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.4hstract--El~cr~~oph~~siolopical  consequcncc>  of ;tcti\ ation at’ cannabinuid  receptors ha\ e hccn mc?~tl\
investigated  on nrurnnal cell lines and on c?lls  transfected  M irh cannabmc>id  receptors. The kn O[  the

presenl experiments was to stud! cannahinoid effects on identified neurons irr sirzr.  Electricall!-evobed
postsyaptic C~JJellt~  and voltage-dependent calcium currents \yere  investigated in the principal neurons of
the corpus striatum. the medium spiny neurons. with the patch-clamp method for brain  slices. These
neurons were chosen because the!. produce mzsseqer RNA for cannahinoid receptors and because the
densit!  of cannabinoid binding sites in the striatum is high. Acti\,ation  of muscarinic receptors h!
carbachol ( IO- ’ MI reduced inhibitory posts>!naptic current amplitude b>, h?“~~~.  The synthetic cannabinoid
receptor agonist R(+)-[~.~-dih~dro-5-methY1_3-[(morpholin~l)meth~l]pyrrolo[1  .~,7-de]-1.4-benzoxazin-~~l]-
(I-naphtalenyl)methanone  0+‘1N55712-7:  IO-  ’ to IOF5  M) dose-dependentI!.  reduced striatal inhibitor!,
postsynaptic  currents: the maximum effect. inhibition by 5%. was observed at lo-’ M. Another cannabi-
noid agonisI.  ( - )-cis-3-[l-hvdrox!  -3-( I. I -dimeth~lhrpt~l)phen~l]-rl-a~~.s-4-(.?-h~~droxyprop~I  @clohexanol
(CPS59410:  10  ’ M). also reduced inhibitor! postsynaptic currents. by 50Y1,.  The CR1  cannnabinoid
receptor antagonist N-piperidino-5-(4-chlorophen~l)-I-(1.4-dichlorophenyI)-4-meth~l-~-p~~raznlc=
carboxamide (SR141716A: 10-h M) had no effect when given alone but abolished the effect of
WINS5112-1 (IO-‘M).  WIN55111-1 (IO-‘M)  did not change the current evoked by the GAB.4,A-
receptor agonist muscimol  (10-h M). Activation of muscarinic receptors by carbachol (lo-’ M) inhibited
voltage-dependent calcium currents by 21% but the cannabinoid receptor agonist WIN55712-2  (lo-’ M)
was without effect.

The results show that activation of CBI cannabinoid receptors reduces GABAerpic  inhibitor!
postsvnaptic currents in medium spin)  neurons of the corpus striatum: the likely mechanism is presyaptic
inhibition of GABA  release from terminals of recurrent axons of the medium spiny neurons themsel\.c>.

C- 1998 IBRO. Published bq Elsevier Science Ltd.‘-

Kq, ~~-nrlis:  calcium channel. cannabinoid receptor
medium spin\; neuron. presynaptic  inhibition.

Marijuana and hashish are products from Crtn~nhis
suriva  and are widely used by humans for their
euphoric effect. Cannabinoids may also be used
therapeutically-. e.g., for the treatment of nausea,
anorexia. glaucoma and chronic pain.‘.““” The
typical pharmacological effects of cannabinoids in
animals are antinociception. hypakinesia. catalepq
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.4 hh,c~lX/tirl~?.!  : CNQX. 6-c!,ano-?-nitroqlljnoxaline-‘.i-

dione: CP55940,  ( - )-c.i.~-j-[2-h);drox!,-4-(  1 .l -dimethy-
hept~l)phen~~I]-trwr7.~-il-(3-h~drox),prop~l)c~clohex~rnol:
DL-APS. n’l-2-amino-5phosphonopentanoic acid:
D M S O .  dnnethylsulphoxide:  EGTA.  ethyleneglycolbis-
(aminoethyletherlretra-acetate:  H E P E S .  A-2-hydroz;!.-
cthylpi~razinc-.n”-2-ethanesulyhonic acid: IPSC‘. inhlhl-
tory postsynaptic  current: PRE. average of initial values
(before drug applicatloni of IPSCs or calcium currents:
SRId1’;16A. N-piperidincl-5-(J-chlorophen!:l)-I-(?-

corpus striatum, inhibitor!. postsynaptic current.

a n d  hypothermia.‘.‘h..3””  T h e  m e c h a n i s m s  o f
cannabinoid effects on the nervous system are no1
well understood at present. Two G-protein-coupled
receptors have been identified as the primary targets
of cannabinoids.‘h-~9.~4..18”  The CBl c a n n a b i n o i d
receptor is preferentially located on neurons. whereas
the CB? receptor occurs typicall\ in peripheral
non-neur011a1  cells.

The typical neurochemical  effect ofcannabinoids is
inhibition of adenylate cyclase.J  Electrophysiological
effect  of cannabinoids have been mostI> studied
on neuroblastoma (N 1X) and neuroblastoma-c9liorna
ING 108-I 5) cell lines and on cells transfected m ith
the cannabinoid CBI receptor. In these artificial
systems. acrivation of CBI receptors leads to inhibi-
tion of voltage-fated  calcium channels’-‘J-  “‘.“’ and
acti\.ation  of potassium channels.‘-‘.‘h  Cannabinoid
etiects have also been observed on “normal”
neurons .  Thus .  cannabinnids enhanced po~ssium
currents in ~I~LLI'C~  iwlatcd  from rat hi;lpocampus.’
and the! inhibited currents elicited b!- 5HT?



T h e  aim of  the present  experiments was to
characterize cannubinoid &Tects on identified
neurons in the rat brain. The principal neuron of the
corpus striatum. medium spiny neuron. was selected
for this purpose. Medium spiny neurons p r o d u c e
mRNA for the Cl31  receptor.“-‘” A high density of

cannabinoid bindins sites is found in the corpus
striatum itself and in the projection regions of
medium spiny neurons. i.e. the substantia nigra  pars

reticulata. the globus  pallidus and the entopeduncu-
lar nucleus~l”_lJ_lH.~‘_‘” Cannabinoid agonists activate
G-protcins’h and inhibit adenylate cyclas~‘~  in stri-
atal neurons. ElTects  of cannabinoids on electro-
physiological properties of medium spiny neurons
were studied with the patch-clamp method for brain
slices. We studied effects on inhibitory postsynaptic
currents (IPSCs)  elicited by electrical stimulation
of the striatum and effects  on voltage-dependent
calcium currents.

EXPERI3IENT.AL PROCEDURES

Patch-clamp recording from neurons in brain slices was
performed as described by Edwards and Konnerth and
Stuart et ~l.~,”

Eight to IX-day-old Wistar rats (obtained from Charles
River. Sulzfeld. Germany) of either sex were used. Brain
slices were prepared and stored in artificial cerebrospinal
fluid  of the following composition (“standard“ extracellular
solution; mM): NaCl 126. NaH,POI  I. KC1 3. M$ll 1,
CaC1,  2.5, NaHCO,  16.2. glucose 10. pH 7.3-7.4 (atter the
solution was gassed with 95”:)  0,/5’ii1  CO,). After decapita-
tion the brain was immediately immersed in ice-cold
cerrbrospinal fluid.  .4 block of brain containing the corpus

striatum was glued with cyanoacrylate  glue to a stage fitting
into a vibrating tissue slicer (Vibratome 1000: Plano.
Marburg.  Germany). Five to six coronal slices. 300 pm,
were cut. The slices were stored in a Gibb chamber until
superfusion started up to 8 h later: the temperature of
the chamber during the first 10 min was 35°C. thereafter
2O-74’C.

Scprt:fiaioii  id optid srtup
For patch-clamp recording slices ~rre  transferred into a

\upertusion <harnbrr  and tissd  at the glass bottom ot‘ the
ch;lmbrr Lvith  ;I n! Ion grid on ii platinum t’ramct.  Slices  \\tre
superfused  ;lt 70-24°C at 2 speed of l-2  ml/min  i! ith ;I roller
p u m p  (lsmatec I P C - I :  B e n d e r  Br Hobein.  Bruchsal.

Germany). They were trans-illuminated with red light
(iL,.,, = 780 r&l) and viewed with a Zeiss Axioskop FS
microscope (Zeiss. Giittingrn.  Germany) equipped with a
water-immersion lens (40 x 0.75 W: Ph 2) and differential
interference-contrast optics. The microscope was connected
to a video camera sensitive to infrared light (Newvicon C
1400-07-C: Hamamatsu. Herrsching. Germany).

Patch-clamping

Pipettes were pulled from borosilicate glass (2 mm outer
diameter, 0.3 mm wall thickness) with a vertical puller
(L/M-3P-A; List. Darmstadt. Germany); they had a resist-
ance of 3-5 Mn when filled with intracellular solution. The
patch pipette and the stimulating electrode were moved by
step motor-driven micromanipulators (Luigs & Neumann.

Ralin$cn.  {j~r:;lan>‘).  T h e  >,LLITIC  pipette  \v;I~  USC~ f<3r C!t:tll-

inp ,?f tilt il]rf:lctT  of tllr  rK0lKid  ncurl>n ,tnd tbr 2~l~Ihil~h-
mrllt  of ;1 $g;\se;ll (2 ~10  GQ) LLith  the  ncurcwal membrane
(“one-step procedure”; Ljee Stuart t’r I,/.‘-).  Patch-clamp
r e c o r d i n g s  were obtained  nith an EPC-9 amplifier  (List.
Darmstadt.  Germany)  and evaluated with tht: T I D . 4
for Windows joftware (HEK.4 Elektronik. Lamhrecht.
Germans). Series resistance compensation Ol‘ 50-60”~~  \v;15
applied.  Ewrpt  where remarked. voltage values were not
corrected  [or liquid  junction potential. Data were filtered at

1 kHz ;~td recorded  at ;L sampling rate of 5 kHr.  In neurons
contained  in brain slices. current analysis is complicated by
cxtensivs  dendritic arborization: part  of the dendritic tree
probably  rjcapcs  from somatic voltage-clamp (see 13).  and
this probably influences absolute values b,t‘calcium  currents
and inhibitory postsynaptic currents also in the present
esp?rimenti. \Vith this proviso. the method still permits
examination  of drug effects on these currents.

For  recording of IPSCs standard extracellular solution
containing 6-cyano-7-nitroquinoxaline-2.3-dione  (CNQX;
10 HIM) and oL-2-amino-5-phosphonopentanoic acid
(DL-AP5:  25 uM) was used. The composition of the intra-
cellular solution Lvas (mM): CsCl 107. CsF 35. MgCl:  I.
HEPES 10, EGTA IO. ATP-Na2 1. pH 7.4 (adjusted with
CsOH).  Cs+ was applied intracellularly-  in order to prevent
contamination of synaptic responses by potassium currents:
membrane potential was held at -40 mV in order to
prevent sodium currents (see 23.33). Single rectangular
electrical pulses (0.1 ms wide. 2-12 V) were delivere;  by
an isolated stimulator (ST-OYISO-100;  Experimetria.
Budapest. Hungary). Slices Lvere  stimulated either by stain-
less steel concenrric  bipolar electrodes (inserted 20--M  pm
into the slice at a horizontal distance of 100-200  pm from
the recorded neuron) or by platinum parallel bipolar elec-
trodes (placed onto the surface of the slice so that the
recorded neuron lay between the two arms of the electrode).
Results obtained with the two kinds of electrodes were
similar and hence pooled. Input resistance was continuously
monitored during the experiments by observing the current
response to a 10 mV hyperpolarizing  pulse: experiments
were eliminated if input resistance increased more than 30%.

For recording of calcium currents extracellular solution
of the follo\ving  composition was used (mM): NaCl 144.
KC1 i. MgCh 1. CaCl,  5. HEPES 10. glucose 10. tetrodo-
toxin 0.0002. pH 7.4 (adjusted with NaOH).  The compos-
ition of the intracellular solution was (mM): CsCl 75.
tetraerhylammonium-chloride 10. MgCl,  -l. HEPES 40.
EGTA IO. glucose IO. .4TP-Mg  5. GTP-Tris 0.3. creatine
phosphate-&a>  1-l. creatins  phosphokinase Xl L’ ml  -‘. pH
7.4 (adjusted  \iith CsOH). Caisiun 1 iurrcnt3 \\cre elicired  by
voltage  rarnpb  I‘rum  a hoiding  pot~nti~~i  L7t -Xl mv to
+60 m\‘. Ramp>  h a d  :I <p<~d  ot‘ 0.5 m\i’ Ins ! ;lnd \\.cre
applied ever\ 31 5. For dstsrmination of linear leak cur-
rents. hyperpolarizing voltage ramps from -80 mV to
- 10X  mV hvere  applied 5 s after each depolarizing ramp.
The maximum leak-subtracted current measured during a
ramp was used for statistical evaluation.

E.yprl-imrrttul  protocol. dutu rwhation  UF~  statistics

Recordings started 15 min after establishnient of the
whole-cell configuration. Zero time in the figures is the time
when recording began. Calcium currents were elicited every
30 s. IPSCs every 15 s.

Recordings lasted for 6-20 min. Slices were superfused
initially with control solution for 3-5 min. Either drugs or
control solution were then superfused for the remainder of
the experiment. Currents measured during the initial
3-5 min were averaged and this average is referred to as
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PRE: all values of an experiment were expressed as percent-
ages of PRE. In most experiments currents measured in
consecutive OS min (two IPSCs) or 2.5 min periods (five
calcium currents or 10 IPSCs) were averaged and these
averages were also expressed as percentages of PRE.

Means I S.E.M. are given throughout. Differences
between groups were evaluated with the non-parametric
two-tailed Mann-Whitney test: in appropriate cases
Bonferroni correction was applied. PcO.05 was taken as
the limit of significance and only this level is indicated even
if P was CO.01 or 0.001.

Marerials

Drugs were obtained from Calbiochem (Bad Soden.
German!.): t e t r o d o t o x i n :  Fluka  (Buchs.  Su+tzerland ):
muccimol:  Merch (Darmstadt. Gcrm;tn>  ): tctrarthvl-
amnloniLlm-chluride:  Pfizer (Grotan. CT. L-.S..4. ): ( - )-tk-
3-[7-11whws~ -1-1 1 .I -dimstl~~lhep!~-l)phcn~~l]-t~~~n7.~-3-(  3-
h\dro;b-pro&  )cyclohexanol  (CPSS910):  RBl I Kdn.
Germany): R(+)-[1.3-dih~dro-~-n~eth~l-?-[(morpl~~~li~~~l)
methyl]pyrrolo[  1.1.3-de]-1 .Cbenzoxazin->-I]-(  1 -naphtalenvl)
methanone mesylate (WIN55112-2): Sanofi (Montpelher.
France): lu‘-piperidino-5-(4-chlorophen~l~-  I -(2.4-dichloro-
phenyl)-4-methyl-3-pyrazolecarbosamide  HCI (SR141716A):
Sigma (Deisenhofen, Germany): ATP-Mg. ATP-Na,. bi-
cuculline. bovine serum albumin (fan?  acid free),
carbachol-HCl. creatine phosphate-Na,.  creatine phos-
phokinasr and GTP-TJ~s:  and Tocris Cookson (Bristol.
England): CNQX and DL-.4PS.

The  cannabino id  ligands  WIN552 17-2.  CP5594C)  and
SR 14 I 716A were dissolved in SO- 100%  dimethglsulphoxide
(DMSO) and stock solutions were stored at - 20°C. Further
dilutions were made with superfusion buffer containing
1 mg/ml bovine serum albumin (in order to prevent adsorp-
tion of cannabinoids to the tubing); the final concentration
of DMSO  was 0.054.1%.  Control solutions always con-
tained the appropriate concentration of DMSO and bovine
serum albumin (but only DMSO is indicated in the figures).
CNQX and bicuculline  uere dissolved in 100’l,~Z~  DMSO.
carbachol. DL-4P5. tnuscimol and tetrodotoxin in dis-
tilled water: stock solutions were stored at - 70°C. Further
dilutions were made with superfusion buffer.

RESULTS

Patch-clamp recordings were made from the
principal neurons. the medium spiny neurons. of the
corpus striatum. The perikarya of these neurons were
spindle-formed and measured 12-l 6 urn  along the
longer axis. Cell capacitance. input resistance. series
resistance and membrane time constant were calcu-
lated (see 3X) using standard extracellular solution
and the CsCI-based  intracellular solution used for
IPSC recording: they were 52 i 4 pF. 1263 i 206 MR.
31 i 1 MSZ and 1.1 IO.1 ms. respectively (~-15).
Resting membrane potential. measured in currcnt-
clamp mode using standard extracellular solution
and a potassium gluconate-based intracellular hufIer
(see e.g.. 21). was - 74 f 3 mV 15 min after establish-
ment of the whole-cell configuration (n = 13: corrected
for liquid junction potential): it remained constant
for at least 20 min (not shown). Cells did not fire
spontancousl~.  but depolarizing current injections
t 100 p-4. 500 ms) induced regular firins at a rate of
-74+  1 Hz (II= 15). These n~orphological  and electro-
ph~~siological  properties of medium spin!, n~tlrons arc
as obser;cd pro iouslh  .’ ‘L”’  ”

IPSC (PA)

Fig. 1. Relationship between amplitude of inhibitor! post-
synaptic currents (IPSCs) and holding potential (v,J.
Neurons were held at a given \‘ll for 6 s. and 1PSCs
\vere  e\mksd  ty ;I sinpl:  pulsr. hIcans=  S.E.M. of nine
er;periIncnt1;.  T h e  i n s e t  sho\~  3 origin;J  trai‘ings  lrom one

JPSCs were evoked by sin$e rectangular electrical
pulses. In the first series of experiments the holding
potential was varied from _ 70 mV to +40 mV in
order to obtain the current-v’oltage  relationship
(Fig. 1). The current-\.oltage  relationship was linear.
The reversal potential was - 10.5 mV (corrected
for liquid junction potential). fairly close to the
calculated reversal potential of Cl- under our
experimental conditions. - 5.6 mV.

In all further experiments neurons were clamped at
- 40 mV and IPSCs evoked by single electrical pulses
every 15 s. At the beginning of the experiments, the
IPSC amplitude was 21919  p-4 (ft= 160: PRE),  The
IPSC amplitude decreased slightly  in control exper-
iments in which nomlal buffer w-as superfused (Fig. 3 ).

Superfusion of the sodium channel blocker tetro-
dotoxin (2 x lo-’ M 1 _for 10 min strongly reduced
1PSC amplitude. The maximum response was
observed at the end of the 10 min superfusion. a
decrease to 19 zt 7%) o f  P R E  (~r=lO: fQO.05: n o t
shown). 5 min after the end of tetrodotoxin applica-
tion there was a slight recovery to 38i7% of PRE.
IPSCs were nearly abolished by the GABA,-receptor
antagonist bicuculline (2 x 10 -’ M) (Fig. 2). The
maximum effect was reached within 2 min. Finally.
the muscarine receptor agonist carbachol (lo-’ M)
greatly reduced the IPSC amplitude (Fig. 3). The
maximum effect de!-eloped wsithin  4 min.

As in the experiments with tetrodotoxin. bi-
cuculline and carbachol. neurons were clamped at
- 40 mV and IPSCs evoked by single pulses every
15 s. The IPSC amplitude decreased to 64-52”~~~  of
PRE in control exprriments in which ().l”,~, DMSO
was superfused (Figs 4-h).

Two synthetic cannabinoid agonists. WIN551  11-2
(10 ’ M) a n d  CPi5910  ( IO i’ M 1. significantI\
decreased the amplitude of IPSCs  (Fis‘  1). At
le:lst S min wet-c nrce55ar!’  for development  of the



BICUC 2 x 10 ’ M / DMSO

L. I / I

0 2 4 6 min

Fig. 2. Effect  of bicuculline  (BICLC)  on inhibitory posts?-
naptic  currents (IPSCs). IPSCs were evoked every 15 s by a
single pulse. BICUC (2 x 10 ’ M) was superfused from r=?
to 1=6 min. The control group  (DMSO)  :vas  superfused
with buKer  contaming  DMSO (0. I”,;,)  during this period.
Values measured during the first 3 min were averaged
(PRE). Values were averaged every 0.5  min and these aver-
ages were expressed as percentages of PRE. Means + S.E.M.
of six (BICUC) and 13 (DMSO) experiments. Significant
difference from DMSO: PiO.05. The inset shows original
tracings from an experiment with BICUC: tracings were

obtained at time-points I and 2.

I CARE IO-’ M I CON

2 1

100
CON

OL
I 1 I 1 I

0 2 4 6 8 min

Fig. 3. Effect of carbachol  (CARB)  on inhibitory post-
synaptic currents (IPSCs). IPSCs were evoked every 15 s by
a single pulse. CARB ( 10e5  M) was superfused from r=4 to
r=5 min. The control group (CON) was superfused w-ith
normal buffer. Values measured during the first 4 min
were averaged (PRE). Values were averaged every 0.5 min
and these averages were sxpressed as percentages of
PRE. Msans=S.E.M.  of nine (CARB) and 1 I (CON)
experiments. Significant difference  from CON: P<O,Oj. The
inset sho\l,s original tracings  from an experiment with

CARB: tracings uere obtained at time-points I and 1.

inhibition. 15 min after commencement of super-
f u s i o n  o f  WINjZ211-2  (10. ” MI anti CP559-W
( 10 P-h  >I). IPSC amplitude decreased to 40 ~4”) and
SO= 4” (1 of PRE. respectiveI>-  (corrected for drcre;lse
in the appropriate control group). The effect of
WINS5212-2 was not reversible on washout for
10 min (not shown). probably because this highly
lipophilic drug is not readily washed out from the
brain slice. But. long-lasting cannabinoid effects
have been observed also in experiments on isolated
neurons.” WIN55212-2 was administered at four
concentrations (10-“-10-5 M) in order to study
the concentration-reponse relationship (Fig. 5).
WIN55212-2  (lo- ’ M) had no effect. The tendency
for an effect of WIN55212-2  (lo-’ M) was not
significant whereas WIN55212-2  (low6 and lop5 M)
significantly reduced the IPSC amplitude. The

I DMSO/WIN10-1M/CP10~M/SRi06M

100 -

G
B SR

B DMSO

% so_

i- CP
WIN

OL
I I 1 I I

0 5 IO 15 20 rnin

Fig. 4. EKcct of WINj5212-2  (WIN). CP55940  (CP) a n d
SRlJl716~ (SR)  on inhibitory postsynaptic currents
(IPSCs). IPSC3 ikere  evoked ~xi‘r) 15 s bv a single pulse.
WIN (II)-” M). CP (IO-” M) and SR (IOF”  M)  were super-
fused from t=5  to t=2C, min. The control group (DMSO)
was superfused with butTer  containing DMSO (O.l’%)  during
this period. Values measured during the first 5 min were
averaged (PRE). Values were averaged every 7.5  min and
these averages were expressed as percentages of PRE.
Means5S.E.M.  of six (WIN),  six (CP). 13 (SR) and 17
(DMSO) experiments. Significant difference from DMSO:
PG.05  The inset shows original tracings from an esper-
imcnt with WIN; tracings were obtained at time-points 1
and 2: the thin line shows the PRE ( 1) curve scaled down
according to the average decrease observed in the DMSO

group (decrease to 64’!5 of PRE).

DMSO /
WIN 10”iWIN IO-‘/  WIN 1O4/ WIN 10.‘M

DMSO

WIN 10’
DMSO

WIN lo”
WIN IO“
WIN lOa

, I I I

0 5 10 15 20 m i n

Fig. 5. Dose-dependent effect of WIN55212-3 (WIN) on
inhibitory postsynaptic currents (IPSCs). IPSCs were
evoked every 15 s by a single pulse. The WIN groups were
superfused with buffer containing DMSO  (0.1%)  until
r=5 min. and with buffer containing WIN (lo-’ M.
IO-‘iM. 10-6.M or  IO-’ M) from t=.i to r=?Omin. The
control group (DMSO) was superfused throughout with
buffer containing DMSO (0. I” ‘,). Values measured  during
the first 5 min  14~‘~s  a\-ernged / PRE).  \~sluss  wsre  a\?raged
every 2.5 min and these averages 13.2 r: e\prc?ss~Li  a5 pcrccnt-
ages of P R E .  \kans&S.E.ILL.  of 10 rW1.X  IV 111,  erght
(WI3  II)-- >I).  seven (WIN IO-”  YvI).  eight (WIN 10ei &I)
and 11 tDMS0)  experiments. Significant difference from
D M S O :  WO.05.  The inset shows the concentration-
response relationship: values measured at the end of the
superfusion were used and they were corrected ior the
decrease observed in the DMSO group (decrease to 73%

of PRE).

maximum effect, an inhibition by 52% (corrected
for decrease in the appropriate control group), was
observed at 10K6 M. The data permit a rough
estimation of the EC,o value of around 9 x 10 - ’ M.

Superfusion with the cannabinoid antagonist
SR141716A (10K6 M) for 15 min did not change the



Inhibition of GABAergic  IPSCs bq- cannabinoids 399

DMSO I OuSOfwIN10~u/

SR 10s u SR 10" M + WIN 1O4 M

QMSO

SR + WIN

I ! I I I

0 5 10 15 20 min

Fif. 6. Interaction  of\‘IN53212-1  (WIN) with SR111716.4
(SR) on inhibitory postsynaptic currents (IPSCs). IPSCs
\verc e\.oked e\ zr\. I5 5 bb a sin~lc pulse.  The  M’IY  group
was supsrfused  \\-ith buffer containing D;MSO (0.1”  ‘I) until
r=5 min. and Lvith  buffer conraining WIN (lo-” M) from
t=5 to r=ZO  min. In the combmation group, SR (IO-” Ml
was superfused until 5 min. and SR (IO-’ M) and WIN
(lo-”  M) were superfused together from t=5 to r=20 min.
The control (DMSO) group was superfused throu_ehout
with buffer containing DMSO (0.1%). Values measured
during the first 5 min were averaged (PRE).  Values were
averaged ever\- 7.5 min and these averages were expressed
as pe;centage; of PRE. Meansi S.E.M. of 11 (WIN). I I
(SR+WIN)  and eight (DMSO) experiments. Significant

difference from DMSO: PcO.05,

DMSO DMSO I WIN lOa U

k-i 1 PWE(V‘-
g! 40

, I I / 1 I I

0 5 10 15 20 25 30 min

Fig. 7. Effect of WIN55212-2  (WIN) on currents evoked b!
muscimol (MUX). MUSC (IO-’ M) was superfused twice
for 60-I 10 s. The WIN group was superfused with bufler
containing DMSCI  (0.1%)  until t=lS min. and with buffer
containing WIN (lOph  M) from t=15  to t=3Omin. The
control group (DMSO) was superfused throughout with
buffer containing D M S O  (O.l”/u).  The second MUSC-
evoked current was expressed as a percentage of the first
MUSC-evoked current (PRE).  Means  i S.E.M. of six
(WIY) an seven (DMSO) experiments. The inset shows
original tracings from an experiment with IYIN:  tracings

were obtained al time-points I and 2

IPSC amplitude (Fig. 4). SR141716.4  (IO-” Ml
abol ished,  however .  the eKect of WINjj212-2
(IO-” M) (Fig. 6).

A possible interference of WINS521 2-2 with the
GABA,-receptor ion channel complex was studied in
the next series  of‘experiments  (Fig. 71.  The GABL\.-
receptor agonist muscimol i 10..  ” M) was superfused
tuke. Tht:  first supcl-fusion elicited a current \vith an

CAR6  IO-’ M I CON

GON

CARB

t I I I

0 2 4 6 min

Fi_g.  8. Effect of carbachol (CARB)  on calcium currents.
Calcium currents Lvere  evoked ever!  30 s by voltape  ramps
( -8(1m\.  to +6(1  III\.). CARB  (IO- M) \$a< superfused
f r o m  I=? 10 1~6  min. The COII~I-01  group IC O N )  ~\‘a5
super-fused with normal buffer. Values mcasurcd  during the
firsr 3 min \vere  a\.eraged  (PRE):  all values were expressed
as percentages of PRE. Means*S.E.M. of seven (CARB)
and 10 (CON) experiments. Significant difference from
CON: PcO.05.  The inset shows original tracings (leak-
subtracted) from an experiment with CARB: tracings were

obtained at time-points 1 and 1.

a m p l i t u d e  o f  314+48pA  (n=l3:  P R E ) .  T h e
muscimol-evoked current decreased slightly in con-
trol experiments with O.l!,,l DMSO. Superfusion of
WIN55712-2  ( lKh M) for 15 min had no significant
effect on the muscimol-evoked current.

Efects qf cannabinoids on voltage-dependent calcium
chanrtels

Striatal medium spiny neurons were held at a
holding potential of - 80 mV. Voltage-dependent
calcium channels were activated by ramp depolariz-
ation. The mean amplitude of calcium currents at the
besinning of the experiments was 0.68 i 0.05 nA
(n=52:  PRE). Calcium current amplitude remained
fairly constant in control experiments in which
n o r m a l  buffer or O.l”i;l  DMSO (Fig 8 .  9)  was
superfused.

Superfusion of the non-selective calcium channel
blocker cadmium (lo-” M) for 2 min greatly reduced
calcium current amplitude. At the end of the 2 min
superfusion. calcium current amplitude was 13 i 2%
of PRE (n= 17: PcO.05; not shown). Calcium cur-
rents  were  on& slightly  reduced by nifedipine
(lo-“M:  12-15’:?~,  inhibition: !I=?: not shown) and
ta-conoloxin  GVJA (10e7  M: 0-21% inhibit ion:
tz= 1. not shown). The muscarine receptor agonistI.
carbachol ( IO- ’ M) significantly inhibited calcium
currents (Fig. 8). The current was reduced b!-
21% after 3 min of carbachol superfusion. but the
maximum effect was not yet reached at this time-
point (Fig. 8).

Superfusion of the cannabinoid receptor agonist
WIN55213-1  (IO -“MI for 15 min did not signifi-
cantI> change calcium currents (Fig. 9). The effects of
WIN55213-2 were also studied in slices in which
muscarine recsprnrs and dopamine  D,,< rcccptors
\a’ere b locked  b>,  atropine  ( 10 ” M) a n d  SCH23390
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Fig. 9. Elect of WINS2132  (WIN) on calcium currents.
Calcium currents were evoked e.<erv 30 s by voltage ramps
f - 8(? mV to +hO mV). The WIN group was superfused with
bufer containing DMSO (0. I,‘%)  untii r= 5 min. and with
buffer containing WIN (IO-”  M)  from r=5 to f=IN min.
The control group (DMSO) was superfused throughout
with buffer containing DMSO (0. I’%).  Values measured
during the first 5 min were averaged (PRE).  Values were
averaged every 2.5 min and these averages were expressed
as percentages of PRE. MeansiS.E.M. of nine (WIN)
and eight (DMSO)  experiments. The inset shows original
tracings (leak-subtracted) from an experiment with WIN:

tracings were obtained at time-points l-3.

( lo-’ M), respectively. After 4 min of superfusion
with WIN55212-2  (lo-’ M), the calcium current
ampiitude was 102i2’K of PRE (~=9: not shown).
The value was not significantly different from the
value observed after supeifusion with 0.1”~  DMSO
for 4 min in the appropriate atropine- and
SCH23390-treated  control group ( 106 * 2” of PRE:
n= 10; not shown).

The major finding of this study is that
cannabinoids inhibited IPSCs in the corpus striatum.
We interpret this observation as a CBl cannabinoid
receptor-mediated presynaptic inhibition of GABA
release from terminals of recurrent axon collaterals of
medium spiny neurons. Contrary to our expectation.
activation of cannabinoid receptors had no etYect  on
somadendritic voltage-dependent calcium channels in
medium spin): neurons.

IPSCs were nearly abolished bq- tetrodotosin and
bicuculline. and the reversal potential of the surrc’nt
was close to the calculated reversal poLrntia1  of Cl _.
It is. thus. likely- that electrical stimulation <licited
action potential-dependent release of GABA from
presynaptic axon terminals, which in turn activated
GABA,-receptors of the postsynaptic neuron. lead-
ing to an outward Cl- current. The corpus striatum
has no major GABAergic afferent input from other
brain regions.” 9&95% of striatal neurons are
GABAergic medium spiny neurons: the axons of
these neurons arborize extensively within the
striatum itself and form synaptic contacts with their
own cell bodies and with other medium spiny
neurons.“.37 About 5% of striatal neurons are
GABAergic interneurons.” It is. therefore, likely
that striatal IPSCs are mainly due to GABA released

l’l-om ;l~~n terminals 01’ mdium spiny ncul-on5  hilt

c;.ABr\  releasct_i  from  striaral  in&l-neurons ma>
also contribute. Carbachol inhibited striatal
IPSCs. verifying previous observations ivith other
musc.trinic  a<Tonists. 48L

Two che;ically different synthetic cannabinoid
agonists. WIN557 11-2 and CP55940,  reduced striatal
IPSCs. The effect o f  WIN55212-2  w a s  dose-
d e p e n d e n t  a n d  t h e  ICs,, (9 x IO ’ M) s imi la r  to
values obtained with WIN552 l?- 2 in other electro-
physiological  studies.‘.-.‘3-” “-x WIN552 I Z-1 and
CPj j940  are a g o n i s t s  f o r  b o t h  CBl and CB2
cannabinoid receptors. ‘X The effect of WIN557  I?-’I __
~21s  ;intagonized  by SK I41 7 16~4. which has much
h i g h e r  affinity for CBl receptors  (I$=?-12  nM)
than for CB2  receptors (K,=703->  1000 nM),“,4’.4’
indicating that CBl cannabinoid receptors were
involved in inhibition of striatal IPSCs.

What was the mechanism of the inhibition of
tPSCs by cannabinoids? WIN552  1 Z-7 ( 10eh M)
had no major effect on voltage-dependent sodium
currents (Diirner and Szabo. unpublished obser-
vations). ruling out inhibition of action potential
propagation.  WIN55217-2.  does not stimulate the
neuronal uptake of GABA.  but instead, GABA
uptake is inhibited at higher concentrations of
WIN55212-2  (25 x lO_‘M).‘”  WIN55212-2  had n o
effect on the current evoked by muscimol in striatal
neurons, and hence a postsynaptic action is also
unlikely. The remaining and very likely alternative is
that WIN55212-3  inhibited IPSCs by activating
presynaptic CBI cannabinoid receptors at axon
terminals of GABAergic neurons. These axons
probably are. as mentioned above, recurrent axons
of the medium spiny neurons themselves. Medium
spiny neurons produce mRNX  for CBl cannabinoid
receptors and there is a high density of CBl receptors
in the striatum.IO.I~_IY.~-.“’

For patch-clamp studies. brain slices are best
prepared from young animals in order to improve
survival and visibility of neurons (see 6). Accord-
ingly. our studies were carried out on brain
slices obtained from eight- to l&days-old rats.
Cannabinoid receptors are already expressed at this
young a g e  (~5 4lcLuughlin  ;~nci  .Abood”’ f o r
sspres.sion of CBl receptor mRN.4  in young  animals
and Glass or ~11.“’ for the distribution of cannabinoid
bindin? sites in the fetal and newborn brain).

Cannabinoid receptor-mediated presynaptic
inhibition of transmitter release was first observed in
the mouse vas deferens  and in the guinea-pig small
intestine.40 It was later identified also in the mouse
urinary bladder39  and heart atria.” Presynaptic
inhibition of transmitter release has been recently
observed also in the central nervous system.
Cannabinoids inhibit the release of acetylcholine and
noradrenaline in the hippocampus.9~43  the release of
dopamine from amacrine cells of the retina4’  ancI the
release of glutamate, and hence glutamatergic neuro-
transmission, in hippocampal cultures.j4  Presynaptic
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inhibition of release of several neurotransmitters by
cannabinoids may turn out to be a key neuronal
effect of cannabinoids.

Results obtained recently in anaesthetized animals
indicate thar cannabinoids presynaptically inhibit
GABA release from axon terminals of striatal
medium spiny neurons in the projection regions
substanria n&a and globus  pallidus.“‘-32.‘Y T h e s e
and our observations supplement each other. Pre-
synaptic cannabinoid receptor-mediated inhibition of
GAB.4 release seems to operate in three different
prqjection regions of medium spin>  neurons: in the
substantia n&a. the plobus  pallidus and the corpus
striatum itself (projection site of recurrent axons). It
is interesting to note that the pres~naptic  inhibition
at these three sites mill influence the output from
medium spin) neurons differentI>-. Presynaptic
inhibition in the striatum will block recurrent
inhibition of medium spiny neurons. and hence. will
increase their firing rate and finally the output from
these neurons. Presynaptic inhibition in the sub-
stantia nigra and the globus pallidus nilI decrease
output from medium spiny neurons.

The cannabinoid antagonist SRI 41716.4 had an
eflect on its own in several tissues: it enhanced
release of neurotransmitter9.4’  or caused a functional
response which was attributed to an enhanced release
of transnlitter.39.“Y These finding were interpreted as
indication of a presynaptic inhibition by an endogen-
ous cannabinoid. SRl41716A  had no effect on its
own in our experiments. and this rules out the
function of an endogenous cannabinoid under our
experimental conditions. It should be noted. hon.-
ever. that the stimulation applied. one pulse every
15 s. possibly was not sufficient to release endogenous
cannabinoids.

N-. P- and L-type calcium channels and an
unidentified channel contribute 27. 11.  31 and <14F1,.
respectively, to the overall depolarization-evoked
calcium current in isolated medium spin!, neurons.’
The weak inhjbition of calcium currents produced by
w-conotoxin GVIA and nifedipine in the present

experiments is in accordance with this observation.
Activation of muscarinic receptors leads to a
G-protein-dependent inhibition of calcium channels
in isolated striatal neurons.” Carbachol inhibited
calcium currents also in medium spiny neurons in
brain slices indicating that the slice model may be
suitable for studying receptor-mediated modulation
of calcium channels.

The synthetic cannabinoid agonist WIN55212-2.
however. had no effect on the calcium current. An
inhibiton by cannabinoids was not uncovered even
during blockade of dopamine D,,, receptors and
muscarinic receptors: these receptors were blocked in
order to pre\.ent  potential interference of endogenous
transmitters \+,itll calcium currents. Lack of effect of
cannabinoids on somadcndritic calcium currents in
striatal medium spin!-  neurons stands in contrast to
the inhibition of calcium currents in neuronal cell
lines and in cells transfected  with cannabinoid

’ 21-2h~36receptors:. It mav be that expression and+
cellular localization of cannabinoid receptors or their
coupling with calcium channels is different in cell
lines and transfecred  cells on the one hand and
it7 sim neurons in brain slices on the other. While
cannabinoids do not inhibit somadendritic calcium
currents, inhibition of calcium currents in axon
terminals is one possible mechanism for the observed
presynaptic inhibition of GABA release.

CO?KLUSION

Catalepsy is a typical cannabinoid effect in animals
and is thought to be due to an interference of
cannabinoids with extrapyramidal motor systems.].‘”
The observed presynaptic inhibition of GABA
release in the striatum and in striatal projection
regions should be incorporated in an!. model aimed
to explain extrapyramidal effects of cannabinoids.

A~~rloll,lr,c?ie~~r.~-~his  work was supported by a grant
form the Deutsche Forschungsgemeinschaft (Sz-7717-I ).
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