. Cannabinoids decrease the K(+) M-current in hippocampal

miniature GABAergic currents by ruthenium red in neonatal rat hippocamn-

bal

ith

a

Papeoju

[

Ayd-uly/:dify wouy

gjols

Aq /B1B A6

= k=]
210 9°€€°08 20T

&102 ‘ST AN

!

-

D

lar



http://jn.physiology.org/

