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Endocannabinoid-mediated short-term synaptic plasticity:
depolarization-induced suppression of inhibition (DSI) and
depolarization-induced suppression of excitation (DSE)
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Depolarization-induced suppression of inhibition (DSI) and depolarization-induced suppression of
excitation (DSE) are two related forms of short-term synaptic plasticity of GABAergic and
glutamatergic transmission, respectively. They are induced by calcium concentration increases in
postsynaptic cells and are mediated by the release of a retrograde messenger, which reversibly inhibits

afferent synapses via presynaptic mechanisms.

We review here:

(1) The evidence accumulated during the 1990s that has led to the conclusion that DSI/DSE rely on

retrograde signaling.

(2) The more recent research that has led to the identification of endocannabinoids as the retrograde

messengers responsible for DSI/DSE.

(3) The possible mechanisms by which presynaptic type 1 cannabinoid receptors reduce synaptic

efficacy during DSI/DSE.

(4) The possible modes of induction of DSI/DSE by physiological activity patterns, and the partially
conflicting evaluations of the calcium concentration increases required for cannabinoid synthesis.
(5) Finally, the relation between DSI/DSE and other forms of long- and short-term synaptic
inhibition, which were more recently associated with the production of endocannabinoids by

postsynaptic cells.

We conclude that recent studies on DSI/DSE have uncovered a specific and original mode of action
for endocannabinoids in the brain, and that they have opened new avenues to understand the role of

retrograde signaling in central synapses.
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The law of dynamic polarization: a rule with
many exceptions

The classical concept of interneuronal communication holds
that information flows from the axon terminals of the
presynaptic neuron to the dendrites of its postsynaptic partner.
This idea was stated by Santiago Ramon y Cayal under the
name of ‘law of dynamic polarization’.

With hindsight, it is clear that the law of dynamic
polarization cannot be considered as stringent as a physics
law, and that it suffers many exceptions. Already, Cajal had
recognized that, for example, many neurons throughout the
animal kingdom lack axons; in such neurons, the law of
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dynamic polarization can clearly not hold. Nevertheless, this
law has guided the thinking of neuroscientists up to the present
time, so that exceptions from it have been slow to be
recognized and accepted.

Certain sets of neurons, including interneurons, are now
recognized as being connected via dendro-dendritic or axo-
axonal electrical synapses (review: Galarreta & Hestrin, 2001).
In addition, it is well established that neurons (e.g. in the
olfactory bulb, Shepherd & Greer, 2001, or for the thalamic
GABAergic F-terminals, Sherman & Guillery, 2001) are able
to release neurotransmitters from structures closely resembling
‘classical” axonal synaptic terminals, but which are classified as
dendritic according to present identification criteria.
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Finally, many central neurons appear to be capable of
releasing neurotransmitter-like substances from nonsynaptic
areas of their somatodendritic compartment. These substances
are able to modulate neurotransmitter release from afferent
presynaptic terminals and include dopamine (Cheramy et al.,
1981; Jaffe et al., 1998), dynorphin (Drake et al., 1994),
glutamate and GABA (Zilberter et al., 1999; Zilberter, 2000),
oxytocin and vasopressin (Kombian ez al., 1997). Since they
act in a direction which is opposite to that proposed by Cajal,
they can be defined as ‘retrograde messengers’ (for a thorough
review of retrograde signaling in the nervous system, see,
Alger, 2002).

Endocannabinoids are an especially important class of
retrograde messengers. Unlike the above compounds, which
act primarily as ordinary neurotransmitters or neurohor-
mones, and incidentally as retrograde messengers, so far
endocannabinoids have been found to act primarily or
exclusively as retrograde messengers in the mammalian brain.
This special adaptation could be due to the fact that, following
synthesis from membranous, lipidic precursors (Di Marzo
et al., 1998; Piomelli et al., 2000), they are not stored in vesicles
like the above transmitters, but rather released presumably by
diffusing across membranes. Moreover, they have recently
been discovered to play a prominent role both in short-term
and in long-term synaptic plasticity, as well as to directly
control the rate of firing of presynaptic cells. In this review, we
focus on the retrograde, short-term inhibitory actions of
cannabinoids on afferent GABAergic and glutamatergic
transmission, which are respectively known as depolariza-
tion-induced suppression of inhibition, or DSI, and depolar-
ization-induced suppression of excitation, or DSE.

DSI and DSE

DSI/DSE are two closely related forms of short-term
plasticity, which share the same modes of induction, the same
type of retrograde messengers (i.e. endocannabinoids) and
similar mechanisms of expression.

DSI was first reported more than a decade ago, at the
GABAergic synapses onto cerebellar Purkinje cells and onto
hippocampal CA1 pyramidal cells, and has been extensively
described in the intervening period. Consequently, the main
body of the literature in the field concerns the modulation of
GABAergic transmission. By contrast, the first descriptions of
DSE are very recent (Kreitzer & Regehr, 2001a; Ohno-
Shosaku et al., 2002b) so that comparatively little is known
on DSE. Due to the broad similarity between the two forms of
synaptic plasticity, we will treat DSI and DSE together.
However, a few discrepancies do exist, and they will be pointed
out as they come.

Original reports of DSI concerned stellate/basket cell inputs
onto cerebellar Purkinje cells (Llano et al., 1991; Vincent et al.,
1992), as well as GABAergic inputs onto CA1 pyramidal cells
(Pitler & Alger, 1992; Pitler & Alger, 1994; Figure 1a). DSE
was found at parallel and climbing fiber inputs of Purkinje
cells (Kreitzer & Regehr, 2001a) and at glutamatergic inputs
onto CA1l pyramidal cells (Ohno-Shosaku et al., 2002b). By
definition, DSI (as well as DSE) is triggered by postsynaptic
depolarization. Following several intervening steps, postsy-
naptic depolarization induces a transient inhibition of afferent
synaptic currents, which is fully reversible in a range of a few
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Figure 1 DSI and endocannabinoids in the hippocampus. (a)

Whole-cell recordings from a single hippocampal CA1 cell. sIPSPs
(upper trace) in current clamp and sIPSCs (lower trace) in voltage
clamp are inhibited by a brief train of action potentials. Notice the
fast reversibility of the inhibition (from Pitler & Alger, 1992). (b)
Endocannabinoids mediate the DSI of extracellularly eIPSCs in the
hippocampus. On the right, the time course of DSI in CAl
pyramidal cells is shown for the control DMSO vehicle (open
circles) and after applying the CB1R antagonist AM251 (dots). On
the left, bars show the amount of DSI inhibition by two distinct
CBIR antagonists, AM251 and SR141716, with sample traces for
control DSI and DSI in antagonist depicted above (from Wilson &
Nicoll, 2001).

tens of seconds at room temperature (Figure 1). It was quickly
recognized that the calcium concentration rise that follows
postsynaptic depolarization serves as a signal for DSI/DSE.
Three lines of evidence indicate that this increase in
intracellular calcium is both a necessary and a sufficient
condition for induction: (1) blockers of calcium entry block
DSI (Llano et al., 1991; Lenz et al., 1998); (2) postsynaptic
application of calcium chelating agents like EGTA and/or
BAPTA prevent DSI/DSE (Pitler & Alger, 1992; Glitsch ez al.,
2000; Kreitzer & Regehr, 2001a; Ohno-Shosaku et al., 2002a);
(3) postsynaptic calcium uncaging is able to trigger synaptic
depression (Wang & Zucker, 2000; Wilson & Nicoll, 2001).

It is important to note here that, instead of applying
postsynaptic depolarizations, it is possible to induce a
postsynaptic production of endocannabinoids and to inhibit
afferent synaptic transmission by activating postsynaptic
receptors linked to G proteins. Strictly speaking, these forms
of retrograde inhibition, which will be further described later,
should not be called DSI/DSE, since they are not triggered by
depolarization and since, in contrast to DSI/DSE, they do not
seem to depend on postsynaptic calcium elevation (Maegjima
et al.,2001; Kim et al., 2002). They will therefore be considered
separate from DSI/DSE throughout this review.

The presynaptic nature of the inhibitory effect on the
afferent synaptic transmission, which defines DSI/DSE, was
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rapidly established, on the basis of the following observations:
(1) The postsynaptic sensitivity to GABA, as measured either
by the amplitude of miniature synaptic currents, or by that of
responses to applications of exogenous neurotransmitter, is
not modified during DSI (Llano et al., 1991; Pitler & Alger,
1992). (2) The frequency, but not the amplitude of miniature
inhibitory postsynaptic currents (mIPSCs) decreases during
cerebellar DSI (Llano et al., 1991; Glitsch et al., 1996;
Figure 2¢). (3) During DSI, the percentage of synaptic failures
increases (Vincent et al., 1992; Alger et al., 1996; Diana &
Marty, 2003), and so does the paired pulse ratio during DSI
and DSE (Ohno-Shosaku et al., 1998; Wilson & Nicoll, 2001;
Ohno-Shosaku et al., 2002b; Yoshida et al., 2002; Diana &
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Marty, 2003; Trettel & Levine, 2003; but see Alger et al., 1996;
Varma et al., 2002).

In view of the findings that a postsynaptic signal, a calcium
concentration rise, was the trigger of DSI, and that a
presynaptic modification, a reduction of transmitter release,
was the end effect, the existence of a retrograde messenger was
soon proposed (Llano et al., 1991). Early studies proposed that
glutamate was released postsynaptically, and that it activated
presynaptic metabotropic glutamate receptors (mGluRs) of
group II (in the cerebellum: Glitsch et al., 1996) or of group I
(in the hippocampus: Morishita et al., 1998). However, the
glutamate hypothesis remained tentative because inhibition
through mGluR antagonists was only partial. In retrospect, it
is possible to explain a large part of the glutamate results on
the basis of a modulatory role of postsynaptic mGluR
receptors deriving from the convergence of mGIuR and
CBIR pathways on presynaptic terminals (see later).

The pace of research in the DSI field abruptly changed in the
year 2001. Wilson and Nicoll (2001) proposed that during
hippocampal DSI, the postsynaptic calcium rise led to the
release of endocannabinoids and a consequent activation of
presynaptic type 1 cannabinoid receptors (CB1Rs). Wilson and
Nicoll could demonstrate a complete block of DSI with low
doses of a specific antagonist of CBIRs (Figure 1b), which
contrasted with the weak and poorly specific block previously
obtained with mGIluR antagonists. In addition hippocampal
DSI was soon shown to be absent in CBI1R-deficient mice
(Wilson et al., 2001). In a short period of time, the
endocannabinoid- and CB1R-related nature of DSI has been
confirmed in the hippocampus and extended to several
systems: for GABAergic synapses onto cerebellar Purkinje
cells (Kreitzer & Regehr, 2001b; Diana et al., 2002; Yoshida
et al., 2002; Figure 2a), cultured rat hippocampal neurons
(Ohno-Shosaku et al., 2001), hippocampal dentate granule
cells in particular pathological conditions (Chen et al., 2003),
cortical pyramidal cells (Trettel & Levine, 2003) and neurons
of the substantia nigra (Yanovsky et al., 2003).

Nearly simultaneously with the Wilson and Nicoll paper,
Kreitzer and Regehr (2001a) described DSE for the first time

Figure 2 Endocannabinoids mediate DSI in the cerebellum. The
firing rate of presynaptic interneurons (a), the amplitude of eIPSCs
(b), and the frequency of mIPSCs (c) are all reduced during DSI. The
data in (a) and (b) were recorded in paired recordings from
molecular layer presynaptic interneurons and postsynaptic Purkinje
cells, as depicted in the scheme in (a). (a) In presynaptic cell attached
recordings, the spontaneous firing rate of interneurons decreases
after the depolarization of a simultaneously recorded Purkinje cell
(left traces; depolarization time given at the arrow); this inhibition is
blocked by the CBIR antagonist AM251 (right traces; from Kreitzer
et al., 2002). (b) Presynaptic cells were here recorded with the
perforated patch configuration and shortly depolarized to elicit
eIPSCs in synaptically connected Purkinje cells. In the plot on the
left, each open circle gives the amplitude of a single control IPSC,
whereas filled circles show the IPSCs in the 90s following a DSI
induction protocol. In control, every depolarization reliably induces
DSI, whereas after AM251 application the effect of depolarizations
is completely prevented. Sample traces are shown on the right (from
Diana et al., 2002). (c) The frequency of mIPSCs recorded from
Purkinje cells is inhibited in control uring DSI, as shown by the
sample traces and by the time plot on the left side of the figure. On
the right, the effect of blocking the CBIR is shown: mIPSC
frequency is unchanged after Purkinje cell depolarization (given at
t=0 in both time plots; from Diana et al., 2002).
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in Purkinje cells, and established that DSE is mediated by the
release of endocannabinoids and the consequent activation of
presynaptic CB1Rs. Later work extended these conclusions
for glutamatergic transmission onto CA1l pyramidal cells
(Ohno-Shosaku et al., 2002b).

Expression mechanisms of DSI/DSE

Maximum inhibition reached during DSI/DSE

DSI/DSE produce a powerful depression of synaptic transmis-
sion. The evaluation of maximum inhibition is best achieved in
paired recordings because, in some preparations, only a part of
the afferent synaptic input is sensitive to DSI/DSE and this fact
limits the amount of total inhibition when the entire synapse
population is tested for DSI. When restricting their measure-
ments to endocannabinoid-sensitive synaptic connections, Wilson
et al. (2001) found a maximum inhibition during hippocampal
DSI close to 90%. A similar value was obtained from paired
recordings in the cerebellum (Diana et al., 2002; Figure 2b),
whereas in hippocampal cultured cells DSI reaches a somewhat
smaller value (about 75% in DSI sensitive pairs: Ohno-Shosaku
et al., 2001). In slices, these values correspond to the inhibition
obtained with saturating concentration of a cannabinoid
exogenous agonist, showing that standard DSI induction
protocols are able to saturate presynaptic CBIRs. The maximal
inhibition for DSE is slightly smaller than DSI for the synapses
between cerebellar parallel fibers and Purkinje cells (Brenowitz &
Regehr, 2003), whereas it is markedly smaller for the DSE of
climbing fibers to Purkinje cell synapses (Kreitzer & Regehr,
2001a; Brenowitz & Regehr, 2003) and for hippocampal DSE
(Ohno-Shosaku e al., 2002b; Chen et al., 2003). These differences
could arise from a reduced number of functional CB1Rs, from a
distinct location of CBIRs on presynaptic glutamatergic
terminals with respect to the postsynaptic endcannabinoid release
machinery, or from a different sensitivity (possibly associated to
a different isoform, see later) of endocannabinoid receptors to
endogenous agonists (Ohno-Shosaku et al., 2002b).

Potential sites of action of endocannabinoids

What could be the presynaptic targets downstream of the
CBIRs? The existing literature on presynaptic effects of
cannabinoids indicates that virtually every step in the process
leading to vesicle release is a potential site of action for
cannabinoids. These mechanisms have been extensively de-
scribed in recent reviews (Ameri, 1999; Schlicker & Kathmann,
2001; Howlett et al., 2002) and are only briefly recalled
hereafter. Each of these modes of operation has already been
suggested for brain areas where CBIRs are functional,
although with distinct specificities from region to region:

(a) N-and P/Q-type voltage-dependence conductances can be
inhibited. In presynaptic terminals, such effects would lead
to a reduced calcium entry per action potential, and hence
to reduced transmitter release.

(b) Potassium currents can be upregulated. This can lead to a
shortening of the action potential duration (with a
consequent reduction in the amount of calcium influx
per spike), as well as to an increased threshold for action
potential generation.

(c) Finally, in many brain areas, the frequency of miniature
currents decreases upon CB1R activation. This suggests an
action on basic release pathways unrelated to calcium entry,
given that the frequency of miniature synaptic currents is
usually considered independent from calcium entry.

Multiple mechanisms contribute to cerebellar DSI

In view of the multiplicity of potential CBIR effects, it has to
be expected that several processes contribute to reducing
synaptic transmission during DSI/DSE. Cerebellar DSI is an
example in point. It involves an inhibition of the presynaptic
firing rate (Figure 2a; Kreitzer et al., 2002, and Diana &
Marty, unpublished data), of evoked inhibitory postsynaptic
currents (IPSCs) as measured in paired recordings (Figure 2b;
Diana et al., 2002), and of mIPSCs (Figure 2c; Llano et al.,
1991). We recently provided a quantitative evaluation of these
three components: they account for 13.4, 23.2 and 63.4%, res-
pectively, of the reduction of the overall afferent GABAergic
transmission during DSI (Diana & Marty, 2003). Although
the exact underlying mechanisms for each effect remain
to be determined, it seems likely that they will turn out to be
separate. All the three aforementioned mechanisms
of cannabinoid action may be involved: an inhibition in
P-type calcium channels, which are primarily responsible for
presynaptic calcium entry in this system (Forti er al., 2000),
could contribute to reducing action potential-driven calcium
increases (Diana et al., 2002), and hence eIPSCs. An increase
in potassium conductance appears to mediate the reduction in
firing rate (Kreitzer ez al., 2002), and could also have a role in
the reduction of eIPSCs (Diana & Marty, 2003). Finally,
mIPSC frequency is reduced by mechanisms that are
presumably independent of conductance changes.

Inhibition of presynaptic firing expands the scope of DSI

An early report (Vincent & Marty, 1993), using paired
recordings of neighboring Purkinje cells, showed that depolar-
ization of one Purkinje cell not only inhibits its afferent IPSCs
but also those of other Purkinje cells in as much as they share a
common interneuron input. Thus, DSI can spread along the
Purkinje cell layer from stimulated to unstimulated cells up to
an intercellular distance of around 100 um. These findings were
interpreted as indicating that DSI was inhibiting the excit-
ability of presynaptic interneurons.

The recent finding that presynaptic firing is inhibited during
DSI (Kreitzer et al., 2002; Figure 2a), likely through an
upregulation of inwardly rectifying GIRK potassium channels,
confirms this interpretation and gives a firm mechanistic
explanation for the spread of DSI. In addition, it expands the
scope of DSI, which was hitherto envisaged as a mere
modulation of synaptic strength, and which now appears as
a direct way to modulate neuronal firing in the postsynaptic —
presynaptic direction.

Hippocampal DSI involves the regulation of N-type
calcium channels

The pattern for the DSI in the hippocampus appears, at first
sight, simpler. CBIR activation does not seem to affect
mIPSCs (Hoffman & Lupica, 2000; Chen et al., 2003, but see
later) and, likewise, hippocampal DSI was reported to affect
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mIPSCs frequency only minimally (Pitler & Alger, 1994).
Moreover, DSI spread between pyramidal cells takes place
only at short distances (up to 20 um), indicating that only
passive diffusion of cannabinoids, but not a modulation of
presynaptic firing, is involved (Wilson & Nicoll, 2001).

Thus, CBIR action on GABAergic interneurons could
simply be explained by an inhibition of presynaptic calcium
conductances (Hoffman & Lupica, 2000).

Specifically, a reduction of N-type channels was proposed,
because these channels mediate all the afferent IPSCs onto CA1
cells originating from the subfamily of hippocampal inter-
neurons that are cannabinoid-sensitive (Wilson et al., 2001).
These interneurons, which most likely correspond to the
previously identified family of CBIR- and cholecystokinin
(CCK)-expressing cells (Katona et al., 1999; Tsuo et al., 1999),
are thus the selective targets of hippocampal DSI (Wilson et al.,
2001). The high degree of selectivity of CBIR expression in the
hippocampus could also explain the apparent absence of effects
of cannabinoids on hippocampal GABAergic mIPSCs, as
follows. mIPSCs arising from CB1R-sensitive synapses could be
a small percentage of the overall population recorded from CAl
cells, so that the effect of exogenous and endogenous cannabinoid
agonists could turn out to be statistically insignificant.

By contrast, only a negligible percentage of cerebellar
molecular layer interneurons are insensitive either to CBIR
agonists or to DSI (Diana et al., 2002; Diana & Marty, 2003),
attesting a more uniform distribution of CBIRs in the
presynaptic GABAergic cells of this structure.

Even though inhibition of N-type calcium channels is likely to
play a major role in hippocampal DSI, the possibility remains
that potassium conductances may also be involved, similarly to
what we reported in the cerebellum (Diana & Marty, 2003). In
particular, evidence was obtained indicating the participation of
potassium conductance upstream of presynaptic calcium entry,
at some still unidentified step (Varma et al., 2002).

Expression mechanisms of DSE

Compared to DSI, little is known on the presynaptic
mechanisms underlying DSE. The available information comes
essentially from the cerebellum.

In Purkinje cells, miniature EPSCs were reported to be
decreased by CBIR agonists in one study (Levenes et al., 1998),
but not in a subsequent publication (Takahashi & Linden, 2000),
whereas evoked glutamatergic transmission is inhibited both at
parallel and at climbing fibers (Levenes et al., 1998; Takahashi &
Linden, 2000). CB1R agonists inhibit action potential-mediated
calcium transients at parallel fiber synaptic terminals by
modulating potassium conductances (Daniel & Crepel, 2001).
Likewise, calcium transients are inhibited at climbing fiber
terminals during DSE (Kreitzer & Regehr, 2001a).

From these data, it can be concluded that DSE is mediated
at least in part by a reduction in presynaptic calcium signal for
each incoming action potential.

Calcium dependence of DSI/DSE
Calcium dependence of DSI

Standard protocols used to induce DSI involve rather long-
lasting voltage steps to the postsynaptic cell, which may lead to

abnormally high intracellular calcium rises. It is therefore
important to evaluate quantitatively the dose—response curve
of retrograde inhibition as a function of intracellular calcium
in order to assess possible physiological roles for DSI.

Three different groups have approached this question with
diverging results. In Purkinje cells, two papers provide
strikingly different estimates for the calcium concentration
required to obtain half-maximum DSI. Glitsch ez a/. (2000)
found 40 and 200nM for somatic and dendritic DSI,
respectively, whereas Brenowitz & Regehr (2003) found
15uMm for dendritic DSI. This 100-fold difference has, of
course, nontrivial consequences regarding the physiological
relevance of DSI. The lower calcium range, if correct, would
imply that endocannabinoid production could occur tonically
and that it could be finely modulated by slight changes in
afferent synaptic transmission; conversely, the higher estimate
would suggest that the endocannabinoid machinery only
responds to high or very high levels of activity.

The discrepancy could arise from one or several of the
following factors. First, it appears that a given voltage step was
more efficient in eliciting DSI in one than in the other study.
Thus, 200 ms long pulses nearly saturated DSI in the Glitsch
et al. study but only elicited a modest inhibition in the Brenowitz
& Regehr report. This suggests that differences in experimental
protocols might have made endocannabinoid production more
efficient in one case than in the other. Recent results indicate
that differences in intracellular solutions may lead to differences
in DSI (compare Diana et al., 2002 with Diana & Marty, 2003).
Moreover, two different aspects of DSI were evaluated in the
two papers: spontaneous inhibitory postsynaptic currents
(sIPSCs) in Glitsch et al. (2000), and extracellularly evoked
IPSCs in Brenowitz & Regehr (2003). Secondly, discrepancies
may have arisen from the difficulty of obtaining precise
calibration curves for the calcium-measuring fluorescent dyes
in Purkinje cells, due to the very large endogenous buffering
capacity of these cells (Fierro & Llano, 1996). Another factor
that can account for part of the discrepancy is the fact that the
intracellular calcium concentration is not homogeneous during
DSI, and the two groups may not have necessarily taken their
measurements from equivalent cell regions.

Indirect support in favour of the hypothesis of a high
sensitivity of DSI to calcium is given by the fact that cerebellar
is blocked only by extremely high intracellular concentrations
of BAPTA (40mM: Glitsch et al, 2000), whereas, by
comparison, full block of hippocampal DSI is achieved with
10mM BAPTA (Pitler & Alger, 1992). However, it is clear that
further investigations will be required in order to determine the
true calcium sensitivity of cerebellar DSI.

A third report, which was performed in hippocampal
pyramidal cells, gave an intermediate value of 4 uM for half
saturation (Wang & Zucker, 2000). In this paper, voltage steps
were not applied, and calcium elevations were instead achieved
by uncaging. This technique allows uniform concentration
increases in the recorded cell. It therefore avoids possible
confusions resulting from the large calcium concentration
gradients, which are elicited by voltage steps in highly complex
neurons such as pyramidal or Purkinje cells.

Calcium dependence of DSE

A first study (Kreitzer & Regehr, 2001a) reported a lower
sensitivity to postsynaptic depolarizations of climbing fiber
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than of parallel fiber terminals onto Purkinje cells. However, a
more recent work (Brenowitz & Regehr, 2003) showed that the
two excitatory synapses share the same half-saturation value; it
furthermore reported that this was the same as that obtained
for GABAergic synapses in the same paper: 15 uM.

On the contrary, hippocampal DSE is more difficult to
induce than DSI. Very long depolarizations are needed to
obtain a weak depression of glutamatergic transmission
(Ohno-Shosaku et al., 2002b). This has been explained on
the basis of a smaller sensitivity of presynaptic CBIRs to
cannabinoid agonists in glutamatergic terminals compared to
GABAergic synapses and/or of a lower expression of these
receptors on the former terminals (Ohno-Shosaku et al.,
2002b). The pattern for hippocampal DSE is further compli-
cated by the uncertainties on the CB receptor isoform
mediating the cannabinoid response. In fact, although this is
still a disputed issue (Marsicano & Lutz, 1999: Marsicano et al.,
2003), some of the presently available evidence suggests that
CBI1Rs are not present on glutamatergic terminals onto CAl
pyramidal cell (Katona et al., 1999; Tsuo et al., 1999; Hajos
et al., 2000), and that a so far uncloned CB receptor might
provide the sensitivity to cannabinoids (Hajos et al., 2001;
Breivogel et al., 2001). Independently of this issue, the take
home message remains that, in the hippocampus, cannabinoid-
mediated retrograde inhibition appears to pertain mainly to
GABAergic synapses (Wagner & Alger, 1996). This is further
illustrated by a recent report, showing that in an animal model
of febrile seizures, DSI but not DSE is selectively enhanced
through an increase in the expression of presynaptic CB1Rs on
hippocampal, CCK-positive interneurons (Chen et al., 2003).

Physiological implications

Until now most DSI/DSE studies have focused on studying the
basic mechanisms underlying these phenomena; this has
implied, in most cases, the use of massive stimulation
protocols, which cannot be regarded as physiological. Accord-
ingly, studies concerning the synaptic induction of DSI/DSE
are just starting.

Physiological induction protocols of hippocampal DSI

Early work showed that high-frequency trains of action
potentials in hippocampal CA1 pyramidal cells, induced either
with somatic depolarizations (Pitler & Alger, 1992, Figure la)
or in conditions that elicit epileptiform burst discharges
(Mg>*-free saline: Beau & Alger, 1998), could induce a
significant degree of DSI. Back-propagating dendritic action
potentials are likely to play an important role in triggering the
increases in intracellular calcium necessary for DSI in these
conditions (Morishita & Alger, 2001). Combining back-
propagating action potentials with synaptic activation of
mGluRs (Nakamura et al., 1999) was shown to induce
increases in intracellular calcium in the micromolar range,
thus well in the order of magnitude shown by Wang & Zucker
(2000) to be required for DSI induction.

These data indicate that, in the hippocampus, calcium
increases sufficient for obtaining DSI could be obtained in
physiological conditions (for a more extensive discussion of
this issue, see, Freund et al., 2003).

It must be mentioned, nonetheless, that a more recent paper,
in which experiments very similar to those of Pitler & Alger,
1992 were performed, challenges this view (Hampson et al.,
2003). We have noticed two main differences between these
reports, although we cannot say if they can explain these
contradictory results: the age of the animals used (1-week-old
rats in Hampson ez al., 2003 and adult rats in Pitler & Alger,
1992) and the main anion in the postsynaptic solution used
(CH;SO3 in Hampson et al., C1™ in Pitler & Alger).

Functional consequences of the specific localization of
CBIRs in the hippocampus

It was stressed earlier that CB1Rs in hippocampal GABAergic
cells are expressed only in one kind of interneurons, which are
identified also by their positivity to CCK. These CCK-
expressing interneurons have been proposed to participate in
the transmission to the hippocampal region of serotonergi-
cally- and cholinergically controlled emotional and motiva-
tional physiological states (Freund, 2003). Importantly in this
context, DSI is greatly enhanced by the activation of
muscarinic receptors (Martin & Alger, 1999; Kim et al.,
2002; Ohno-Shosaku et al., 2003). We invite interested readers
to look at the extensive review by Freund et al. (2003), for a
discussion of the possible importance of DSI in relation to this
fact and to the network rhythms of the hippocampal
formation.

The potential relevance for cognitive processes of the
predominance of DSI over DSE in the hippocampus is
illustrated by the facilitation of LTP induction in CAl
pyramidal cells during DSI (Carlson et al., 2002).

Finally, we already mentioned that in a novel animal model
of human fever-induced seizures, CB1R expression is upregu-
lated on CCK-positive GABAergic terminals (Chen et al.,
2003); this induces a specific increase of DSI with respect to
control animals, whereas DSE is not modified. This study
opens the way for a role of DSI in pathological states.

Functional implications of DSI in the cerebellum

In the cerebellum, separate or combined synaptic activation of
climbing and parallel fibers leads to local or widespread
dendritic calcium increases in Purkinje cells via voltage-
dependent calcium channels and intracellular calcium stores
(Tank et al., 1988; Finch & Augustine, 1998; Takechi et al.,
1998; Wang et al., 2000). However, it is unclear whether these
signals are sufficiently large to produce endocannabinoids.

Therefore, at the moment little is known on the relation
between synaptically induced calcium transients and DSI/DSE
in Purkinje cells. Paradoxically, the only report concerning the
effects of high-frequency, glutamatergic fiber stimulation on
GABAergic transmission has shown an inhibition after
climbing fiber activation which is not dependent on CBIRs,
but rather on presynaptic ionotropic glutamate receptors
(Satake et al., 2000).

Thus, we still have some way to go before being able to
assign a clear physiological function to cerebellar DSI.
Nevertheless, on a purely speculative ground, we will propose
two possible roles for cerebellar DSI, one at the level of control
of single cell activity and another on a larger, network scale.

CBI1Rs are very strongly expressed in Purkinje cell pinceaux
(Tsuo et al., 1998). This suggests that the possibility by CB1Rs
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of sensing Purkinje cell firing at this strategic location could
influence the inhibitory input from presynaptic basket cells,
thus controlling the output of the cerebellar cortex. Such a role
would require a high sensitivity of cerebellar DSI to calcium,
as indicated by some estimates (see above), so that modest
changes in intracellular calcium levels associated with the level
of Purkinje cell activity would lead to a finely tuned release of
endocannabinoids.

On a larger scale, GABAergic interneurons can dictate the
synchronized activity of large groups of neurons in cortical
areas, thus generating specific network rhythms thought to be
important in cognitive processes (Traub et al., 1999). This
general pattern may apply to the synchronized activity of
Purkinje cells (Isope et al., 2002). The inhibition of presynaptic
firing occurring during DSI tends to simultaneously remove
the GABAergic synaptic potentials from groups of neighbor-
ing Purkinje cells. This could transiently dissociate the time of
firing of these Purkinje cells from the coordinated rythms of
larger areas of the cerebellar cortex, with likely important
consequences on the cerebellar output.

A neuroprotective role for DSE?

Exogeneous cannabinoids are known to have a neuroprotec-
tive role; a recent study has shown that mice in which CB1Rs
had been selectively eliminated from glutamatergic principal
cells were much more subject than control mice to neurotoxic
events induced by kainate (Marsicano et al., 2003; for a review
Piomelli et al., 2000).

We suggest that this neuroprotective role could come from
DSE by the following mechanism: intracellular calcium
increases in response to excitatory ionotropic receptor activa-
tion can trigger excitotoxicity and neuronal death following,
for example, ischemic brain injury; the accumulation of
intracellular calcium during such noxious events could lead
to cannabinoid production, to CB1R activation and, finally, to
a DSE-like presynaptic inhibition of glutamatergic transmis-
sion with neuroprotective effects.

On the control of DSI/DSE by neuromodulators
and the identity of the retrograde molecule

So far, we have only discussed the direct pathway that starts
with postsynaptic depolarization and leads to DSI/DSE via
calcium-dependent production of endocannabinoids. In this
section we will discuss a parallel pathway leading from
activation of G-protein-coupled receptors to inhibition of
afferent synaptic potentials, and the links between this
pathway and DSI/DSE.

The G-protein coupled receptor pathway of retrograde
inhibition

Activation of group I mGluRs in Purkinje cells leads to a
depression of parallel fiber EPSPs (Levenes et al., 2001). This
effect was shown to be mediated by the calcium-dependent
release of a retrograde messenger. Similar to DSI, the
messenger was initially proposed to be glutamate, but more
recent evidence suggests endocannabinoids. A following study
showed that activation of group I mGluR receptors, either by
application of an exogenous agonist or by repetitive stimula-

tion of parallel fibers, led to a retrograde inhibition of climbing
fiber EPSPs (Maejima ef al., 2001), and that these effects were
blocked by CBIR antagonists; hence these effects were
proposed to be mediated by endocannabinoids. Likewise,
brief repetitive stimulation of parallel fibres at high frequency
leads to a transient self-inhibition: this was shown to depend
on activation of mGluRs (Neale ez al., 2001) and, following the
development of endocannabinoid research, can now be
ascribed to the synthesis and the action of endocannabinoids
(Brown et al., 2003).

The newly found connection between group I mGluR
receptors and the cannabinoid system in the cerebellum
offered possible explanations for the apparent interactions
between mGIluR activation and DSI. Indeed, Varma et al.
(2001) (and later Ohno-Shosaku ef al., 2002a) confirmed that
group I mGluR activation also led to the production of
endocannabinoids in hippocampal CA1 cells, and showed that
this pathway, although not mediating DSI, had a powerful
modulatory effect on the phenomenon. Further work extended
these findings by showing that the activation of muscarinic
receptors of the m1 and m3 subtypes had effects similar to
those of group I mGluR activation (Martin & Alger, 1999;
Kim et al., 2002; Ohno-Shosaku et al., 2003).

In summary, these studies show that the activation of group
I mGlu or of muscarinic receptors can lead both to an
enhancement of DSI when using low agonist concentrations,
which by themselves do not alter synaptic efficacy, but also to
a direct production of endocannabinoids at higher agonist
concentrations, which can directly activate presynaptic CB1
receptors and inhibit transmission. In the former case, DSI was
suggested to be facilitated through an increased production of
endocannabinoids rather than via changes of basal calcium
levels and/or changes in the maximal levels of calcium reached
during depolarizations.

Mechanisms linking activation of group 1 mGluR and ml/
m3 receptors to endocannabinoid synthesis

Group 1 mGluRs and ml/m3 muscarinic receptors
are positively coupled to phospholipase C (PLC): PLC
increases the intracellular levels of IP3 and, importantly,
of diacylglycerol (DAG), which is itself a direct precursor
of 2-arachidonylglycerol (2-AG) through a specific lipase
(see Di Marzo et al., 1998; Piomelli et al., 2000). 2-AG
and anandamide are two of the putative endocannabinoids
presumed to mediate the effects of CBIRs in the CNS
(Devane et al., 1992; Mechoulam et al., 1995; Sugiura
et al., 1995; for a review Di Marzo et al., 1998; Piomelli
et al., 2000).

Thus, it appears possible that muscarinic and group 1
mGluR receptor activation preferentially leads to 2-AG
production, and that this compound, rather than anandamide,
could be the active endocannabinoid involved in the retrograde
effects exerted by activation of these receptors. Indeed, a recent
study has shown that the heterosynaptic inhibition of
GABAergic transmission by glutamatergic inputs onto CAl
cells is blocked by inhibitors of PLC and of DAG lipase, and
furthermore, that DSI is not affected by the same inhibitors
(Chevaleyre & Castillo, 2003). These results indicate that the
endocannabinoid synthesis pathways are likely different for
DSI and for group 1 mGluR-induced retrograde signaling. In
agreement with this idea, DSI is strictly dependent on
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intracellular calcium increase, while the production of en-
docannabinoids via muscarinic and group 1 mGluR receptors
is not (Maejima et al., 2001; Kim et al., 2002; Chevaleyre &
Castillo, 2003). Two possibilities can be proposed at this stage.
One is that there are two or more alternative metabolic
pathways leading to 2-AG (as suggested in the review by
Freund et al., 2003). The first pathway would take a route
involving PLC and DAG lipase, and would be responsible for
at least part of the group 1 mGluR-and ml/m3-activated
retrograde signaling; then, a distinct pathway would still lead
to 2-AG synthesis and would be responsible also for DSI/DSE.
A second possibility is that 2-AG is involved in the group 1
mGluR- and ml/m3-activated retrograde signaling, but that
another endocannabinoid is responsible for DSI/DSE (anand-
amide or, else, other newly found molecules: Freund et al.,
2003). In both schemes, a group 1 mGluR/muscarinic-
triggered cascade should be able to exert a modulatory role
on the production of the endocannabinoid mediating DSI,
given the aforementioned facilitatory effect of these receptors
on the phenomenon.

Interestingly, 2-AG and anandamide can be produced by the
same system (cultured cells: Stella & Piomelli, 2001) in
response to different sets of activated receptors. Moreover,
in in vivo experiments in the striatum, dopamine D, receptor
stimulation leads to production of anandamide (but not of 2-
AG; Giuffrida et al., 1999), whereas Schaeffer collateral
stimulation produces 2-AG (but not anandamide) in hippo-
campal slices (Stella er al., 1997). So, the nature of the
synthesized endocannabinoid is likely to depend on the
stimulation pattern, on the specific receptor which is activated,
and on the specific brain region considered.

Endocannabinoids and long-term depression (LTD)

It was recently discovered that endocannabinoids are respon-
sible for the induction of long-term synaptic depression (LTD)
of GABAergic (in the amygdala: Marsicano et al., 2002, and in
the hippocampus: Chevaleyre & Castillo, 2003) and glutama-
tergic (in the striatum: Gerdeman ez al., 2002, in the nucleus
accumbens: Robbe er al., 2002 and in the cortex: Sjostrom
et al., 2003) transmission.

In two cases (Robbe et al., 2002; Chevaleyre & Castillo,
2003), the production of cannabinoids was clearly shown to
follow the activation of postsynaptic group I mGlu receptors;
in these areas it is tempting to speculate that 2-AG may be the
endocannabinoid mediating this process.

Another situation applies in the striatum. Here, the
requirement for group 1 mGluR activation during LTD
induction has been known for some time (Calabresi et al.,
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