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Abstract

Cannabinoid receptors are the molecular targets for the active component A’-tetrahydrocannabinol of marijuana and hashish,
and constitute a major family of G protein-coupled seven-transmembrane-domain receptors. They consist of type 1 (CB1) and
type 2 (CB2) receptors of which the CBI is rich in various regions of the CNS. Accumulated evidence suggests that endogenous
cannabinoids function as diffusible and short-lived intercellular messengers that modulate synaptic transmission. Recent studies
have provided strong experimental evidence that endogenous cannabinoids mediate signals retrogradely from depolarized
postsynaptic neurons to presynaptic terminals to suppress subsequent neurotransmitter release, driving the synapse into an altered
state. In hippocampal neurons, depolarization of postsynaptic neurons and resultant elevation of [Ca?*], lead to transient
suppression of inhibitory transmitter release (depolarization-induced suppression of inhibition, DSI). In cerebellar Purkinje cells,
on the other hand, depolarization-induced elevation of [Ca®>*], causes transient suppression of excitatory transmitter release
(depolarization-induced suppression of excitation, DSE). DSI and DSE appear to share the same properties and may be a general
and important mechanism by which the postsynaptic neuronal activity can influence the amount of transmitter release. © 2001

Elsevier Science Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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1. Introduction

The synapse is a main target of various neuromodu-
lators in the CNS. Several forms of activity-dependent
synaptic modulation have been described and thought
to play important roles in neural functions. Some are
suggested to involve retrograde messengers that are
released from postsynaptic neurons and mediate signals
retrogradely to presynaptic neurons (Bliss and
Collingridge, 1993; Alger and Pitler, 1995). Candidate
retrograde messengers reported so far include amino
acids (Glitsch et al.,, 1996; Zilberter et al., 1999),
monoamines (Cheramy et al., 1981), peptides (Kombien
et al., 1997), and neurotrophic factors (McAllister et al.,
1999). Recent studies that have appeared in Neuron
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(Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001)
and in Nature (Wilson and Nicoll, 2001) have provided
strong experimental evidence for endogenous can-
nabinoids (endocannabinoid) as a new class of candi-
date retrograde messenger. In this up date article, we
briefly review these studies and propose a possible
scheme for the mechanisms how depolarization of the
postsynaptic neuron leads to inhibition of transmitter
release from presynaptic terminals through the endo-
cannabinoid system.

2. Cannabinoid receptors and endocannabinoids

Several lines of evidence support a possible role of
endocannabinoids as a diffusible neuromodulator at
synapses. First, cannabinoid receptors are widely dis-
tributed in the CNS (Herkenham et al., 1991; Matsuda
et al., 1993; Tsou et al., 1998; Egertova and Elphick,
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2000). Cannabinoid receptors are the molecular
targets of the active component (A°-tetrahydrocan-
nabinol) of marijuana and hashish. They have amino
acids characteristic of G protein-coupled seven-
transmembrane-domain receptors, and consist of type
1 (CB1) and type 2 (CB2) receptors with different
distributions (Matsuda et al., 1990; Munro et al.,
1993; Felder and Glass, 1998). While the CB2 recep-
tor is expressed mainly in the immune system of the
periphery (Klein et al., 1998), the CB1 receptor ex-
hibits a widespread distribution in the brain. In situ
hybridization, autoradiographic and immunohisto-
chemical studies on brain tissue show that the distri-
bution of CBI1 receptor is heterogeneous, with high
levels in some areas including the hippocampus, asso-
ciational cortical regions, the cerebellum, and the
basal ganglia (Herkenham et al., 1991; Matsuda et al.,
1993; Tsou et al., 1998; Egertova and Elphick, 2000),
that correlates with the known effects of cannabinoids
on memory, perception, and the control of movement.
The distribution is also heterogeneous among different
populations of neurons in a certain brain region. In
the hippocampus, e.g., very high levels of CB1 im-
munoreactivity and mRNA are associated with sub-
populations of GABAergic neurons (Katona et al.,
1999; Tsou et al., 1999).

Second, potential endocannabinoids such as anan-
damide and 2-arachidonoylglycerol (2-AG) and path-
ways for their biosynthesis have been identified
(Devane et al., 1992; Mechoulam et al., 1995; Sugiura
et al.,, 1995, 1999). These molecules are widely dis-
tributed in the brain, with high levels in the
hippocampus, striatum, cerebellum, and cortex show-
ing a good correlation with the CBI receptor distribu-
tion (Bisogno et al., 1999a). These are lipid in nature,
are synthesized from membrane phospholipid in activ-
ity- and Ca?*-dependent manners (Cadas et al., 1996;
Stella et al., 1997; Di Marzo et al., 1998; Bisogno et
al., 1999b; Piomelli et al., 2000), and can diffuse out
across the cell membrane due to its hydrophobicity.
The released endocannabinoids are removed from the
extracellular space through a selective and saturable
uptake system or enzymatic degradation. The degra-
dating enzyme fatty acid amide hydrolase is strongly
expressed in the CBI1 receptor-rich regions (Cravatt et
al., 1996; Thomas et al., 1997, Goparaju et al., 1998),
and is located complementally to CBI1 receptors
(Egertova et al., 1998).

Third, the activation of cannabinoid receptors in-
duces a variety of actions on neural functions (Di
Marzo et al., 1998; Felder and Glass, 1998). Can-
nabinoid agonists inhibit adenylate cyclase (Howlett
and Fleming, 1984) and N- and P/Q-type Ca®* chan-
nels, and activate inwardly rectifying potassium chan-
nels (Mackie and Hille, 1992; Felder et al., 1995;
Mackie et al., 1995; Twitchell et al., 1997). They also

suppress the release of neurotransmitters, such as glu-
tamate, GABA, acetylcholine, and noradrenaline,
probably via inhibition of presynaptic Ca>* channels
(Gifford and Ashby, 1996; Ishac et al., 1996; Shen et
al., 1996; Katona et al., 1999; Hoffman and Lupica,
2000).

All these findings suggest that endocannabinoids
can work as a diffusible and short-lived mediator that
is released from activated neurons, binds to its recep-
tors on neighboring neurons and modulate their func-
tions.

3. Depolarization-induced suppression of inhibition

In cerebellar Purkinje cells (Vincent et al., 1992)
and hippocampal neurons (Pitler and Alger, 1992;
Ohno-Shosaku et al., 1998), direct depolarization of a
postsynaptic neuron induces a transient suppression of
inhibitory synaptic inputs to the depolarized cell (Fig.
1). A train of action potentials can also induce a
similar transient suppression in hippocampal neurons
(Fig. 1), indicating that this form of synaptic modula-
tion may play a role in controlling neural excitability
in vivo. This phenomenon is termed depolarization-in-
duced suppression of inhibition (DSI), and is thought
to be a good example that requires the action of some
retrograde messengers (Alger and Pitler, 1995). The
postsynaptic  depolarization triggers Ca’?* influx
through voltage-gated Ca?* channels (Lenz et al.,
1998), and induces a transient elevation of intracellu-
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Fig. 1. An example of DSI observed with a pair of cultured neurons
from the hippocampus of newborn rats. Inhibitory postsynaptic
currents (IPSCs) were evoked by stimulating the presynaptic neuron
at 0.2 Hz, and were measured from the postsynaptic neuron at — 80
mV. DSI can be induced by either a continuous depolarization (0
mV, 5 s) or a train of action potentials (50 Hz, 5 s) in the postsynap-
tic neuron. The time course of the change in IPSC amplitudes (upper)
and the IPSC traces (lower) acquired at the indicated time points are
shown.
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lar Ca®>* concentration ([Ca?*];). When the Ca?*
influx is inhibited by perfusing the postsynaptic neu-
ron with a Ca®*-free solution during depolarization
(Ohno-Shosaku et al., 1998), or when the fast Ca®>*
buffer BAPTA is injected into the postsynaptic neu-
ron (Pitler and Alger, 1992; Vincent and Marty, 1993;
Ohno-Shosaku et al., 2001), the depolarization fails to
induce DSI. Thus, it is evident that the postsynaptic
Ca’>* elevation is required for the induction of DSI.
While the site of induction for DSI is postsynaptic,
the site of expression is apparently presynaptic. The
postsynaptic response to the exogenously-applied
GABA is not suppressed significantly after the postsy-
naptic depolarization (Pitler and Alger, 1992; Ohno-
Shosaku et al., 2001). DSI accompanies a clear
increase in the paired-pulse ratio (Ohno-Shosaku et
al., 1998; Wilson and Nicoll, 2001), a widely used
indicator for presynaptic modulation (Zucker, 1989).
These data indicate that the depolarization-induced el-
evation of [Ca’™ ], transiently suppresses the release of
the inhibitory transmitter GABA from presynaptic
terminals. Thus, it follows that some retrograde mes-
sengers must mediate signals from the depolarized
postsynaptic neuron to the inhibitory presynaptic
terminals.

In slice preparations from the cerebellum (Llano et
al., 1991) and the hippocampus (Pitler and Alger,
1992), DSI has been reported to be mediated by glu-
tamate or a glutamate-like substance (Glitsch et al.,
1996; Morishita et al., 1998). It is proposed that glu-
tamate or a glutamate-like substance acts on metabo-
tropic glutamate receptors (mGluRs) on the inhibitory
presynaptic terminals to reduce GABA release
(Glitsch et al., 1996; Morishita et al., 1998).

However, because the DSI in the cerebellum was
little affected by a widely used mGluR antagonist,
MCPG (Glitsch et al., 1996), and DSI in the
hippocampus was blocked only partly by MCPG even
with a high concentration (5 mM; Morishita et al.,
1998), it is suggested that glutamate may not be the
sole and major mediator of DSI in slice preparations.

4. Endocannabinoid as a retrograde messenger in DSI

Recently, we (Ohno-Shosaku et al., 2001) and
Nicoll’s group (Wilson and Nicoll, 2001) have reached
independently the same conclusion, by using primary
cultures and slices, respectively, that endocan-
nabinoids mediate the retrograde signal of DSI in the
hippocampus. In our culture preparation, this conclu-
sion is supported by the following observations. First,
the cannabinoid receptor agonist WINS55,212-2 mimics
DSI at the synapses with the ability to express DSI
(Fig. 2(A)). Second, the WINS55,212-2-insensitive
synapses, probably lacking presynaptic cannabinoid
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Fig. 2. Effects of an agonist (WINS55,212-2) and an antagonist (AM
281) for cannabinoid receptors on IPSCs and DSI in cultured
hippocampal neurons. (A, B) In a neuron pair exhibiting DSI, but
not a pair without DSI, IPSCs were always suppressed by
WINSS5,212-2 and recovered by AM 281. The bath was perfused with
the solution containing 0.1 pM WINS55,212-2 or 0.3 pM AM 281. (C)
DSI was completely blocked after application of AM 281.

receptors, invariably fail to express DSI (Fig. 2(B)).
Third, the paired-pulse ratio increases similarly during
DSI and the WINSS5,212-2-induced suppression.
Fourth, DSI is completely eliminated by cannabinoid
receptor antagonists (Fig. 2(C)), AM 281 and
SR141716A, but not by widely used mGIluR antago-
nists or a selective and potent GABAj receptor antag-
onist, CGP55845A. These results suggest that neither
glutamate nor GABA is a major retrograde messenger
for DSI in the hippocampus. Wilson and Nicoll
(2001) present essentially the same results in the
hippocampal slice as those obtained in culture prepa-
ration. In addition, they show that DSI was not in-
hibited by postsynaptically-applied botulinum toxin,
making vesicular glutamate release from the postsy-
naptic cell highly improbable. They also demonstrated
that liberation of Ca?™ alone via flash photolysis of
caged Ca?* was sufficient to induce DSI. All these
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data are consistent with the notion that endocan-
nabinoids function as a retrograde messenger for DSI.

5. Depolarization-induced suppression of excitation

CBI receptors are reported to be present at not only
inhibitory but also excitatory presynaptic fibers
(Egertova and Elphick, 2000). It is therefore, highly
likely that endocannabinoids released from postsynap-
tic neurons can act on CBI receptors on excitatory
terminals and reduce excitatory transmitter release. A
recent paper has demonstrated that brief depolarization
of cerebellar Purkinje cells induces a transient suppres-
sion of excitatory synaptic transmission at both parallel
fiber synapses and climbing fiber synapses (Kreitzer and
Regehr, 2001). This depolarization-induced suppression
of excitation (DSE) lasts for tens of seconds, is blocked
by the postsynaptic injection of BAPTA, and is associ-
ated with a change in paired-pulse ratio (Kreitzer and
Regehr, 2001). DSE is prevented by the cannabinoid
receptor antagonist AM251, but not by mGluR antago-
nists, LY 341495, CPPG and MCPG (Kreitzer and
Regehr, 2001). All these properties are quite similar to
those of DSI, and suggest that depolarization-induced
elevation of [Ca®* ], in Purkinje cells induces the release
of endocannabinoids, thereby suppressing the gluta-
mate release from presynaptic terminals via the activa-
tion of presynaptic CBl receptors. Because CBI
receptors are widespread in the CNS, these findings
strongly suggest that retrograde inhibition by endoge-
nous cannabinoids is an important and widespread
mechanism in the CNS that control the amount of
transmitter release at both excitatory and inhibitory
synapses.
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Fig. 3. A model for mechanisms of DSI/DSE. Postsynaptic depolar-
ization causes an elevation of [Ca®*], via activation of Ca®>* chan-
nels, which in turn stimulates the generation and the release of
endocannabinoids. The released endocannabinoids then activate
presynaptic CBI receptors and suppress the release of GABA or
glutamate, probably by inhibiting presynaptic Ca®>* channels.

6. Possible mechanisms for DSI and DSE

Fig. 3 shows a current model for the mechanisms of
DSI and DSE. Postsynaptic depolarization triggers
Ca’™* influx by activating voltage-gated Ca®>* channels,
and causes a transient elevation of [Ca®*]. The ele-
vated [Ca®*], stimulates the biosynthesis of endocan-
nabinoids and induces their release from the
depolarized postsynaptic neuron. The released endocan-
nabinoids diffuse retrogradely and bind to CBI1 recep-
tors on the inhibitory or excitatory presynaptic
terminals contacting onto the depolarized neuron. The
binding of endocannabinoids to CBI receptors activates
Gi/o proteins in the presynaptic terminals and sup-
presses the release of GABA or glutamate, presumably
by inhibiting voltage-gated Ca?* channels (Hoffman
and Lupica, 2000).

In this model, however, several important points
remain to be elucidated. (1) What molecule(s), anan-
damide, 2-AG or some other substance, is released
from depolarized neurons and mediate DSI/DSE? (2)
What biochemical pathways in postsynaptic neurons
are involved in the biosynthesis of retrograde messen-
ger(s)? (3) Which enzyme(s) is Ca®>*-dependent and
rate-limiting? (4) How is the retrograde messenger(s)
inactivated?

7. Possible physiological significance of endocannabinoids

Endocannabinoid release is triggered by a transient
elevation of [Ca®*], in postsynaptic neurons and may
lead to DSI or DSE. A study on the cerebellar DSI
shows that the extent of DSI is a function of the peak
[Ca?*], and that the half-saturation point as measured
in dendrites is near 200 nM (Glitsch et al., 2000). This
effective level of [Ca®*], for DSI induction is compara-
ble to that for LTD in the cerebellum (Konnerth et al.,
1992) and the hippocampus (Cormier et al., 2001), and
lower than that for LTP in the hippocampus (Cormier
et al., 2001). It is therefore, likely that DSI/DSE may
function in vivo to modulate the strength of synaptic
transmission and thus control the neuronal excitability.
It may also be possible that endocannabinoids are
released from the activated neurons during the induc-
tion of LTD or LTP and might modulate its induction.

Most of the candidate retrograde messengers are
thought to be stored in vesicles and released through
exocytosis. In contrast, endocannabinoids are synthe-
sized upon demand from their phospholipid precursors
existing in cell membranes (Di Marzo et al., 1998;
Felder and Glass, 1998; Piomelli et al., 2000). The
release of endocannabinoids does not require any spe-
cial apparatus, such as vesicles, besides biosynthetic
enzymes, and can occur overall at the membrane sur-
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face following an appropriate stimulation. These prop-
erties may be an advantage as a retrograde messenger.

The widespread distribution of CB1 receptors in the
CNS indicates that endocannabinoids may be of gen-
eral importance in neural functions. Moreover, an ele-
vation of Ca?* that causes the release of
endocannabinoids can be induced following neural ac-
tivities under various conditions. It is therefore, likely
that a retrograde modulation mediated by endocan-
nabinoids is a general and important mechanism by
which the postsynaptic activity can influence the presy-
naptic function.
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