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1Laboratoire de Physiologie Cérébrale, Université Paris 5, 75006 Paris, France, and 2Department of Anesthesiology,
Physiology, and Biophysics, University of Washington, Seattle, Washington 98195

Depolarization-induced suppression of inhibition (DSI) is a form
of short-term plasticity of GABAergic synaptic transmission
that is found in cerebellar Purkinje cells and hippocampal CA1
pyramidal cells. DSI involves the release of a calcium-
dependent retrograde messenger by the somatodendritic com-
partment of the postsynaptic cell. Both glutamate and endog-
enous cannabinoids have been proposed as retrograde
messenger.

Here we show that, in cerebellar parasagittal slices, type 1
cannabinoid receptors (CB1Rs) are expressed at high levels in
axons of GABAergic interneurons and in presynaptic terminals
onto Purkinje cells. Application of the cannabinoid antagonist
AM-251 (500 nM) leads to the abolition of the DSI of evoked
currents (eIPSCs) recorded in paired recordings and to a strong
reduction of the DSI of TTX-insensitive miniature events (mIP-
SCs) recorded from Purkinje cells. Furthermore, the CB1R ag-

onist WIN 55–212,2 (5 �M) induces a presynaptic inhibition of
synaptic currents similar to that occurring during DSI, as well as
an occlusion of DSI after stimulation of Purkinje cells. Moreover,
WIN 55–212,2 reduces the calcium transients evoked in pre-
sumed presynaptic varicosities by short trains of action
potentials.

Our results indicate that DSI is mediated by the activation of
presynaptic CB1Rs and that an endogenous cannabinoid is a
likely candidate retrograde messenger in this preparation. They
further suggest that DSI involves distinct presynaptic modifica-
tions for eIPSCs and mIPSCs, including an inhibition of action
potential-evoked calcium rises.
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The classical concept of interneuronal communication holds that
information flows from the axon terminals of a presynaptic neu-
ron to the soma and/or dendrites of its postsynaptic partner.
There are however exceptions to this rule: specialized somato-
dendritic structures are known to release neurotransmitters at
dendrodendritic synapses, for example in the thalamus (Sherman
and Guillery, 2001) or in the olfactory bulb (Shepherd, 1998). In
an apparently less organized manner, many central neurons are
capable of releasing neurotransmitter-like substances from the
somatodendritic compartment. These substances, including dopa-
mine (Cheramy et al., 1981; Jaffe et al., 1998), dynorphin (Drake
et al., 1994), GABA (Zilberter et al., 1999), glutamate (Zilberter,
2000), oxytocin, and vasopressin (Kombian et al., 1997) can
modulate neurotransmitter release from afferent presynaptic ter-
minals, and are then called retrograde messengers.

Retrograde signaling has been well documented for
depolarization-induced suppression of inhibition (DSI), a form of
short-term plasticity of GABAergic synapses onto cerebellar Pur-
kinje cells (Llano et al., 1991; Vincent et al., 1992) and hippocam-
pal CA1 pyramidal cells (Pitler and Alger, 1992, 1994). DSI is

induced by a postsynaptic rise in calcium concentration (Pitler
and Alger, 1992; Glitsch et al., 2000; Wilson and Nicoll, 2001;
Wang and Zucker, 2001) that follows a depolarization of the
principal cells and consists in an inhibition of GABAergic trans-
mission lasting a few tens of seconds. Because DSI involves
presynaptic modifications of transmitter release, it must imply the
release of one or several retrograde messengers (Llano et al.,
1991; Pitler and Alger, 1994). Earlier reports suggested that
postsynaptically released glutamate could play this role by acti-
vating presynaptic metabotropic glutamate receptors of group II
(Glitsch et al., 1996) or of group I (Morishita et al., 1998). This
hypothesis has been recently challenged by studies suggesting that
an endogenous cannabinoid mediates DSI in the hippocampus
(Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001; Wilson et
al., 2001). Furthermore, in the cerebellum, two recent studies
indicate that a retrograde form of depression of excitatory inputs
after Purkinje cell depolarization (either directly or via mGluR1
activation: Kreitzer and Regehr, 2001a; Maejima et al., 2001)
involves the release of cannabinoids.

These observations raise the possibility that endogenous can-
nabinoids could act as retrograde messengers in cerebellar DSI as
well. In the mammalian brain, cannabinoids are produced in a
calcium-dependent way (Di Marzo et al., 1994; Stella et al., 1997)
and act on Gi/o-protein-coupled type 1 cannabinoid receptors
(CB1Rs). CB1Rs are expressed at high levels in the brain
(Herkenham et al., 1991; Matsuda et al., 1993) and, in particular,
they have been localized on presumed GABAergic synaptic ter-
minals near Purkinje cell somata (Tsou et al., 1998; Egertova and
Elphick, 2000) and CA1 pyramidal cells (Katona et al., 1999).
Their activation leads to a depression of synaptic transmission
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(Hajos et al., 2000; Hoffman and Lupica, 2000; Takahashi and
Linden, 2000) and to a modulation of long-term synaptic plasticity
(Stella et al., 1997; Levenes et al., 1998).

Here, we show that presynaptic activation of CB1Rs induces
cerebellar DSI, resulting in a reduction of action potential-
independent GABA release and of action potential-induced cal-
cium entry.

MATERIALS AND METHODS
Immunohistochemistry. Immunohistochemistry was performed on 11- to
15-d-old rats following a modified procedure from that described in
Llano et al. (2000). After anesthesia with Metofane (Janssen-Cilag,
Neuss, Germany), rats were decapitated, the cerebellar vermis was ex-
tracted and fixed in 4% paraformaldehyde in PBS 0.15 M for 1 hr. We
then cut 80-�m-thick parasagittal slices in PBS and fixative, and they
were left in the same solution for 3 hr. Sections were blocked with BSA
(1%) in PBS (blocking buffer) for 1 hr and then incubated in the primary
antibody in blocking buffer with Triton X-100 (0.4%) for 24 hr at 4–5°C;
incubation solution was then changed, and slices were left in contact with
the primary antibody in blocking buffer for 24 more hr at 4–5°C. An
affinity-purified primary antibody against the CB1R C-terminal (Hajos et
al., 2000), whose specificity has been thoroughly tested in the laboratory
of origin, was used at 1:500.

Slices were incubated with the secondary antibody in blocking buffer at
room temperature for 3 hr. A Cy3-conjugated goat anti-rabbit antibody
(Jackson ImmunoResearch, West Grove, PA) was used at 1:100 dilution.
Slices were then washed in blocking buffer and in PBS, and eventually
mounted on glass slides in Dako (Carpinteria, CA) fluorescent mounting
medium.

Controls consisted in incubations with only the secondary antibody. In
controls no aspecific signal was detected. Images were acquired with a
Zeiss (Oberkochen, Germany) LSM 410 confocal microscope (excitation
light, 543 nm).

Preparation for electrophysiology. All experiments were done on 11- to
15-d-old Wistar rats. The cerebellum was quickly removed after decap-
itation. We cut 180-�m-thick parasagittal slices with a Leica (Nussloch,
Germany) VT1000S vibratome from the cerebellar vermis. They were
left to recover for 1 hr in bicarbonate buffered saline (BBS) at 34°C and
then at room temperature for the rest of the experimental day. For
recording, slices were perfused with BBS at a rate of 1–1.5 ml/min at
room temperature in the recording chamber. Purkinje cells and inter-
neurons were identified using an upright microscope (Axioscop; Zeiss)
with differential interference contrast optics, a 63�, 0.9 NA water im-
mersion objective, and a 0.63 NA condenser.

BBS contained (in mM): NaCl 125, KCl 2.5, CaCl2 2, MgCl2 1,
NaH2PO4 1.25, and NaHCO3 26, glucose 10, pH 7.4, equilibrated by
continuously bubbling with 95% O2 and 5% CO2 (all of these chemicals
were from Sigma-Aldrich, Taufkirchen, Germany).

NBQX and APV (10 and 50 �M, respectively; both from Tocris
Cookson, Bristol, UK) were always present in the bath. AM-251 and
WIN 55–212,2 (Tocris Cookson) were dissolved in DMSO (Sigma-
Aldrich) at 5000 times their final concentration (respectively 500 nM and
5 �M) and then stored at 4–5°C. They were directly added to the
perfusion BBS solution just before use. After each application, set-up
solution lines were carefully rinsed with ethanol. Control periods either
included the carrier DMSO in the bath BBS or did not, without any
noticeable influence on the outcome. LY 341495 (Tocris Cookson)
aliquots (10 �M) in NaOH were stored at �20°C and dissolved directly
into the bath BBS at the final concentration (5 �M).

Electrophysiology. Recording pipettes were pulled from borosilicate
glass capillaries (Purkinje cells: 2–2.8 M� in chloride-based internal
solution, 3.5–4.5 M� in gluconate-based solution; interneurons: 8–11
M� for paired recordings; 4–6 M� for calcium imaging).

Experiments were performed with a Heka double EPC-9 amplifier
(Heka Elektronik, Darmstadt, Germany).

For recording of miniature IPSCs (mIPSCs), TTX (500 nM) was
present in the bath. A chloride-based internal solution was used to record
in voltage-clamp from Purkinje cells, as follows (in mM): CsCl 150,
MgCl2 4.6, CaCl2 0.1, HEPES 10, EGTA 1, Na-ATP 4, and Na-GTP 0.4.
The holding potential was kept at �70 mV, giving rise to inward
GABAergic currents.

In paired recordings, evoked IPSCs (eIPSCs) were obtained from
Purkinje cells using standard whole-cell recording with an internal solu-

tion containing (in mM): CsGluconate 150, MgCl2 4.6, CaCl2 0.1,
HEPES 10, EGTA 1, Na-ATP 4, and Na-GTP 0.4. We used the
perforated-patch configuration for interneurons: amphotericin B ali-
quoted in DMSO was dissolved (300 �g/ml) into an internal solution
containing in mM: KGluconate 135, MgCl2 4.6, CaCl2 0.1, HEPES 10,
EGTA 1, Na-ATP 4, and Na-GTP 0.4. Pipette tips for interneurons were
back-filled with the solution including amphotericin B: the access con-
ductance was usually sufficient to induce presynaptic unclamped action
potentials within 5 min from sealing. Access into interneurons continu-
ously improved during the experiment until final values normally in the
range between 20 and 40 M� (not compensated). Unclamped action
potentials were induced by short (3–5 msec) depolarizations to 0 or �20
mV from a holding potential of �70 or �80 mV. Interneurons were
stimulated at 0.2 Hz.

Analysis of DSI. DSI was induced by depolarizing Purkinje cells to 0
mV for 1 sec. For evoked currents, pre-DSI and post-DSI periods (total
duration: 90 sec each) included 18 eIPSCs each. Usually 2–3 sec were
interleaved between the end of Purkinje cell depolarization and the first
post-DSI eIPSC. Control and test periods consisted of several DSI trials
(four or five), respectively, before and during the application of the
pharmacological agents used. For each trial, eIPSC amplitudes were
normalized with respect to the average amplitude of pre-depolarization
eIPSCs. Control and test time courses for an experiment were obtained
by pooling together these single normalized control and test DSIs. The
extent of this form of DSI (called DSIeIPSC) was calculated as the
percentage reduction in peak amplitude for the average first three
eIPSCs after the DSI pulse compared with the average pre-DSI
amplitude.

DSI of mIPCSs (DSImIPSC) was similarly analyzed. mIPSCs were
continuously recorded during pre- and post-DSI periods of 1 min each.
Individual mIPSCs were detected by analyzing the first and second
derivatives of previously smoothed current traces. Miniature peaks cor-
responded to points of null first derivative and of positive second deriv-
ative. The amplitude of each event was given by the difference between
the peak amplitude and the amplitude of the point where the first
derivative of the smoothed trace altered its sign, as found by running
backwards on the trace starting at the peak. Because of the large
difference between the mIPSC rise time (20–80% rise time; 1–2 msec)
and decay time (on the order of 10–15 msec), our detecting methods
leads to a reliable detection of overlapping events and to a negligible
error in the measure of corresponding event amplitudes. Visual inspec-
tion of the entire traces was always performed to ensure that the param-
eters of the detection routine were optimally set for each experiment and
to verify that the analysis program did not produce significant errors.

Time was then divided into bins (duration, 2–6 sec), and the event
amplitudes falling into each bin were summed up to give the time course
of cumulative amplitudes. After normalization with respect to the aver-
age pre-DSI cumulative amplitude, four or five control and test DSIs
were separately pooled together. DSImIPSC was calculated as the reduc-
tion in the average cumulative amplitude over a period from 2.5 to 12.5
sec after Purkinje cell depolarization with respect to the pre-DSI control
cumulative amplitude.

Fluorometric calcium imaging. Action potential-dependent calcium
transients were recorded in cerebellar interneuron axons as described
previously (Forti et al., 2000). Briefly, interneurons were recorded under
voltage clamp with an internal solution based on Kgluconate and includ-
ing Oregon Green 488 BAPTA-1 (OG1; 250 �M). Images were taken
using an excitation-acquisition system from T.I.L.L. Photonics (Planegg,
Germany) including a scanning monochromator and a Peltier-cooled
PCO SensiCam camera.

After allowing 8–12 min from break-in to let the dye diffuse into the
cell, a few images were taken with a short exposure time (20–30 msec) to
study the morphology of the recorded cell and find an axonal area
showing recognizable varicosities. During recording, series of 24 images
with an exposure time of 50 msec each were taken every 3–5 min to
monitor calcium transients. In each series, four depolarizing steps to 0
mV (interstimulus intervals: 20 msec) were applied to the cell simulta-
neously with the sixth image to induce unclamped action potentials in the
axon. Calcium transients decreased with time in whole-cell recording. In
control experiments (n � 6), signals showed a biphasic run-down, with a
faster component in the first 30 min followed by a much slower decrease.
Qualitatively and quantitatively the run-down and the signs of cellular
photodamage were as described earlier (Forti et al., 2000).

For analysis, four background regions and 6–10 regions of interest
(ROIs) located on axonal structures were chosen. The mean background
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was subtracted from the fluorescence of each pixel i, and the percentage
change in calcium at image n was computed as �Fi(n)/Fi0 � 100(Fi(n) �
Fi0)/Fi0, where Fi0 and Fi(n) are, respectively, the background-subtracted
average resting fluorescence and the background-subtracted fluorescence
at image n. ROI values were averaged to obtain an estimate of the
increase in fluorescence in the axon for each image.

WIN 55,212–2 was applied after four control sequences of images, at
times ranging from 25 to 43 min after break-in. To pool together the
experiments, time was divided into 5 min bins with the moment of WIN
application marked as t � 0. Values from each experiment falling in a
corresponding bin were then averaged, and bin values were normalized
with respect to the preapplication period. The points in WIN55,212–2
were corrected for rundown by using a linear extrapolation of the control
(t � 0).

Results are given as means � SEM. Statistical comparisons were made
with the Wilcoxon ranked paired test and the Mann–Whitney U test.
Statistical significance was set at 0.05.

RESULTS
Staining of excitatory and inhibitory synapses with an
antibody against CB1Rs
Previous reports have shown a high level of expression of CB1Rs
in the cerebellum (Tsou et al., 1998; Egertova and Elpick, 2000).
Nonetheless, two main considerations have prompted us to rein-
vestigate the presence and precise localization of CB1Rs in our
system. First, we worked with younger animals (11- to 15-d-old
rats) than in the previous studies (adult rats); synaptic structures
and protein expression are known to differ between these two age
groups. Second, although a strong CB1R expression level was
detected in basket cell pinceaux and, more moderately, on basket
cell terminal-like areas around Purkinje cell bodies, no clear
demonstration was previously given of the presence of receptors
in basket–stellate cell axons and synaptic terminals in the molec-
ular layer.

The pattern of expression that has been obtained is illustrated
in Figure 1. There is a strong, widespread punctate staining in the
molecular layer (Fig. 1A–D). This probably corresponds to par-
allel fibers running perpendicularly to the slice plane and is fully
consistent with previous morphological (Tsou et al., 1998; Eger-
tova and Elphick, 2000) and physiological (Levenes et al., 1998;
Takahashi and Linden, 2000) data. No signal could be detected
from Purkinje cell somata or dendrites (Fig. 1A–D) or in the
smaller linear fibers belonging to Bergmann glial cells, which run
centrifugally to the slice outer limit from the Purkinje cell layer
(Fig. 1A,B). The signal abruptly ends at the border between
molecular layer and external germinal layer. Sometimes a faint
mesh of fibers surrounding granule cell bodies could be detected
in the granule cell layer.

In Figure 1B and at higher magnification in C and D (asterisks),
cell bodies are not stained; more generally, no cell soma was ever
revealed by the antibody in the molecular layer, suggesting that
migrating granule cells, glial cells, and, most importantly,
GABAergic interneuron somata do not express CB1Rs. On the
other hand, a strong signal was detected around Purkinje cell
somata in structures resembling basket cell synaptic terminals
(Fig. 1C,D, white arrowheads). Furthermore, and most impor-
tantly for our goals, fibers running longitudinally (Fig. 1D, black
double arrowheads) and giving out branches surrounding Purkinje
cell somata were stained (Fig. 1C, white double arrowheads): these
structures have all the morphological properties of GABAergic
axons synapsing onto Purkinje cells. Sometimes, fibers running
along Purkinje cell primary dendrites and extending in the gran-
ular layer were visible, likely corresponding to climbing fibers
(data not shown).

These data indicate that, in young animals, CB1Rs are present

in axons and synaptic terminals of cerebellar basket and stellate
cells, as well as in parallel and climbing fibers.

Implication of CB1Rs in DSI: paired
recording experiments
DSI at cerebellar synapses has been reported as a transient
inhibition of both evoked (action potential-dependent) and min-
iature (action potential-independent) IPSCs (Llano et al., 1991).
Although the basic features of these two branches of DSI are
similar, there are differences in detail suggesting distinct mecha-
nisms (Vincent and Marty, 1993). Studying the first component of
DSI in isolation requires simultaneous recordings of a presynap-
tic interneuron and of a functionally connected Purkinje cell
(“paired recording”). This has been difficult in the cerebellum
because of the rundown that occurs at interneuron–Purkinje cell
synapses because of presynaptic dialysis (Vincent and Marty,
1996). However, we found recently that this rundown can be
prevented by using presynaptic perforated-patch recording, thus

Figure 1. CB1R localization in the cerebellum of young rats. A–D,
Immunohistochemical detection of CB1Rs in the cerebellum of a 12-d-old
rat, using an antibody raised against the C-terminal portion of the protein.
Maximal expression can be seen in the ML. A, B, Purkinje cell somata
(large cell bodies with big dark nucleus in the PCL), dendrites, and
Bergmann glia fibers appear unstained. The strong punctate signal likely
comes from parallel fibers, which run perpendicular to the plane of the
slice. The EGL, which is still present at this developmental stage, is
devoid of protein, probably because of absence of parallel fibers and
GABAergic fibers. A series of small, unstained somata can be seen in the
bottom part of the ML, presumably basket cell bodies. C, D, At high
magnification near the PCL, punctate staining of the ML is clearly visible
together with unstained cell somata (asterisks) corresponding to basket–
stellate cells and/or migrating granule cells. White arrowheads indicate the
fluorescence surrounding Purkinje cell soma, which is presumably attrib-
utable to basket cell synaptic terminals. Intensely stained basket–stellate
cell axons contacting Purkinje cell somata are indicated by white (C) and
black (D) double arrowheads. Scale bars: A, 50 �m; B–D, 20 �m. EGL,
External germinal layer; ML, molecular layer; PCL, Purkinje cell layer;
GCL, granule cell layer.
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allowing a quantitative description of DSI of action potential-
dependent IPSCs (M. Diana and A. Marty, unpublished obser-
vations). DSI is manifest in paired recordings as a strong reduc-
tion in the mean size of evoked IPSCs (eIPSCs), without any
significant change in kinetics or in the presynaptic trace (Fig.
2Aa, top panel). Such an effect can be obtained repeatedly with-
out any decrement (see time plots in Fig. 2Ab,Bb).

Having set these recording conditions, we tested agents inter-

fering with CB1R activity to investigate their effects on the DSI
of evoked transmission.

Within minutes of perfusion with the cannabinoid agonist
WIN 55,212–2, the mean eIPSC amplitude was strongly reduced
(to 10.3 � 2.1% of the control; n � 5) (Fig. 2Ab). In the presence
of WIN 55–212,2, the paired-pulse ratio at 50 msec interpulse
interval was significantly increased (from 101.9 � 7.1% in the
control to 143.4 � 10.8%; p � 0.05; n � 5) (Fig. 2Ab, inset, traces),

Figure 2. In paired recordings DSI is occluded by the CB1R agonist WIN 55,212–2 and completely prevented by the CB1R antagonist AM-251. Paired
recordings were performed between presynaptic stellate–basket cells and postsynaptic Purkinje cells. The presynaptic cell was recorded using perforated
patch. DSI was assayed by depolarizing Purkinje cells to 0 mV for 1 sec at 3–4 min intervals. eIPSCs were elicited every 5 sec. A, Effect of WIN 55,212–2.
Aa, Presynaptic and postsynaptic current sweeps averaged from one DSI trial, before (from 18 eIPSCs; black trace), and after (first three post-
depolarization IPSCs; gray trace) the depolarizing pulse. Top, In control saline, the presynaptic current is not altered by the DSI-inducing protocol,
whereas the postsynaptic current is strongly decreased (average control DSI: 86.9 � 2.6%; n � 6 DSI trials). Bottom, In the presence of 5 �M WIN
55,212–2, the postsynaptic current is markedly reduced (note 10-fold change in vertical scale). In addition, the gray and black postsynaptic traces are now
superimposed, indicating an abolition of DSI (average DSI in WIN 55,212–2: 15.1 � 8.5%; n � 4 trials). Ab, Peak amplitude of individual eIPSCs plotted
over time, same experiment as in Aa. t � 0 min corresponds to Purkinje cell break-in. Open circles correspond to control eIPSCs, and closed circles to
eIPSCs measured 0–90 sec after the DSI protocol. Inset, Averaged paired pulse currents elicited by 50 msec interpulse interval stimulations. Currents
in control saline (average of 77 traces; black trace) and in WIN 55–212,2 (average of 55 traces; gray trace) have been normalized with respect to the first
paired evoked current in the control trace. In this experiment the paired pulse ratio increases from 113% in the control to 182% in WIN 55–212,2,
calculated as the ratio between the amplitude of the averaged second eIPSC and the amplitude of the averaged first eIPSC. B, Effect of AM-251. Ba,
In another experiment, the initial amount of DSI observed in the control was 89.9 � 2.6% (n � 9 DSI trials). Perfusion of 500 nM AM-251 slightly
increased the amplitude of eIPSCs and markedly reduced DSI (to 15.2 � 5.0%; n � 10 trials, bottom). In this experiment no leak subtraction was applied
to the presynaptic traces, in contrast to A. Bb, Time plot of the effects of AM-251 for the same experiment. C, Histograms summarizing five experiments
where the pharmacological test was with WIN 55–212,2 (white bars) and six experiments with AM-251 (black bars); values are normalized relatively to
the amplitude of eIPSC observed in control saline. “ctl DSI” bars are the mean eIPSC amplitudes during DSI in control saline. WIN and AM bars are
the mean eIPSC amplitudes, respectively in the presence of WIN55,212–2 and AM-251. Note that WIN 55–212,2 and the DSI protocol reduce the
eIPSCs to about the same level, whereas AM-251 does not modify the amplitude of eIPSC. D, Same experiments as in C. Comparison of the amount
of DSI observed in control conditions (control ), and in the presence of either WIN 55–212,2 (WIN ) or AM-251 (AM ). Notice the complete abolition
of DSI in AM-251.
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and the inverse of the square of the coefficient of variation
(CV�2) was very markedly decreased (from 21.5 � 9.3 in the
control to 0.96 � 0.25; p � 0.05); both results suggest a presyn-
aptic locus for the inhibition. In WIN 55–212,2, the DSI protocol
became ineffective (Fig. 2Aa, bottom panel). On average, the
mean DSI value fell from 88.8 � 3.7% in the control to 19.9 �
7.8% (Fig. 2D, open bars). As shown in the summary plot of
Figure 2C (open bars), the amplitudes of eIPSCs observed after a
DSI protocol in control saline and before the DSI protocol in the
presence of WIN 55–212,2 were not significantly different. This
suggests that the abolition of DSI seen in WIN 55–212,2 is
because of an occlusion effect and that WIN 55–212,2 and DSI
share a common pathway, although not necessarily implying that
DSI involves CB1R activation.

Figure 2B presents the results of the converse experiment,
which consisted of exposing the slice to the CB1R antagonist
AM-251. In control runs without DSI protocols, AM-251 had
variable consequences on the amplitude of eIPSCs, but no net
effect was apparent when averaging across experiments (mean
ratio in AM-251 to control values, 99.5 � 33.0%; n � 5). AM-251
also failed to alter significantly the value of CV�2 (mean ratio in
AM-251 to control values, 115.1 � 24.6%; n � 5). Thus, contrary
to WIN 55–212,2, AM-251 does not modify the basal synaptic
transmission. However, AM-251 dramatically reduced DSI (con-
trol: 81.6 � 3.5%; in AM-251: 1.1 � 3.6%; n � 5; p � 0.05) (Fig.
2C,D, filled bars), strongly suggesting that CB1Rs are involved in
the establishment of DSI.

Effect of CB1R activation and inhibition on mIPSCs
We next asked whether CB1R agonists and antagonists would
also act on mIPSCs. As reported earlier (Takahashi and Linden,
2000), WIN 55–212,2 strongly inhibited the frequency of mIP-
SCs. This effect developed over a period of 10–15 min after
addition of WIN 55–212,2, at which point in time the reduction
amounted to 55.6 � 6.7% of the control (Fig. 3C) ( p � 0.05; n �
10), and it remained stable thereafter. At the same time period,
WIN 55–212,2 failed to affect the mIPSC mean amplitude (mean
ratio to control: 90.0 � 10.7%, n � 10; data not shown). These
results suggest that activation of CB1Rs results in a decrease of
the release probability of presynaptic vesicles.

The effects of the CB1R antagonist AM-251 on mIPSCs were
next investigated. On average, no significant effect on mean
amplitude was observed. After 10–15 min in AM-251, an increase
in the mean frequency was observed (Fig. 3C) (mean ratio to
control values before AM-251 application: 1.33 � 0.06; p � 0.05;
n � 11). However the significance of this effect was doubtful,
because in many “sham experiments” without changing to AM-
251, a spontaneous increase in frequency was observed, so that
there was no statistical difference between AM-251 experiments
and sham experiments. Thus, the increase observed after AM-
251 application could reflect a spontaneous upward trend of
mIPSC frequency with time, rather than a genuine effect of
AM-251.

Effect of CB1R activation and inhibition on DSI as
measured in miniature recording experiments
Because DSI of mIPSCs (DSImIPSC) and DSI of evoked IPSCs
(DSIeIPSC) have different properties (for review, see Marty and
Llano, 1995), their sensitivity to cannabinoids may be different.
Therefore, the effects of WIN 55–212,2 and AM-251 were reex-
amined in the presence of TTX (500 nM), as illustrated in Figure
3. For these experiments, we used the same depolarizing pulse

Figure 3. Effects of WIN 55,212–2 and of AM-251 on DSI of mIPSCs.
Here DSI of mIPSCs was measured in TTX after a 1-sec-long Purkinje
cell depolarization. Sweeps are examples of currents recorded in Purkinje
cells. A, Effects of AM-251. Aa, In control saline, the depolarizing pulse
resulted in an inhibition of mIPSC frequency. Histogram: Averaged
response to four DSI trials. DSI was measured as the percentage decrease
in cumulative amplitude over a period of 2.5–12.5 sec after the depolar-
izing pulse. Ab, In the presence of 500 nM AM-251, DSI is markedly
reduced (average histogram for three trials). B, Effects of WIN 55,212–2.
Ba, DSI in control saline. Bb, After perfusion with 5 �M WIN 55,212–2,
mIPSC frequency was markedly reduced, and DSI was abolished. C,
Summary results from four experiments with WIN 55–212,2 (white bars)
and five experiments with AM-251 (black bars). Ordinates indicate fre-
quencies of mIPSCs (calculated over 5 min recordings) normalized with
respect to the frequency of mIPSC observed in control saline before DSI.
“ctl DSI” bars are the mean mIPSCs frequency during DSI in control
saline. WIN and AM bars are the mean mIPSCs frequency, respectively
in the presence of WIN55,212–2 and AM-251. D, Same experiments as in
C. Comparison of the amount of DSI observed in control conditions (ctl)
and in the presence of either WIN 55–212,2 (WIN) or AM-251 (AM).
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protocol as before (1-sec-long depolarizations to 0 mV, applied
every 3–4 min). Figure 3A illustrates an experiment where AM-
251 reduced DSI from 40.1 down to 9.8%, and Figure 3B shows
another experiment with a DSI value of 31.8% in the control,
which decreased in the presence of WIN 55–212,2 to �9.8%.
Average results indicate that both compounds significantly reduce
DSImIPSC to approximately the same level (Fig. 3D) (AM-251
reduces DSI values from 43.1 � 4.8 to 14.0 � 4.4%, n � 5; WIN
55–212,2 reduces DSI values from 43.4 � 6.8 to 9.1 � 8.2%, n �
4; p � 0.05 in both cases).

These results show that the activation of CB1Rs is a necessary
and sufficient condition for the DSI of both evoked and miniature
transmission in the cerebellum. Nevertheless, in contrast to
DSIeIPSC, DSImIPSC is still significant in AM-251 ( p � 0.05). This
residual DSI could be because of some glutamate released from
depolarized Purkinje cell, as previously proposed (Glitsch et al.,
1996). However, blockade of group II mGluRs did not further
decrease the amount of DSI persisting in AM-251. Indeed, a
residual DSImIPSC of 20.1 � 4.7% (n � 4) was still obtained in the
presence of a combination of the specific group II mGluR antag-
onist LY 341495 (5 �M) and of AM-251.

Effect of WIN 55–212,2 on presynaptic
calcium transients
In an attempt to elucidate the mechanism of action of cannabi-
noids, we performed measurements of calcium transients in the
axons and presynaptic terminals of interneurons, following pro-
cedures developed earlier in our laboratory (Forti et al., 2000).
Interneurons were loaded from the soma with OG1. Axons were
then imaged during stimulation of the cells with short trains of
action potentials applied in the soma (4 spikes at 50 Hz). This
resulted in highly localized calcium transients in axonal “hot-
spots” that include en passant synapses and terminals contacting
Purkinje cell somata (Forti et al., 2000). Rundown of the calcium
transients was corrected for by linear extrapolation. After appli-
cation of WIN 55–212,2, the kinetics of the transients remained
unchanged, but their amplitude was decreased. Figure 4 illus-
trates one of these experiments, where the reduction was 34.2 �
4.6% after 15 min of application of the CB1R agonist. On aver-
age, the effects of WIN 55–212,2 appeared as a reduction by
25.2 � 8.0% (n � 7 experiments; p � 0.05), which was complete
10–15 min after addition of the agonist. These experiments
indicate that activation of CB1Rs leads to a reduction of action
potential-dependent presynaptic calcium transients.

In these experiments, we found no evidence of propagation
failures in control conditions or after CB1R activation, confirm-
ing previous studies (Forti et al., 2000). However this does not
rule out the possibility that DSI could involve enhanced propa-
gation failures, as proposed in the hippocampus (Alger et al.,
1996). Because we used four action potential stimuli, only massive
failures would have been detected with our protocol. Further-
more, the experimental procedure for axon imaging involved
dialysis of the intracellular milieu by the recording pipette, and
this could have strongly influenced spike initiation and propaga-
tion properties.

DISCUSSION
An endocannabinoid as retrograde messenger for
cerebellar DSI
The present results indicate that endogenous cannabinoids (en-
docannabinoids) are likely retrograde messenger candidates at

Figure 4. WIN 55,212–2 inhibits presynaptic calcium transients. A, Ca 2�

transients observed in the axonal tree of an interneuron loaded with OG-1
(250 �M). Left panel, Image in basal conditions. Right panel, Peak re-
sponse to a train of four action potentials in control saline. White dotted
lines show the position in the slice of two Purkinje cell somata contacted
by axonal lateral branches of the recorded cell. The interneuron soma is
	20 �m above, out of the imaged area. B, Analysis of Ca 2� transients for
the same experiment as in A. Traces obtained in control and in the
presence of 5 �M WIN55,212–2 are labeled in black and red, respectively.
Top, Somatic action currents recorded during a train of four depolariza-
tions. Bottom, Average �F/F0 signals for two different stimulations calcu-
lated from the 10 hotspots indicated by white arrowheads in A. The vertical
black arrow indicates the time when the four spike stimulus was applied.
C, Time course of the effects of WIN 55–212,2 for the same experiment.
The points correspond to mean � SEM of maximal �F/F0 changes after
stimulation from the 10 hot spots. a and b labels correspond to the data
illustrated in B in black and red, respectively. Values were normalized
with respect to the four average control �F/F0.
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inhibitory synapses onto Purkinje cells. This hypothesis is sup-
ported by several arguments, as follows.

First, endocannabinoids and DSI both act on presynaptic tar-
gets. We find that CB1R activation increases the paired-pulse
ratio in paired recordings and decreases mIPSC frequency with-
out modifying the quantal size, strongly indicating a presynaptic
action of endocannabinoids. This conclusion is further supported
by our morphological data showing the absence of the receptor
from Purkinje cells or Bergmann glia. Likewise, it is clear that the
site of expression of cerebellar DSI is presynaptic. This is estab-
lished both by previous (Llano et al., 1991; Vincent et al., 1992)
and by recent evidence: the analysis in paired-recordings of
paired-pulse ratio, failure occurrence, and coefficient of variation
during DSI points toward a pure presynaptic explanation for DSI
(Diana and Marty, unpublished data).

Second, the maximum effects of DSI and of CB1R activation
are quantitatively very close. The induction protocol used for this
work was chosen to produce maximum DSI (Glitsch et al., 2000);
likewise, the WIN 55,212–2 concentration tested (5 �M) is far
beyond the saturating dose for CB1Rs. Nevertheless, in both
cases, GABAergic transmission is not completely inhibited. The
percentage maximum effect is clearly different between TTX-
sensitive and insensitive release but in both cases, the amount of
residual synaptic transmission is similar for DSI and WIN
55,212–2 inhibition (for eIPSCs: 13.0 � 2.6% of control in DSI
experiments, n � 10 vs 10.7 � 2.1% of control in the presence of
WIN 55,212–2, n � 5; p 
 0.05; for mIPSCs: 57.1 � 3.6% of
control in DSI experiments, n � 9 vs 44.4 � 6.7% of control in the
presence of WIN 55,212–2, n � 10, p 
 0.05).

The third line of evidence is that blocking CB1Rs with the
antagonist AM-251, as well as full activation with a saturating
dose of WIN55,212–2, leads to a strong reduction of DSI. This
applies both for the modulation of eIPSCs and of mIPSCs. These
results confirm that DSI and CB1Rs share the same molecular
pathway and indicate that CB1R activation is a necessary and
sufficient condition for the expression of DSI.

The new conclusion that endocannabinoids account for DSI in
our system is in agreement with their involvement in a similar
form of transient inhibition of excitatory synaptic currents onto
Purkinje cells called depolarization-induced suppression of exci-
tation (Kreitzer and Regehr, 2001a). After depolarization of
Purkinje cells, endocannabinoids apparently inhibit both IPSCs
coming from basket and stellate cells and EPSCs originating in
parallel fibers and climbing fibers. All of these actions occur with
a similar time course and tend to isolate the cell from its synaptic
inputs. It remains to be found whether in physiological conditions
this cannabinoid-mediated retrograde inhibition can be synapse-
specific or whether it is just a mean to scale down the synaptic
input of Purkinje cells indiscriminately. In this regard, it must be
underlined that the Ca2� sensitivity of cerebellar DSI has been
reported to be extremely high (Glitsch et al., 2000): Ca2� con-
centration increases in the order of a few hundreds nanomolar are
enough to elicit DSI. Thus, DSI could be used by Purkinje cells to
tune synaptic incoming inhibition in an extremely fine way, ac-
cording to the spatial and temporal profile of the intracellular
calcium concentration.

The conclusions drawn from our experiments are also in agree-
ment with recent reports indicating a similar role for cannabi-
noids in hippocampal DSI (Ohno-Shosaku et al., 2001; Wilson
and Nicoll, 2001; Wilson et al., 2001). The question arises, how-
ever, of their compatibility with the previous data, which led to
the suggestion of a role for glutamate or a related substance in

cerebellar DSI (Glitsch et al., 1996). These data included the
report of an imitation and occlusion of DSI with 2-(2,3-
dicarboxycyclopropyl)-glycine (DCGIV), an agonist of group II
mGluRs, and of an inhibition of DSI in the presence of L-AP-3, an
antagonist of mGluRs. The former effect could be compatible
with the proposal of cannabinoids as messenger if the mGluR and
CB1R pathways were converging downstream of the receptor
level to produce a DSI-like phenomenon. Occlusion could then be
explained on the basis of competition for common steps of the
transduction pathway leading to DSI. Concerning the latter effect
(inhibition by L-AP-3), we first note that the inhibition was less
pronounced than with AM-251: the residual DSImIPSCs observed
in L-AP-3 was 59% of its original value compared with 33% in the
presence of AM-251 (this paper). Second, it should be stressed
that L-AP-3 is a poorly specific drug. In our earlier work, L-AP-3
had to be used at a high concentration (1 mM), and several side
effects were found, including a partial agonist action on type II
mGluRs (Glitsch et al., 1996). Because the broad action antago-
nist MCPG failed to inhibit DSI (Glitsch et al., 1996), the rela-
tively weak inhibition exerted by L-AP-3 could in retrospect be
explained by the partial agonist effect on mGluRs, which would
then lead to an inhibition of DSI through an occlusion effect
similar to that observed with DCGIV.

Mechanisms of expression of DSI
CB1R activation has been shown to inhibit GABA release in
many different areas of the CNS (for example, rostral ventrome-
dial medulla and periaqueductal gray: Vaughan et al., 1999, 2000;
hippocampus: Katona et al., 1999; Hajos et al., 2000; Hoffmann
and Lupica, 2000; cerebellum: Takahashi and Linden, 2000; and
nucleus accumbens: Manzoni and Bockaert, 2001). TTX-sensitive
and TTX-insensitive release are both affected in each case, with
the exception of the hippocampus, where only eIPSCs are inhib-
ited. In this preparation, CB1Rs are present only in one subset of
interneurons expressing the peptide cholecystokinin (Katona et
al., 1999; Tsou et al., 1999); presumably only this subpopulation is
affected by DSI (Wilson et al., 2001). If only minis coming from
these synapses were modulated by CB1R activation, the effect
could be statistically lost in recording miniature events originat-
ing from the whole population of interneurons, thus explaining
why DSI is not apparent for TTX-insensitive transmission in CA1
pyramidal cells (Pitler and Alger, 1994). In our paired-recording
experiments, all of the presynaptic interneurons that were tested
responded to CB1R modulators, be it with a reduction in evoked
transmission by WIN 55,212–2 application (n � 5), or with a
significant block of DSI in response to AM-251 (n � 6); so,
cerebellar stellate and basket cells appear to express CB1Rs
uniformly.

The present experiments confirm that DSI and CB1Rs inhibit
both TTX-insensitive and TTX-sensitive IPSCs, yet they rein-
force the view that the underlying mechanisms are distinct, as
suggested earlier (Vincent and Marty, 1993). Namely, we have
found that CB1R activation depresses evoked currents at least
partially through the inhibition of action-potential induced cal-
cium transients (Fig. 4), whereas mIPSCs are independent from
calcium influx (Llano et al., 2000). Therefore, evoked transmis-
sion is modulated by a mechanism that does not operate on
mIPSCs. However, the possibility remains that the release prob-
ability change apparent in DSImIPSC could also operate, in par-
allel with another process, to inhibit IPSCs during DSIeIPSC. In
agreement with this hypothesis, our results show that both max-
imum DSI and maximum WIN 55,212–2 effects are significantly
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stronger for eIPSCs (80.2 � 2.9 and 85.8 � 2.4% inhibition,
respectively) than for mIPSCs (43.9 � 3.6 and 55.6 � 6.7%,
respectively; p � 0.05). In this context, we cannot exclude the
presence of GABAergic synapses onto Purkinje cells originating
from other cell types than interneurons, in particular from other
Purkinje cells (Altman and Bayer, 1997), which could have dis-
tinct pharmacological properties and susceptibility to DSI.

Action potential-induced calcium transients (Forti et al., 2000)
and synaptic transmission between basket–stellate cells and Pur-
kinje cells (Llano et al., 2000; Stephens et al., 2001) are mainly
mediated by P/Q-type calcium channels. Because cannabinoids
inhibit these conductances (as well as N-type ones) both in
cultured hippocampal neurons and in expression systems (Mackie
et al., 1995; Twitchell et al., 1997; Sullivan, 1999), a direct
modulation of presynaptic P/Q-type channels could explain part
of the depression of evoked synaptic transmission during cerebel-
lar DSI. Consistently with an involvement of voltage-dependent
calcium conductances in this phenomenon, selective N-type cal-
cium channel inhibition has been proposed as a mechanism of
expression for DSI in the hippocampus (Wilson et al., 2001).

On the other hand, axonal potassium channels cannot be ex-
cluded as possible mediators of DSI. Indeed, CB1R-induced
regulation of voltage-dependent (as in Hampson et al., 1995)
and/or of inwardly rectifying potassium conductances (Mackie et
al., 1995; Henry and Chavkin, 1995) could regulate the firing
threshold, the reliability of action-potential propagation along the
axon, and the shape of action potentials invading synaptic
terminals.

In conclusion, the concomitant activation of several pathways is
most likely responsible for the powerful inhibition of GABAergic
transmission by CB1Rs and by DSI. Many points about how
endocannabinoids are synthesized, are released, and act are still
unresolved. The ubiquity of CB1Rs in the CNS and the new light
shed on their function nonetheless point out the cannabinoid
pathway as a key player in the regulation of synaptic
communication.

Note added in proof. While this paper was under review, an-
other group reported results that also indicate that endocannabi-
noids are responsible for cerebellar DSI (Kreitzer and Regehr,
2001b).
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