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Endogenous Cannabinoids Mediate Retrograde
Signals from Depolarized Postsynaptic
Neurons to Presynaptic Terminals

(Stella et al., 1997). It is also reported that anandamide
is released in the striatum by activation of D2-like dopa-
mine receptors (Giuffrida et al., 1999). Endogenous can-
nabinoids are removed by uptake from the site of their
action (Di Marzo et al., 1994; Beltramo et al., 1997; Pio-
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melli et al., 1999; Beltramo and Piomelli, 2000). An en-Japan
zyme that catalyzes the hydrolysis of anandamide and
2-AG, fatty acid amide hydrolase (FAAH) (Cravatt et al.,
1996; Goparaju et al., 1998), is strongly expressed in theSummary
areas with a high level of the CB1 subtype (Egertova et
al., 1998). It is therefore likely that endogenous canna-Endogenous cannabinoids are considered to function
binoids are diffusible but short-lived modulators thatas diffusible and short-lived modulators that may
function locally near the site of their production. Retro-transmit signals retrogradely from postsynaptic to
grade messengers, which are produced in the postsyn-presynaptic neurons. To evaluate this possibility, we
aptic neurons and influence the presynaptic terminals,have made a paired whole-cell recording from cultured
have been proposed to modulate synaptic transmission.hippocampal neurons with inhibitory synaptic connec-
Endogenous cannabinoids are a good candidate fortions. In about 60% of pairs, a cannabinoid agonist
such retrograde messengers.greatly reduced the release of the inhibitory neuro-

The hippocamus is one of the brain regions that con-transmitter GABA from presynaptic terminals. In most
tain a high level of CB1 receptors (Herkenham et al.,of such pairs but not in those insensitive to the agonist,
1991; Matsuda et al., 1993; Tsou et al., 1998; Egertovadepolarization of postsynaptic neurons and the re-
and Elphick, 2000). In the hippocampus, CB1 receptorssultant elevation of intracellular Ca21 concentration
(Katona et al., 1999; Tsou et al., 1999) are abundantlycaused transient suppression of inhibitory synaptic
expressed in subpopulations of inhibitory interneuronscurrents, which is mainly due to reduction of GABA
on their presynaptic terminals. The enzyme FAAH is alsorelease. This depolarization-induced suppression was
richly expressed in the proximity to the locations of CB1completely blocked by selective cannabinoid antago-
receptors (Egertova et al., 1998). A putative endogenousnists. Our results reveal that endogenous cannabi-
ligand for CB1 receptors, 2-AG (Sugiura et al., 1999), isnoids mediate retrograde signals from depolarized
produced in hippocampal slices in response to stimula-postsynaptic neurons to presynaptic terminals to
tion of excitatory fibers (Stella et al., 1997). The activationcause the reduction of transmitter release.
of CB1 receptors is reported to suppress the release
of the inhibitory neurotransmitter g-amino butyric acidIntroduction
(GABA) from the presynaptic terminals (Katona et al.,
1999; Hoffman and Lupica, 2000; Irving et al., 2000).Cannabinoid receptors are the molecular targets for
Thus, GABAergic inhibitory synapses of hippocampalmarijuana and hashish and constitute a major family of
neurons provide a good experimental model to studyG protein–coupled seven-transmembrane domain re-
the actions of endogenous cannabinoids on synapticceptors. They consist of type 1 (CB1) and type 2 (CB2)
transmission.

receptors that differ in their distributions (Matsuda et
Using hippocampal cultures from the rat, we exam-

al., 1990; Munro et al., 1993) (Felder and Glass, 1998,
ined whether endogenous cannabinoids are involved

for review). While the CB2 is expressed in the immune in the suppression of inhibitory synaptic transmission
system of the periphery (Klein et al., 1998, for review), following depolarization of postsynaptic neurons. Our
the CB1 is rich in various regions of the CNS (Herkenham previous results suggest that the main cause of this
et al., 1991; Matsuda et al., 1993; Tsou et al., 1998; suppression is the reduction of GABA release from pre-
Egertova and Elphick, 2000). Accumulated evidence synaptic terminals and some retrograde messenger
supports that the CB1 plays an important role in the must be involved (Ohno-Shosaku et al., 1998). We also
modulation of synaptic transmission (Di Marzo et al., demonstrated that the effect of depolarization can
1998, for review) and plasticity (Stella et al., 1997; Misner spread to the synapses of neighboring nondepolarized
and Sullivan, 1999; Auclair et al., 2000) in the CNS. Two neurons, suggesting that some diffusible factor must
putative endogenous cannabinoid ligands, anandamide play a role (Ohno-Shosaku et al., 2000). The results pre-
(Devane et al., 1992) and sn-2 arachidonylglycerol (2-AG) sented here strongly suggest that endogenous canna-
(Mechoulam et al., 1995; Sugiura et al., 1995), have been binoids mediate retrograde signals from depolarized
identified. These are lipid in nature and are synthesized postsynaptic neurons to presynaptic terminals.
from membrane phospholipid (Di Marzo et al., 1998;
Piomelli et al., 2000, for reviews). It is reported that 2-AG Results
is produced in hippocampal slices in response to stimu-
lation of excitatory fibers in a Ca21-dependent manner Cannabinoid Agonist Causes Depression

of GABA Release
We began by confirming that a selective cannabinoid* To whom correspondence should be addressed (e-mail: mkano@

med.kanazawa-u.ac.jp). agonist acted on CB1 receptors on the inhibitory presyn-
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Figure 1. Heterogeneity of the Effects of
WIN55,212-2 on IPSCs

(A and B) WIN55,212-2 significantly de-
pressed IPSCs in a neuron pair in (A), while
it was ineffective in another pair in (B). Time
course of the change in the IPSC amplitude
(left) and traces of IPSCs acquired at the indi-
cated time points (right) are shown. The bath
was perfused with the solution containing
WIN55,212-2 (0.1 mM), AM 281 (0.3 mM), or
baclofen (10 mM) for the period indicated by
the horizontal bar.
(C) Summary data for neuron pairs with (left)
and without (right) WIN55,212-2 sensitivity.
Percentage reductions of IPSC amplitudes by
0.1 mM WIN55,212-2 (WIN) and 10 mM baclo-
fen (Bac) were calculated relative to the con-
trol values before agonist application. For the
following figures, summary data for the re-
duction of IPSC amplitudes are presented
similarly.

aptic terminals. We recorded inhibitory postsynaptic the effect of WIN55,212-2 (0.1 mM) was examined on
both IPSCs and inhibitory autaptic currents (IACs) in thecurrents (IPSCs) from 26 neuron pairs in hippocampal

cultures. These synaptic currents were mediated by same neuron pairs. We used 18 pairs with the synaptic
connectivity illustrated in Figure 2A (inset). In a pairGABAA receptors because they were suppressed by bi-

cuculline. In 16 of 26 pairs, bath application of a selective where IPSCs were greatly suppressed by WIN55,212-2,
IACs were also depressed (Figure 2A, middle). In anothercannabinoid agonist, WIN55,212-2 (0.1 mM), induced a

remarkable suppression of IPSCs (Figure 1A). On the pair where IPSCs were insensitive to WIN55,212-2, IACs
were also not affected (Figure 2A, bottom). The extentaverage, the amplitude of IPSCs was depressed to 1.7%

of the control by WIN55,212-2 (Figure 1C). The inhibitory of suppression of IACs was strongly correlated with that
of IPSCs (Figure 2B). Because IACs and IPSCs in a giventransmission was recovered after an addition of a selec-

tive cannabinoid antagonist, AM 281 (0.3 mM), to the neuron pair reflect the activity of presynaptic terminals
of the same neuron (Figure 2A, inset), the summary databath. In the remaining ten pairs, WIN55,212-2 failed to

suppress IPSCs (Figure 1B). It seems unlikely that this in Figure 2B suggest that the presynaptic neuron is re-
sponsible for the sensitivity to WIN55,212-2.insensitivity is caused by some damages of synapses,

because a GABAB receptor agonist, baclofen (10 mM), The presynaptic locus for the action of WIN55,212-2
was further confirmed by monitoring the change inwas effective in all the pairs tested, irrespective of the

sensitivity to WIN55,212-2 (Figures 1A and 1B). These paired-pulse ratio that presumably reflects the state of
the readily releasable transmitter pool at presynapticdata clearly indicate that the activation of cannabinoid

receptors causes a suppression of the inhibitory trans- terminals. In our culture conditions, the paired-pulse
ratio was not significantly changed by the GABAB recep-mission in more than half of neuron pairs.

The presynaptic locus for the action of cannabinoids tor antagonist CGP55845A (0.82 6 0.06 in control; 0.83 6
0.04 in 2 mM CGP55845A; n 5 9). Our results are consis-was suggested by the following experiments in which
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Figure 2. WIN55,212-2 Causes Suppression of GABA Release from Presynaptic Neurons

(A) Examples of simultaneous recordings of IACs (left) and IPSCs (right) from WIN55,212-2-sensitive (upper) or WIN55,212-2-insensitive (lower)
pairs. Traces acquired before (Before) and during (WIN) application of WIN55,212-2 (0.1 mM) are superimposed. For the following figures,
sample traces of IPSCs are shown similarly.
(B) Correlation between the effects of WIN55,212-2 on IACs and IPSCs.
(C) Effects of different concentrations (1, 3, 10, and 30 nM) of WIN55,212-2 on IPSCs. IPSC traces were sequentially recorded from the same
neuron.
(D) Example of IPSCs evoked by paired stimuli with an interpulse interval of 100 ms. Each trace is the average of 10–12 consecutive IPSCs.
Traces scaled to the first IPSCs are shown on the right.
(E) The relationships between the reduction in the first IPSC amplitude and the increase in the paired-pulse ratio induced by applications of
1–3 nM WIN55,212-2 (WIN; n 5 7), 2–3 mM baclofen (Bac; n 5 6), and 1–3 mM bicuculline (Bic; n 5 7).

tent with previous reports (Wilcox and Dichter, 1994; postsynaptic sensitivity to iontophoretically applied
GABA. The average response in the presence ofJensen et al., 1999) that GABAB autoreceptors at presyn-

aptic terminals do not contribute to the paired-pulse WIN55,212-2 (0.1 mM) was 95.5% 6 2.3% (mean 6 SEM;
n 5 4) of the control. These results lead us to concludesynaptic plasticity. In a dose range of WIN55,212-2 (1–3
that the cannabinoid agonist suppresses the releasenM) where the amplitudes of synaptic currents were
of GABA by activating cannabinoid receptors on thesuppressed to about 40% of the control (Figure 2C),
presynaptic terminals.WIN55,212-2 induced a clear increase in the paired-

pulse ratio of IPSCs (Figure 2D). On the average, the
paired-pulse ratio increased by about 50% in the pres- Depolarization-Induced Calcium Elevation of the

Postsynaptic Neuron Induces Suppression ofence of WIN55,212-2, which was similar to the change
caused by a GABAB receptor agonist, baclofen, in the GABA Release from the Presynaptic Neuron

We applied a depolarizing voltage pulse (to 0mV for 5same preparation (Figure 2E). In contrast, the suppres-
sion due to blockade of postsynaptic GABAA receptors s) to the postsynaptic neuron of a pair and transiently

elevated the intracellular calcium concentration ([Ca21]i)by bicuculline caused no change in paired-pulse ratio
(Figure 2E). WIN55,212-2 (0.1 mM) did not change the (Figure 3A). Effects of the same depolarizing voltage
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Figure 3. Depolarization-Induced Postsynap-
tic [Ca21]i Elevation and Suppression of IPSCs

(A) An example (left) and the averaged data
(right) of depolarization-induced [Ca21]i ele-
vation. The postsynaptic neuron was depo-
larized from 280mV to 0mV for 5 s (Depo).
The averaged Ca21 levels, expressed as the
ratio (F340/F380), are plotted as a function of
time.
(B and C) An example (left) and the averaged
data (right) of depolarization-induced changes
in IPSC amplitudes for neuron pairs sensitive
(B) or insensitive (C) to depolarization. Traces
of IPSCs acquired before (Before) and 6 s
after (Depo) the depolarization are superim-
posed. The amplitude of IPSCs was normal-
ized to the value before depolarization in each
pair, and the averaged amplitudes are plotted
as a function of time.

pulses on IPSCs were examined in 107 neuron pairs. IPSC amplitude was much greater than that of the GABA
responsiveness in the neuron pairs exhibiting the depo-In 53 neuron pairs, the amplitude of IPSCs decreased

transiently with a time course similar to the elevation of larization-induced suppression of IPSCs (Figures 4A and
4B, left), indicating that the suppression of IPSCs was[Ca21]i (Figure 3B). However, in the rest of 54 pairs, the

depolarization induced no significant suppression of largely not due to the decrease in postsynaptic respon-
siveness to GABA. Furthermore, the suppression ofIPSCs (Figure 3C). The suppression of IPSCs induced

by depolarization was not due to depolarization of the IPSCs accompanied a clear increase in the paired-pulse
ratio (data not shown; Ohno-Shosaku et al., 1998). Thesemembrane itself but due to the elevation of [Ca21]i for

the following two reasons. First, the same depolarizing results indicate that the depolarization of postsynaptic
neuron and resultant [Ca21]i elevation induces suppres-pulse failed to depress IPSCs when the recording pi-

pette contained a fast Ca21 buffer, BAPTA (30 mM). The sion of the GABA release from the presynaptic neuron.
Therefore, some substance must be released from theaverage response after depolarization was 100.4% 6

2.6% (mean 6 SEM; n 5 10) of the control. Second, the postsynaptic neuron and act retrogradely on presynap-
tic terminals to reduce GABA release.depolarization was ineffective when the Ca21 inflow was

eliminated by perfusing the neurons with a Ca21-free
solution during depolarization (data not shown; Ohno- Endogenous Cannabinoid Mediates

the Retrograde EffectShosaku et al., 1998).
The depolarization caused a slight decrease in the We examined a correlation between the sensitivities of

IPSCs to the postsynaptic depolarization and to theresponse of the postsynaptic neuron to iontophoreti-
cally applied GABA in neron pairs, irrespective of the cannabinoid agonist. In 26 pairs, effects of the postsyn-

aptic depolarization and WIN55,212-2 on IPSCs werepresence (Figures 4A and 4B, left) or the absence (Figure
4B, right) of the depolarization-induced suppression of sequentially examined. In 12 of 26 pairs, the depolariza-

tion induced a transient suppression of IPSCs. In allIPSCs. This slight decrease in the GABA responsiveness
was presumably due to the Ca21-induced transient inac- of these pairs, WIN55,212-2 suppressed IPSCs almost

completely (Figures 5A, 5Da, and 5Ea). In the remainingtivation of GABAA receptors (Inoue et al., 1986; Chen
and Wong, 1995). Nevertheless, the reduction of the 14 pairs, the postsynaptic depolarization failed to sup-
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Figure 5. Correlation between the Effects of Depolarization and
WIN55,212-2 on IPSCs

(A–D) Examples of IPSCs (A, B, and C) and the averaged data (D)
Figure 4. Depolarization of Postsynaptic Neurons Has No Effect on for neuron pairs sensitive to both depolarization and WIN55,212-2
Their Responses to Applied GABA (A and Da), those insensitive to depolarization but sensitive to
(A) Examples of IPSCs (upper) and GABA-evoked currents (lower) WIN55,212-2 (B and Db), and those insensitive to both of them (C
recorded from the same neuron before, 6 s (Depo), and 56 s (Recov- and Dc).
ery) after the depolarization. (E) Scatter plot showing the relationship between the effect of
(B) Averaged data for depolarization-induced changes in the ampli- WIN55,212-2 (ordinate) and that of depolarization (abscissa). Data
tudes of IPSCs and GABA-evoked currents obtained from neuron points marked with (a) (filled circles), (b) (open triangles), and (c)
pairs sensitive (left) or insensitive (right) to depolarization. (open circles) are from the corresponding three groups of neuron

pairs in (D).

press IPSCs. In four of these pairs, WIN55,212-2 mark-
edly suppressed IPSCs (Figures 5B, 5Db, and 5Eb). In neurons can produce the retrograde signal in response

to depolarization that may act on presynaptic canna-the rest of ten pairs, WIN55,212-2 was totally ineffective
(Figures 5C, 5Dc, and 5Ec). Importantly, we could not binoid receptors.

We next examined the effects of selective canna-find any pairs where the depolarization induced sup-
pression of IPSCs but WIN55,212-2 had no effect (Fig- binoid antagonists, AM 281 and SR141716A, on the de-

polarization-induced suppression of IPSCs. In these ex-ures 5D and 5E). These results strongly suggest that
only the presynaptic terminals that are sensitive to can- periments, only the neuron pairs sensitive to the

depolarization were used. We confirmed that the sup-nabinoid agonists can undergo suppression of GABA
release in response to the depolarization of postsynaptic pression can be elicited repeatedly without any run-

down of its magnitude with time (up to 1 hr). In theneurons.
We have reported previously that not only excitatory normal external solution, the repeated depolarizations

suppressed IPSCs to the same extent (Figure 6A, controlbut also inhibitory postsynaptic neurons can exhibit de-
polarization-induced suppression of IPSCs (Ohno-Sho- 1 and 2), showing no run-down of the magnitude of

suppression. Then, depolarization-induced changes insaku et al., 1998). In the present study, the type of post-
synaptic neuron could be identified in 56 neuron pairs. IPSC amplitudes were measured before and after ap-

plication of AM 281 (0.3 mM) or SR141716A (0.3 mM) inAmong 22 pairs with excitatory postsynaptic neurons,
10 pairs exhibited depolarization-induced suppression each pair. These antagonists totally reversed the pre-

synaptic inhibition induced by WIN55,212-2 (see Figureof IPSCs. On the other hand, among 34 pairs with inhibi-
tory postsynaptic neurons, 14 pairs exhibited depolar- 1A). In all the pairs tested with AM 281, the depolariza-

tion-induced suppression was totally eliminated (Figureization-induced suppression of IPSCs. These results in-
dicate that both excitatory and inhibitory postsynaptic 6B). Essentially the same results were obtained with
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Figure 6. Blockade of Depolarization-Induced
Suppression of IPSCs by Cannabinoid Antag-
onists

(A) Examples of IPSCs (left) and the summary
(right) of the results showing that the depolar-
ization-induced suppression can be elicited
repeatedly without any run-down of its mag-
nitude. Traces acquired before and 6 s after
the first (control-1) or the second (control-2)
depolarization in the normal external solution
are shown. Averaged time courses of the
changes in IPSC amplitudes induced by the
first (open circles) and the second (closed
circles) depolarization (n 5 10).
(B and C) Examples of IPSCs (left) and the
summary (right) of the results showing the
blockade of the depolarization-induced sup-
pression by 0.3 mM AM 281 ([B]; n 5 11) and
0.3 mM SR141716A ([C]; n 5 3). IPSC traces
and averaged time courses of the depolariza-
tion-induced changes in IPSC amplitudes are
shown in the similar manners to (A). The aster-
isks attatched to data points represent statis-
tically significant differences from the control
(asterisk, p , 0.05; double asterisks, p , 0.01;
paired t test).

SR141716A (Figure 6C). These results indicate that en- group II/III mGluR antagonist, (RS)-a-Cyclopropyl-4-
phosphonophenylglycine (CPPG) (0.1 mM; Figures 7Adogenous cannabinoids mediate retrograde signals from

depolarized postsynaptic neurons to presynaptic termi- and 7B). It should be noted that the mGluR antagonists
used here significantly blocked the presynaptic inhibi-nals to suppress the GABA release.
tion induced by respective mGluR agonists (Figure 7C).
We then asked whether GABA released from the post-Neither Metabotropic Glutamate Receptor

nor GABAB Receptor Mediate synaptic neuron activates GABAB receptors at presyn-
aptic terminals. As shown in Figure 1, baclofen (10 mM)the Retrograde Effect

We then examined a possibility that glutamate or related effectively induced presynaptic inhibition in all neuron
pairs tested. However, a potent and selective GABABexcitatory amino acids are released from postsynaptic

neuron and activate metabotropic glutamate receptors receptor antagonist, CGP55845A (2 mM), had no effect
on the depolarization-induced suppression of IPSCs(mGluRs) at presynaptic terminals. In fact, in slice prepa-

rations of the cerebellum and the hippocampus, gluta- (Figures 7A and 7B), although it totally eliminated the
presynaptic inhibition induced by baclofen (Figure 7C).mate is reported to mediate the depolarization-induced

suppression of inhibition (Glitsch et al., 1996; Morishita These results indicate that neither glutamate (or related
excitatory amino acids) nor GABA is likely to functionet al., 1998)—a phenomenon analogous to that exam-

ined in the present study. We found, however, that the as a retrograde messenger, at least in our culture condi-
tions.suppression of IPSCs was not affected by a selective

group I/II mGluR antagonist, (RS)-a-Methyl-4-carboxy-
phenylglycine (MCPG) (3–5 mM; Figures 7A and 7B), a Postsynaptic Action Potentials Induce Suppression

of Inhibitory Synaptic Transmissiongroup I mGluR antagonist, (RS)-1-Aminoindan-1,5-
dicarboxylic acid (AIDA) (0.5 mM; data not shown), a Finally, we examined whether action potentials in the

postsynaptic neuron can induce the suppression of in-mGluR5-specific antagonist, 2-Methyl-6-(phenyleth-
ynyl)pyridine (MPEP) (4 mM; Figures 7A and 7B), or a hibitory synaptic transmission. In four neuron pairs that
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the endocannabinoid-mediated suppression of inhibi-
tion can occur under a physiologically relevant condition
and suggest that this form of synaptic plasticity may
play a role in the modulation of neural excitability in vivo.

Discussion

We have demonstrated electrophysiologically that a
cannabinoid agonist, WIN55,212-2, greatly reduced
GABA release from presynaptic terminals in about 60%
of cultured hippocampal neurons. Depolarization of the
postsynaptic neuron and the resultant elevation of
[Ca21]i caused transient suppression of inhibitory synap-
tic currents in about 50% of hippocampal neurons,
which is mainly due to reduction of GABA release from
the synaptic terminals. The neuron pairs that underwent
depolarization-induced suppression of IPSCs were all
sensitive to WIN55,212-2. Conversely, the neuron pairs
in which the depolarization induced no change in IPSCs
were mostly insensitive to WIN55,212-2. We have found
that selective cannabinoid antagonists, AM 281 and
SR141716A, totally eliminated the depolarization-induced
suppression. In contrast, widely used antagonists
against mGluRs and a potent antagonist against GABAB

receptor were totally ineffective. Taken together, these
results strongly suggest that endogenous cannabinoids
produced in postsynaptic neurons act on cannabinoid
receptors on the presynaptic terminals to suppress
GABA release.

Two endogenous cannabinoids, anandamide (Devane
et al., 1992) and 2-AG (Mechoulam et al., 1995; Sugiura
et al., 1995), have been identified. Biochemical data indi-
cate that these molecules are produced and released
from neurons in a Ca21-dependent manner (Di Marzo etFigure 7. Neither mGluR nor GABAB Mediate the Retrograde Effect
al., 1994; Bisogno et al., 1997; Stella et al., 1997). Several(A and B) Examples of IPSCs (A) and the summary data (B) for the
pathways for their Ca21-dependent biosynthesis haveeffects of mGluR antagonists (3–5 mM MCPG, 4 mM MPEP, 0.1 mM
also been identified (Cadas et al., 1996, 1997; BisognoCPPG) and a GABAB receptor antagonist (2 mM CGP55845A) on the

depolarization-induced suppression. IPSC traces were acquired in et al., 1999), which accounts for the “on demand” syn-
the absence (upper) or presence (lower) of the indicated antagonists. thesis of endogenous cannabinoids in stimulated cells
(C) These antagonists (2 mM MCPG, 4 mM MPEP, 0.1 mM CPPG, (Di Marzo et al., 1998; Mechoulam et al., 1998; Piomelli
and 2 mM CGP55845A) blocked the suppressing effects of the corre-

et al., 2000). We have found that the postsynaptic eleva-sponding agonists (50 mM DHPG, 10 mM L-AP4, and 10 mM baclofen)
tion of [Ca21]i and the presynaptic suppression of synap-on IPSCs. The asterisks represent statistically significant differences
tic currents had quite similar time courses. It is thereforefrom the control (asterisk, p , 0.05; double asterisks, p , 0.01;

paired t test). likely that endogenous cannabinoids are produced and
released from the postsynaptic neurons during the ele-
vation of [Ca21]i, and they disappear quickly by simple
diffusion, uptake (Di Marzo et al., 1994; Beltramo et al.,exhibited depolarization-induced suppression of IPSCs,

trains of action potentials were elicited in the postsynap- 1997; Piomelli et al., 1999; Beltramo and Piomelli, 2000),
or enzymatic degradation (Cravatt et al., 1996; Goparajutic neuron by repetitively injecting short depolarizing

current pulses (5 ms, 1 nA) at 50 Hz for 5 or 3 s under et al., 1998).
In slice preparations from the cerebellum (Llano et al.,the current-clamp mode (Figure 8). In the neuron pair

shown in Figure 8A, the action potential train for 5 s 1991) and the hippocampus (Pitler and Alger, 1992), the
depolarization-induced suppression of inhibitory trans-caused a transient suppression of IPSCs (Figures 8Ac

and 8Ad) that was quite similar to the suppression mission (DSI) has been reported to be mediated by gluta-
mate or a glutamate-like substance (Glitsch et al., 1996;caused by the depolarization (Figures 8Aa and 8Ab).

The subsequent action potential train for 3 s also caused Morishita et al., 1998). It is proposed that glutamate or a
glutamate-like substance is released from postsynaptica weaker but clear transient suppression of IPSCs (Fig-

ures 8Ae and 8Af). After incubation of the culture with neuron in a Ca21-dependent manner and it acts on
mGluRs on the inhibitory presynaptic terminals to re-AM 281 (0.3 mM), the action potential train for 5 s (Figures

8Ag and 8Ah) and that for 3 s (Figures 8Ai and 8Aj), as duce GABA release (Glitsch et al., 1996; Morishita et al.,
1998). In the present study, however, we never observedwell as the depolarization (Figures 8Ak and 8Al), became

totally inneffective to suppress IPSCs. The similar re- any significant effects of widely used mGluR antagonists
on the depolarization-induced suppression. Moreover,sults were obtained in all of the four neuron pairs tested

(summarized in Figure 8B). These results indicate that a selective and potent GABAB receptor antagonist,
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Figure 8. Action Potential Trains in the Post-
synaptic Neurons Cause Cannabinoid Re-
ceptor-Mediated Suppression of IPSCs

(A) An example showing that suppression of
IPSCs can be induced by action potential
trains (50 Hz, 5 and 3 s) in the postsynaptic
neuron, as well as by a continuous depolar-
ization (0mV, 5 s). Bath application of a canna-
binoid antagonist (0.3 mM AM 281) totally
abolished the effects of both action potential
trains and depolarization. The time course of
the change in IPSC amplitudes (upper) and
the IPSC traces (lower) acquired at the indi-
cated time points are shown.
(B) Averaged data for the reduction of IPSC
amplitudes induced by the depolarization
and the action potential trains (50 Hs, 5 and
3 s) before (left) and after (right) the blockade
of cannabinoid receptors (AM 281). The aster-
isks represent statistically significant differ-
ences from the control (asterisk, p , 0.05;
double asterisks, p , 0.01; paired t test). For
these experiments, the internal solution con-
taining 0.2 mM EGTA was used.

CGP55845A, also had no effect on the suppression. other hand, WIN55,212-2 was ineffective in the rest of
ten pairs. The site of deficiency in these pairs would beThese results clearly indicate that neither glutamate nor

GABA is a major mediator of depolarization-induced either pre- or postsynaptic. Reasons for the postsynap-
tic deficiency, however, are unknown at this stage. Onsuppression in our preparation. The reasons for this

discrepancy are not clear. The difference in preparation the other hand, a reason for the presynaptic deficiency
may be the heterogeneity of the CB1 receptor localiza-may certainly be a reason. However, because the DSI

in the cerebellum was little affected by a widely used tion. An immunocytochemical study on rat hippocampal
culture indicates that CB1 receptors are located on pre-mGluR antagonist, MCPG, (Glitsch et al., 1996) and DSI

in the hippocampus was blocked only partly by MCPG, synaptic terminals of the majority but not all of GABA-
ergic neurons (Irving et al., 2000). Another study on hip-even with a high concentration (5 mM) (Morishita et al.,

1998), we suspect that glutamate may not be the sole pocampal slice (Katona et al., 1999) shows that the CB1
immunoreactivity is high in cholecystokinin-containingmediator of DSI in slice preparations. In fact, Wilson and

Nicoll showed very recently that depolarization-induced GABAergic terminals but is undetectable in parval-
bumin-containing terminals. It is therefore likely that thesuppression of inhibition could be blocked by canna-

binoid antagonists in the hippocampal slice preparation WIN55,212-2-sensitive terminals correspond at least
partly to the cholecystokinin-containing GABAergic ter-(Wilson and Nicoll, 2001).

In our culture preparation, about 50% of neuron pairs minals, whereas the WIN55,212-2-insensitive terminals
correspond to the parvalbumin-containing terminals.did not display depolarization-induced suppression.

This deficiency may result from the inability of the post- Because CB1 receptors are widespread in the CNS,
endogenous cannabinoids may be of general impor-synaptic neuron to produce endogenous cannabinoids

(postsynaptic deficiency) or from the insensitivity of the tance in neural functions. For example, Kreitzer and Re-
gehr report in this issue that postsynaptic depolarizationpresynaptic terminals to cannabinoids (presynaptic

deficiency). Among 14 neuron pairs that did not dis- of cerebellar Purkinje cells causes transient presynaptic
suppression of excitatory inputs that is mediated byplay depolarization-induced suppression, WIN55,212-2

markedly suppressed IPSCs in four pairs. In these pairs, CB1 receptors (Kreitzer and Regehr, 2001). Moreover,
the elevation of [Ca21]i, which can trigger the productionthe site of deficiency would be postsynaptic. On the
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TILL Photonics). The Ca21 signal was expressed as the F340 to F380of endogenous cannabinoids, may result from multiple
ratio.sources. These include Ca21 inflow through voltage-

gated Ca21 channels and through Ca21-permeable chan-
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