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Summary

Brief depolarization of cerebellar Purkinje cells was
found to inhibit parallel fiber and climbing fiber EPSCs
for tens of seconds. This depolarization-induced sup-
pression of excitation (DSE) is accompanied by altered
paired-pulse plasticity, suggesting a presynaptic lo-
cus. Fluorometric imaging revealed that postsynaptic
depolarization also reduces presynaptic calcium in-
flux. The inhibition of both presynaptic calcium influx
and EPSCs is eliminated by buffering postsynaptic cal-
cium with BAPTA. The cannabinoid CB1 receptor an-
tagonist AM251 prevents DSE, and the agonist WIN
55,212-2 occludes DSE. These findings suggest that
Purkinje cells release endogenous cannabinoids in re-
sponse to elevated calcium, thereby inhibiting presyn-
aptic calcium entry and suppressing transmitter re-
lease. DSE may provide a way for cells to use their
firing rate to dynamically regulate synaptic inputs. To-
gether with previous studies, these findings suggest
a widespread role for endogenous cannabinoids in
retrograde synaptic inhibition.

Introduction

Retrograde signaling is used by the nervous system to
convey information about the activity of neurons back
to cells that innervate them. Retrograde messengers
play animportantrole in synapse formation (Fitzsimonds
and Poo, 1998) and in the control of synaptic strength
on rapid timescales (Alger and Pitler, 1995; Kombian et
al., 1997; Zilberter et al., 1999). Short-term retrograde
regulation of synapses was first described in the hippo-
campus and in the cerebellum, where depolarization
of either CA1 pyramidal cells or Purkinje cells inhibits
presynaptic GABA release onto these cells for tens of
seconds (Llano et al., 1991b; Pitler and Alger, 1992,
1994; Vincent and Marty, 1993). Depolarization-induced
suppression of inhibition (DSI) depends upon a rise in
postsynaptic calcium that triggers the release of a retro-
grade messenger that in turn acts on the presynaptic
nerve terminal through a G protein—-dependent mecha-
nism (Pitler and Alger, 1994). However, inhibition of ex-
citatory inputs by the retrograde messenger that gives
rise to DSl has not been described. We find a depolariza-
tion-induced suppression of excitatory inputs (DSE) in
cerebellar Purkinje cells, indicating that both excitatory
and inhibitory synapses can be modulated on rapid
timescales.

*To whom correspondence should be addressed (e-mail: wade_
regehr@hms.harvard.edu).

Studies of DSE in the cerebellum can provide insight
into several fundamental issues regarding retrograde
synaptic inhibition. A number of retrograde messengers
have been identified at various synapses, including glu-
tamate, GABA, and neuropeptides (Glitsch et al., 1996;
Kombian et al., 1997; Morishita et al., 1998; Zilberter
et al., 1999; Zilberter, 2000), as well as endogenous
cannabinoids (R. I. Wilson and R. A. Nicoll, unpublished
data). It is not known how widely these messengers
serve to retrogradely inhibit synapses throughout the
brain. Another unresolved issue is how these retrograde
messengers inhibit release from presynaptic terminals.
Several possible mechansims include branchpoint fail-
ure and incomplete action potential invasion of presyn-
aptic terminals (Hatt and Smith, 1976; Alger et al., 1996),
inhibition of presynaptic calcium channels (Anwyl, 1991),
or direct effects on the release apparatus (Thompson
et al., 1993; Alger and Pitler, 1995; Chen and Regehr,
1997). The excitatory synapses we study are amenable
to optical recording methods, which allow us to differen-
tiate between these possibilities.

Here, we find that Purkinje cell depolarization retro-
gradely inhibits both parallel and climbing fiber inputs.
This DSE requires elevated postsynaptic calcium and
follows a time course similar to DSI. We find that DSE
is due to an inhibition of presynaptic calcium influx. DSE
is prevented by blocking cannabinoid CB; receptors,
which are located in the molecular layer of the cerebel-
lum and can inhibit both parallel fibers and climbing
fibers (Mailleux and Vanderhaeghen, 1992; Matsuda et
al., 1993; Levenes et al., 1998; Takahashi and Linden,
2000). Thus, a transient elevation of postsynaptic cal-
cium in Purkinje cells results in the release of endoge-
nous cannabinoids, which inhibit afferent excitatory in-
puts for tens of seconds by modulating presynaptic
calcium entry. Taken together with the widespread dis-
tribution of CB, receptors in the brain and the observa-
tion that CB, receptors are required for DSl in the hippo-
campus (R. I. Wilson and R. A. Nicoll, unpublished data),
this suggests a general role for endogenous cannabi-
noids in the retrograde inhibition of both excitatory and
inhibitory synapses.

Results

In this study, we examine two excitatory glutamatergic
inputs to Purkinje cells (PC) with distinctive properties:
parallel fiber (PF) and climbing fiber (CF) synapses (Ec-
cles et al., 1966a, 1966b; Palay and Chan-Palay, 1974;
Ito, 1984; Konnerth et al., 1990; Perkel et al., 1990; Silver
et al., 1998). PF synapses are the connections between
cerebellar granule cells and PCs. Each PC receives tens
of thousands of PF synapses from cerebellar granule
cells, with most granule cells making only a small num-
ber of contacts. PF synapses have a low probability of
release and display prominent paired-pulse facilitation.
By contrast, PCs are typically innervated by a single
CF that originates in the inferior olive. Each CF makes
hundreds of synaptic contacts, which have a high proba-
bility of release and exhibit paired-pulse depression.
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Figure 1. Postsynaptic Depolarization Inhibits Excitatory Purkinje
Cell Afferents

(A) Stimulus protocol with the holding potential of the postsynaptic
cell (hp; upper) and the stimulation timing (stim; below). Parallel fiber
(B) and climbing fiber (C) EPSC amplitudes are plotted over time
for control responses with no preceding prepulse to OmV (open
circles) and test responses following Purkinje cell depolarization
(closed circles). Average parallel fiber (B) and climbing fiber (C)
EPSCs are shown at the right. Stimulus artifacts are blanked for
clarity. Parallel fiber and climbing fiber responses are from two
representative experiments. The duration of the depolarization to
OmV was 50 ms for parallel fiber experiments and 1 s for climbing
fiber responses. The test stimulus followed the depolarization by
At =5s.

Effects of Postsynaptic Depolarization

on Excitatory Synaptic Transmission

The effects of brief postsynaptic depolarizations on ex-
citatory Purkinje cell afferents were studied in transverse
rat cerebellar slices. PF EPSCs were evoked with an
extracellular electrode placed in the molecular layer.
After obtaining a stable synaptic response, we assessed
the influence of stepping the voltage of the postsynaptic
PC from —60mV to OmV (Figure 1A). This greatly de-
creased the PF EPSC amplitude, as shown for a test
stimulus that followed the postsynaptic depolarization
by a At of 5 s (Figure 1B, lower right). This EPSC inhibition
recovered within 90 s and was repeatedly and reliably
elicited over the duration of an experiment (Figure 1B,
left) where EPSCs following depolarization (closed cir-
cles) and control EPSCs (open circles) are both plotted.

Depolarization of the PC also reliably inhibited CF syn-
apses (Figure 1C). CF synapses appeared to be some-
what less sensitive to postsynaptic depolarization, and,
therefore, the duration of the depolarization prior to a
test CF EPSC was 1 s, compared to 50 ms for PF stimula-
tion. We refer to this depolarization-induced suppres-
sion of excitation as DSE.

We next examined the time course of DSE by system-
atically varying At following a postsynaptic depolarizing
prepulse (Figures 2Aa and 2Ba). DSE is small at early
times (At = 1 s) and then approaches a maximum at
5-10 s and decays with a t;, of ~15-20 s. The time
course of DSE is similar at both the PF and CF synapses,
suggesting that a common mechanism may underlie
both phenomena.

To test whether DSE is expressed as a presynaptic
or postsynaptic change, we assessed the effects of
postsynaptic depolarization on paired-pulse plasticity.
Most synapses, including both PF and CF synapses,
display prominent short-term synaptic plasticity, which
can provide insight into the probability of release. PF
and CF synapses behave very differently in response to
pairs of stimuli. The ratio of the amplitudes of the EPSC
evoked by the second and first stimuli (A2/A1) is typically
about 160% for PF synapses, and they are said to facili-
tate, which is consistent with their low initial probability
of neurotransmitter release. CF synapses have a high
initial probability of release and display paired-pulse
depression, with A2/A1 of about 40%. At both of these
synapses, short-term plasticity is thought to be presyn-
aptic in origin (Atluri and Regehr, 1996; Dittman and
Regehr, 1998), and a decrease in the initial probability
of release increases the ratio A2/A1. Therefore, if the
inhibition we observe following depolarization reflects
a presynaptic change in the probability of release, A2/
A1 should increase following depolarization. Most post-
synaptic mechanisms are not consistent with such
changes in short-term plasticity.

We found that postsynaptic depolarization affects
short-term plasticity at both PF and CF synapses (Fig-
ures 2Ab and 2Bb). In the experiment shown, the paired-
pulse ratio A2/A1 at the PF synapse increased from
150% in control conditions to 260% at 5 s after postsyn-
aptic depolarization. At the CF synapse, the A2/A1 ratio
increased from 30% to 80% at At = 5 s. Moreover, the
time course of these changes in A2/A1 at both the PF
and CF synapses matches the time course of DSE (Fig-
ures 2Aa and 2Ba). These increases in A2/A1 suggest
that postsynaptic depolarization decreases the proba-
bility of release from both climbing fibers and parallel
fibers. Summary data is shown in Figure 3.

The Role of Postsynaptic Calcium in DSE

Because postsynaptic depolarization results in an ap-
parent suppression of presynaptic inputs, we next deter-
mined if a rise in postsynaptic calcium is required for
DSE. The inclusion of the calcium chelator BAPTA (40
mM) in the postsynaptic recording pipette completely
blocked the suppression of EPSCs at both the PF and
CF synapses (Figure 3). At At = 5 s, when DSE is maximal
in control conditions, there is no sign of either EPSC
depression or a change in paired-pulse plasticity with
BAPTA in the postsynaptic recording pipette (Figures
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Figure 2. Presynaptic Short-Term Plasticity Is Altered Following Postsynaptic Depolarization

Parallel fiber (Aa) and climbing fiber (Ba) responses to stimuli lacking a postsynaptic prepulse and in response to test stimuli following
depolarization to OmV, during systematic variation of At. EPSCs are shown above, and the time course of depression of the test EPSC is
below. Short-term plasticity of the parallel fiber (Ab) and climbing fiber (Bb) EPSCs evoked by pairs of stimuli are shown. Traces are normalized
to the first EPSC of the control stimulus to aid in comparison. The amplitude of the paired-pulse ratio (A2/A1) as a function of time after the
postsynaptic depolarization is plotted below. Data in (Aa) and (Ab) are from a single representative parallel fiber experiment. Data in (Ba) and

(Bb) are from a single representative climbing fiber experiment.

3Aa and 3Ba). At PF and CF synapses, postsynaptic
BAPTA completely abolished EPSC inhibition following
depolarization at each value of At tested (Figures 3Ab
and 3Bb). The changes in paired-pulse plasticity we
observed at the PF and CF synapses during inhibition in
control conditions were also eliminated by postsynaptic
BAPTA at all time points (Figures 3Ac and 3Bc). These
data suggest that elevations in postsynaptic calcium
are required for DSE at both PF and CF synapses.

DSE at High Temperature

We next examined the magnitude and time course of
DSE at 34°C, which is much closer to physiological tem-
peratures (Figure 4). At PF synapses, both the onset and
decay of DSE is faster (Figure 4A). At At = 1 s, a large
inhibition is already present, which is maximal at 3 s
and completely decayed by 20-30 s. The magnitude of
DSE is slightly larger in the parallel fibers at 34°C. In the
climbing fiber, a similar increase in the speed of onset
and decay of inhibition was observed, while the magni-

tude of DSE remained similar between 24°C and 34°C
(Figure 4B). The prominence of DSE at 34°C suggests
that this phenomenon is important at physiological tem-
peratures.

The Mechanism of Presynaptic EPSC Suppression
Changes in paired-pulse plasticity suggest that Purkinje
cell depolarization produces a presynaptic suppression
of transmitter release. This could arise from an inhibition
of presynaptic calcium channels, branchpoint failure,
or presynaptic inhibition downstream of calcium influx
(Hatt and Smith, 1976; Anwyl, 1991; Thompson et al.,
1993; Alger et al., 1996; Chen and Regehr, 1997). We
therefore monitored presynaptic calcium influx to distin-
guish between these possibilities and to further charac-
terize the mechanism responsible for DSE.

Optical measurements of presynaptic calcium levels
were made at the climbing fiber. Each PC is innervated
by a single CF whose axonal arbor forms a dense cluster
of synapses that are contained in a single plane and are
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Figure 3. Elevation of Postsynaptic Calcium Is Required for DSE

control (e)

Climbing Fiber

BAPTA (o)

At (sec)

Parallel fiber (Aa) and climbing fiber (Ba) EPSCs evoked by pairs of stimuli. Responses to stimuli without a preceding prepulse are overlayed
on responses to test stimuli, both in control conditions and in the presence of postsynaptic BAPTA (40 mM). Traces are single trials from
representative experiments. Summary of the time course of EPSC inhibition following postsynaptic depolarization in control conditions (closed
circles) and in the presence of postsynaptic BAPTA (open circles) for parallel fibers (Ab) and climbing fibers (Bb). Summary of paired-pulse
plasticity of the parallel fiber (Ac) and climbing fiber (Bc) following a postsynaptic prepulse to OmV in control conditions (closed circles) and
with postsynaptic BAPTA (open circles). Parallel fiber data (control, n = 7; BAPTA, n = 4) and climbing fiber data (control, n = 5; BAPTA, n =

4) are plotted as mean = SEM.

therefore ideally suited to examining the presynaptic
effects of depolarizing a single PC. In contrast, fluores-
cent signals from the parallel fibers arise from a great
number of presynaptic terminals, only a small fraction
of which represent synapses onto any given PC. As a
result, it is difficult to study in isolation calcium tran-
sients in parallel fiber boutons that synapse onto a given
Purkinje cell.

To quantify the reduction in CF presynaptic calcium
influx following PC depolarization we used fluo-4 dex-
tran (Kreitzer et al., 2000). This low-affinity indicator re-
sponds linearly to changes in presynaptic calcium and
therefore provides a means for quantifying changes in
calcium influx. We coinjected fluo-4 dextran (10,000
MW), which is faint at resting intracellular calcium con-
centrations, with Texas red dextran (10,000 MW) in order
to visualize labeled fibers. Such afiber is shown in Figure
5A, with a schematic of the recording configuration.
Whole-cell voltage-clamp recordings were made from
PCs innervated by labeled fibers, and stimulus elec-
trodes were placed near the ascending CF axon. Epiflu-
orescence was measured from the CF axon terminal
arborization (Figure 5A, dotted circle). Following post-
synaptic depolarization, we found a reduction in presyn-

aptic calcium influx that followed the same time course
as the inhibition of the EPSC (Figure 5B). At At = 5 s,
when EPSC inhibition is maximal, the inhibition of cal-
cium influx is also greatest. When BAPTA (40 mM) is
included in the postsynaptic recording pipette, PC de-
polarization fails to inhibit CF presynaptic calcium influx
at all values of At tested (Figure 5C). Therefore, during
depolarization of the postsynaptic cell, calcium is re-
quired for the generation of a signal that inhibits presyn-
aptic calcium influx for tens of seconds.

It is possible that the decrease in presynaptic calcium
influx arises from incomplete action potential invasion
of the presynaptic axonal arbor. We tested this hypothe-
sis by using a CCD camera to image the extent of action
potential invasion in climbing fibers. Calcium green dex-
tran was used in these studies because it has a high
affinity, and fluorescence changes produced by climb-
ing fiber activation are much larger than those obtained
with fluo-4 dextran. This makes it well suited to differ-
entiating between a uniform reduction in calcium influx
and incomplete spike invasion, although it underesti-
mates changes in calcium entry and thus is poorly suited
to quantifying changes in calcium entry.

Climbing fibers were labeled with calcium green dex-
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Figure 4. Temperature Dependence of DSE

Parallel fiber (A) and climbing fiber (B) EPSCs recorded in control
conditions and at different times after postsynaptic depolarization
at 34°C (above). The summary data (below) show the time course
of EPSC inhibition at 34°C for the parallel fiber ([A], closed circles,
n = 5) and climbing fiber ([B], closed circles, n = 4) inputs. The
mean values at 24°C are shown for comparison (open circles). Data
are mean = SEM.

tran as described previously (Kreitzer et al., 2000).
Whole-cell recordings were then obtained from Purkinje
cells innervated by labeled fibers. Each climbing fiber
was imaged at rest and following stimulation. The com-
plete arborization of a young climbing fiber is shown in
Figure 6A, and the stimulus electrode is located to the
upper right outside the field of view. A computation
of the difference in CF fluorescence (AF) at rest and
following a single stimulus with no prepulse showed that
stimulation evoked an increase of calcium throughout
the climbing fiber under normal conditions (Figure 6Ca).
The AF/F signal following a single stimulus with no pre-
pulse is shown in Figure 6Cb, and the simultaneously
recorded CF EPSC is displayed in Figure 6Cc for com-
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Figure 5. Postsynaptic Depolarization Inhibits Presynaptic Calcium
Influx

(A) A confocal image stack of a climbing fiber colabeled with Texas
red dextran and fluo-4 dextran is shown with a schematic of the
recording configuration. The photodiode spot measurement area
is delineated by the dotted circle. CFs were stimulated in control
conditions and at varying times following postsynaptic depolariza-
tion. Fluo-4 fluorescence transients from a representative experi-
ment are shown ([B], top). Traces are averages of five trials. A sum-
mary of the inhibition of presynaptic calcium influx following PC
depolarization is shown ([B], solid circles, n = 5 CF-PC pairs). Fluo-4
transients were also measured in the presence of postsynaptic
BAPTA (40 mM) (C). Traces from a representative experiment are
shown above, while the summary data is plotted below (open circles,
n = 3 CF-PC pairs). Data are mean = SEM.
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Figure 6. Postsynaptic Depolarization Does Not Result in Presynap-
tic Branchpoint Failure

(A) A CCD image of a calcium green dextran-labeled climbing fiber
is shown. Image represents an average of ten frames taken without
prior stimulation. Subregions used in the analysis in (B) are shown
overlayed on the fiber. (B) The AF/F responses following stimulation
either with a prepulse (closed circles) or without a prepulse (open
circles). Responses to individual trials are plotted for each of the
three subregions outlined in (A). (Ca) AF following a single stimulus
without a preceding prepulse. (Da) AF following a test stimulus 5
seconds after depolarization of the postsynaptic cell innervated by
the labeled climbing fiber. The AF/F signals following a single stimu-
lus without a prepulse (Cb) and 5 s following postsynaptic depolar-
ization (Db) are shown with the background masked for clarity. The
calibration bar in (Db) is the percent AF/F and applies to both (Cb)
and (Db). The average of the simultaneously recorded EPSCs with-
out a prepulse (Cc) and the EPSCs after postsynaptic depolarization
(Dc) are shown for comparison.

parison. Following postsynaptic depolarization (At = 5
s), a single stimulus evokes a weaker AF signal that
extends throughout the climbing fiber (Figure 6Da). The
AF/F signal (Figure 6Db) shows a uniform inhibition of
calcium influx in the CF axonal arbor, while the simulta-
neously recorded EPSC is inhibited by ~50% (Figure
6Dc).

We quantified the change in the AF/F signal in the
main axon and on secondary branches. As shown in
Figure 6A, the AF/F signal was calculated from three

separate regions of the CF arbor (labeled in Figure 6A),
both for stimuli lacking a prepulse (Figure 6B, open cir-
cles) and for stimuli following a postsynaptic depolariza-
tion (Figure 6B, closed circles). During each trial, stimu-
lation evoked a consistent AF/F signal in all subregions.
In this example, during DSE the AF/F signal was 84% =+
5% in the main branch (box 3) and 88% =+ 4% and
78% =+ 5% in the secondary branches (boxes 2 and 3,
respectively). For experiments conducted on two addi-
tional fibers, a similar analysis showed that the AF/F
signal during DSE (percent of control = SD) was 67% =
15% in the main axon compared to 65% *+ 32% and
75% = 29% in the side branches for one fiber and 51% =
7% in the main axon compared to 43% = 12% and
40% = 7% in side branches for another. These relatively
uniform reductions in calcium influx throughout the axo-
nal arbor, which were observed in all CF-PC pairs exam-
ined, suggest that the reduction of calcium influx into the
CF presynaptic terminals is not a result of branchpoint
failure.

Identification of the Receptors Targeted

by the Retrograde Messenger

The suppression of release from presynaptic terminals
by a calcium increase in the postsynaptic cell suggests
that a retrograde messenger is involved. We started by
considering the possibility that DSE requires activation
of ametabotropic receptor that can mediate presynaptic
inhibition at CF and PF synapses. These include meta-
botropic glutamate receptors (mGluRs), adenosine re-
ceptors, GABA; receptors, and cannabinoid receptors
(Dittman and Regehr, 1996; Pekhletski et al., 1996; Lev-
enes et al., 1998; Takahashi and Linden, 2000).

In the cerebellum, glutamate has been suggested to
mediate DSI through activation of presynaptic mGluRs
(Glitsch et al., 1996). Therefore, we first tested the
involvement of metabotropic glutamate receptors in
DSE. At parallel fiber presynaptic terminals, the group
Il mGIuR agonist L-AP4 potently inhibits transmitter re-
lease (Figure 7A). We interleaved stimuli lacking a pre-
ceding prepulse (Figure 7A, open circles) with test stim-
uli following PC depolarization (At = 5 s) (Figure 7A,
closed circles), while washing in L-AP4 (5 wM). We then
reversed the effects of L-AP4 with the broad spectrum
mGIuR antagonist LY 341495 (100 wM), which inhibits
all cloned mGIuR subtypes (Fitzjohn et al., 1998). DSE
persisted throughout the experiment, even in the pres-
ence of L-AP4 and LY 341495 (Figure 7A). The ratio of
the magnitudes of EPSCs following a prepulse to those
without a prepulse was 17% = 5% for control conditions
and 22% =+ 5% after wash-in of 100 wM LY 341495
(n = 3).

Similar studies were performed on the CF synapse.
The CF EPSC is inhibited by the group Il mGIuR agonist
L-CCG-1 (1 wM) (Figure 7B) but is unaffected by L-AP4
(A C. K. and W. G. R., unpublished data). This inhibition
is reversed by LY 341495 (100 M), while DSE is unaf-
fected by either L-CCG-1 or LY 341495 (100 pM).

The ratio of the magnitudes of EPSCs following a
prepulse to those without a prepulse was 42% = 3%
(n = 5) for control conditions, compared to 42% *+ 14%
(n = 3)in 100 M LY 341495, 35% = 10% (n = 4) for
300 uM of the mGIuR antagonist CPPG, and 23% (n =



Retrograde Inhibition by Endogenous Cannabinoids
723

A Parallel Fiber
control
1000 Lapgq _LY 341495 () _ \('/L
]
- 0o 200 pA
T ke . /e
= o Q%% °
O 500 % &L D S ©
@ Y g ° LY 341495
w % (o) (o)
¥ - QN
. ¢ ® . LA \//
0 1 1 T T
0 10 20 30
Time (min)
B Climbing Fiber
LY 341495 contrel
- A o— (o) (*)
10004 Lcca v
®
z ) % Q&p & o € WOO pA
s ? °
2 500 9 LY 341495
& ® @ o (o) ()
v
. ® e o o
[ ]
O T ° T T
0 10 20 30
Time (min)

Figure 7. Metabotropic Glutamate Receptors Are Not Involved in
DSE

Parallel fiber (A) and climbing fiber (B) EPSCs were evoked in re-
sponse to stimuli without a prepulse (open circles) and test stimuli
(closed circles) following postsynaptic depolarization (At = 5 s). In
(A), the mGIuR group Il agonist L-AP4 (5 .M) was applied during
parallel fiber stimulation, followed by the broad spectrum mGIuR
antagonist LY 341495 (100 wM). In (B), The mGIuR group Il agonist
L-CCG-1 (1 pM) was applied during climbing fiber stimulation, fol-
lowed by LY 341495 (100 nM). The average responses for stimuli
with (closed circles) and without (open circles) a prepulse are shown
at the right, both before and after application of mGIuR agonists
and LY 341495.

2) for 5 mM of the broad spectrum mGIuR antagonist
MCPG. These results demonstrate that metabotropic
glutamate receptors are not involved in DSE of either
CF or PF EPSCs.

Additional experiments revealed that GABAg recep-
tors and adenosine A, receptors are also not involved
in DSE. Application of the high-affinity GABAg antagonist
CGP55845a and the adenosine A, antagonist DPCPX
failed to block DSE. The ratio of the magnitudes of
EPSCs following a prepulse to those without a prepulse
was 14% =+ 2% for control conditions and 11% *+ 4%
after wash-in of 2 M CGP55845a and 5 uM DPCPX
(n=3).

We then tested the involvement of cannabinoid CB,
receptors in DSE. This was a promising possibility be-
cause activation of CB, receptors can inhibit both PF
and CF synapses (Levenes et al., 1998; Takahashi and
Linden, 2000) and CB; receptors are involved in hippo-
campal DSI (R. I. Wilson and R. A. Nicoll, unpublished
data). The high-affinity CB, receptor antagonist AM251
(Gatley et al., 1996) greatly reduced the amount of DSE at
PF synapses without affecting the magnitude of EPSCs
lacking a prepulse (Figure 8A). A 1 s depolarizing pre-
pulse was used to elicit maximal DSE. We were unable

to reverse the effects of AM251, which likely reflects the
difficulty of washing this lipophilic drug from the slice.
AM251 also greatly reduced DSE for CF synapses (Fig-
ure 8B). The ratio of the magnitudes of EPSCs following a
prepulse (At = 5 s) to those without a prepulse increased
from 15% = 8% in control conditions to 90% * 4% in
the presence of AM251 for PF synapses (n = 5) and
increased from to 40% = 14% to 89% = 2% in the
presence of AM251 for CF synapses (n = 3). AM251
also eliminated retrograde inhibition of calcium influx
(Figure 8C). In three such experiments, the ratio of the
CF AF/F signal following PC depolarization to that mea-
sured without depolarization was 63% =+ 4% in control
conditions and 99% * 1% in the presence of AM251.
These results indicate that the CB, receptor is involved
in DSE at both the CF and PF synapses.

We next determined whether cannabinoid receptor
agonists occlude DSE at parallel fiber and climbing fiber
synapses. Bath application of the cannabinoid receptor
agonist WIN 55,212-2 (5 pM) inhibited PF EPSCs without
a depolarizing prepulse (Figure 9A, open circles) but had
little effect on stimuli following PC depolarization (At =
5 s) (Figure 9A, closed circles). In WIN 55,212-2, the
inhibition of the EPSC produced by PC depolarization
was reduced, and DSE was not prominent (Figure 9A,
open squares). Similar results were found at the CF
synapse (Figure 9B). Because EPSC inhibition by this
lipophilic cannabinoid receptor agonist was often slow
to develop during acute applications, we also preincu-
bated slices in cannabinoid agonists for 1-3 hr prior to
recording. The ratio of the magnitudes of EPSCs follow-
ing a prepulse to those without a prepulse increased
from 15% =+ 8% (n = 5) in control conditions to 90% +
4% (n = 6) in WIN 55,212-2 (5 wM) at PF synapses and
went from 42% = 3% (n = 5) to 83% = 5% (n = 5) in
WIN 55,212-2 (5 pM) at CF synapses. This occlusion of
DSE by cannabinoid receptor agonists further supports
the involvement of cannabinoid receptors in DSE.

Discussion

We found that Purkinje cell depolarization retrogradely
inhibits the excitatory synapses that it receives—a phe-
nomenon we term DSE. DSE requires a rise in postsyn-
aptic calcium, which ultimately leads to a decrease in
the probability of neurotransmitter release by inhibiting
presynaptic calcium entry. Inclusion of a cannabinoid
CB; receptor antagonist prevents DSE, suggesting that
the retrograde messenger is an endogenous canna-
binoid. Together with previous studies on DSI in the
cerebellum (Llano et al., 1991b; Vincent and Marty,
1993), our data indicate that elevation of postsynaptic
calcium levels in a Purkinje cell suppresses both excit-
atory and inhibitory inputs. This retrograde suppression
provides a way for a cell to use its own rate of firing to
dynamically adjust the weight of synapses that it re-
ceives on the tens of seconds timescale.

DSE Reflects a Change in Presynaptic

Calcium Influx

A remarkable aspect of DSE is that postsynaptic depo-
larization rapidly inhibits transmission through a presyn-
aptic mechanism. One piece of evidence for a presynap-
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tic effect was the increase in the paired-pulse ratio at
both PF and CF synapses, which is a hallmark of a
decrease in the probability of release. Because CB; re-
ceptors are not found in Purkinje cells but are located
in presynaptic fibers throughout the molecular layer
(Mailleux and Vanderhaeghen, 1992; Matsuda et al.,
1993; Egertova et al., 1998), the elimination of presynap-
tic inhibition by CB, receptor antagonists further sup-
ports a presynaptic locus. At the CF synapse, our most
compelling evidence for a presynaptic alteration is the
decrease in action potential-evoked presynaptic cal-
cium influx that accompanies retrograde inhibition.
The most likely mechanism for cannabinoid modula-
tion of presynaptic calcium influx is through activation
of a G protein—coupled receptor, which can directly
modulate presynaptic calcium channels. Direct calcium
channel modulation by activation of CB, receptors has
been demonstrated previously (Twitchell et al., 1997),

and the time course of the inhibition we observe is con-
sistent with such a mechanism. The relationship be-
tween calcium influx and EPSC amplitude is consistent
with DSE arising primarily from the inhibition of calcium
influx for both PF and CF synapses. At CF synapses,
decreasing synaptic strength by reducing calcium entry
had comparable effects on influx and release as those
observed during DSE. For DSE (At = 5 s, 1 s depolariza-
tion), calcium influx and EPSCs are reduced to 63% and
42% of control, respectively, compared to 58% and 43%
when extracellular calcium was lowered from 2 mM to
1 mM (A. C. K. and W. G. R., unpublished data). At PF
synapses, we are unable to measure the reduction in
calcium entry during DSE, but we have found that WIN
55,212-2 reduces calcium entry to 50% of control
(A. C. K. and W. G. R., unpublished data). Based on
the power law relationship between calcium influx and
release at this synapse of ~2.5 (Mintz et al., 1995; Ditt-
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Figure 9. Cannabinoid Receptor Agonists Occlude DSE

Parallel fiber (A) and climbing fiber (B) EPSCs were evoked in re-
sponse to stimuli without a prepulse (open circles) and test stimuli
(closed circles) following a 1 s postsynaptic depolarization to OmV
(At = 5 s). In (A) and (B), the cannabinoid receptor agonist WIN
55,212-2 (5 wM) was bath applied during the time marked by the
bar. The ratio of the amplitudes of EPSCs following a prepulse to
EPSCs without a prepulse is plotted below on a separate graph
(open squares) for the experiments in (A) and (B). At right are shown
the average responses before drug application (control, top) and
after washing in WIN 55,212-2 (WIN, bottom) in both (A) and (B).

man and Regehr, 1996), this would reduce the PF EPSC
amplitude to 17% of control, which is similar to the EPSC
amplitude 5 s after a 1 s PC depolarization (15% of
control). In addition, WIN 55,212-2 does not affect the
amplitude or frequency of mEPSCs in Purkinje cells or
the presynaptic waveform (Takahashi and Linden, 2000).
Taken together, these results suggest that at both CF
and PF synapses DSE is primarily a consequence of
inhibiting presynaptic calcium channels and that the
higher sensitivity of PF synapses to changes in calcium
entry contributes to the more pronounced DSE at PF
synapses compared to CF synapses.

DSE Is Mediated by Endogenous Cannabinoids

The elimination of DSE by antagonists of the CB; recep-
tor and the occlusion of DSE by cannabinoid receptor
agonists together indicate that the retrograde messen-
ger is an endogenous cannabinoid released by the Pur-
kinje cell in a calcium-dependent manner, which then
activates presynaptic CB; receptors to inhibit neuro-
transmitter release. A number of previous findings sup-

port this scheme. The synthesis and release of the en-
dogenous cannabinoids anandamide and 2-AG is calcium
dependent (Di Marzo et al., 1994; Stella et al., 1997),
consistent with the elimination of DSE by BAPTA in the
postsynaptic cell. It is also known that CB, receptors
are expressed at high levels in the molecular layer, where
the climbing fiber and parallel fiber synapses are lo-
cated, but they are not found in Purkinje cells (Herken-
ham et al., 1990; Egertova et al., 1998). Activation of CB;
receptors inhibits neurotransmitter release from both PF
and CF synapses (Levenes et al., 1998; Takahashi and
Linden, 2000). Finally, in the cerebellum, fatty acid amide
hydrolase (FAAH) (Cravatt et al., 1996), the enzyme that
degrades endogenous cannabinoids, is found only in
Purkinje cells (Egertova et al., 1998). Taken together,
these results are consistent with a calcium-dependent
formation and release of endogenous cannabinoids
from Purkinje cells; following release and activation of
presynaptic metabotropic receptors on the PF and CF
terminals, the cannabinoids are taken up by the Purkinje
cell, where they are degraded.

Retrograde Signaling: A General Role

for Endogenous Cannabinoids

Our results suggest a general role for endogenous can-
nabinoids. Recent work demonstrates that cannabi-
noids mediate DSI in the hippocampus (R. I. Wilson and
R. A. Nicoll, unpublished data). Here, we demonstrate
asimilar role for endogenous cannabinoids in the regula-
tion of excitatory synapses in the cerebellum. These
results, combined with the widespread distribution of
CB; receptors in the brain (Herkenham et al., 1990; Mail-
leux and Vanderhaeghen, 1992; Matsuda et al., 1993;
Pettit et al., 1998), suggest that cannabinoids may be
generally involved in the retrograde regulation of both
inhibitory and excitatory synapses by postsynaptic neu-
rons throughout the brain.

Significance of Retrograde Regulation
of Synaptic Inputs
Calcium signaling in Purkinje cell dendrites and the cal-
cium dependence of endogenous cannabinoid release
both contribute to the manner in which DSE regulates
synapses in physiological conditions. We have found,
for example, that the extent of PF inhibition by CF activa-
tion depends crucially on the internal solution: CF activa-
tion reliably inhibits PF synapses when the recording
electrode contains cesium, but, when it contains potas-
sium, the magnitude and reliability of DSE is greatly
diminished (A. C. K. and W. G. R., unpublished data).
These findings suggest that dendritic potassium chan-
nels have a major impact on the extent of calcium eleva-
tions in PC dendrites, thereby influencing the magnitude
and spatial extent of DSE. Many other factors, such
as internal calcium stores (Llano et al., 1994) and the
activation of inhibitory inputs onto Purkinje cells (Cal-
laway et al., 1995), will affect the magnitude and spatial
extent of calcium signals, thereby controlling whether
DSE globally decreases synaptic efficacy or locally in-
hibits specific synapses.

Our data, together with previous studies, suggest that
Purkinje cells are capable of inhibiting both excitatory
and inhibitory inputs following depolarization through a



Neuron
726

presynaptic mechanism. While DSI would paradoxically
silence inhibition during periods of high activity and lead
to even greater excitation, DSE provides a feedback
mechanism by which a postsynaptic cell can regulate
the strength of excitatory inputs on a scale of tens of
seconds. This homeostatic regulation of synaptic strength
is reminiscent of postsynaptic changes that occur on
longer timescales to regulate neuronal excitability (Tur-
rigiano et al., 1998). However, by acting rapidly through
a presynaptic mechanism, the postsynaptic cell does
not simply scale its inputs but also changes short-term
synaptic plasticity (Figure 2). Therefore, retrograde inhi-
bition provides a means for altering both the strength
and the properties of presynaptic inputs for tens of sec-
onds during periods of high postsynaptic activity.

Experimental Procedures

Electrophysiology

Transverse and sagittal slices (300 uM thick) were cut from the
cerebellar vermis of 11- to 14-day-old Sprague Dawley rats. Slices
were superfused with an external saline solution containing (in mM)
NaCl, 125; KCl, 2.5; CaCl,, 2; MgCl,, 1; NaHCO;, 26; NaH,PO,, 1.25;
and glucose, 25; bubbled with 95% 0,/5% CO,. For experiments
examining paired-pulse facilitation (PPF), the external calcium con-
centration was increased to 4 mM in order to reduce the amplitude
of baseline PPF. Bicuculline (20 M) was added to the external
solution to suppress synaptic currents mediated by GABA, recep-
tors. For climbing fiber experiments, CNQX (1-2 M) was included
to reduce the amplitude of the climbing fiber EPSC. LY 341495,
L-AP4, L-CCG-l, and AM251 were purchased from Tocris. WIN
55,212-2 was purchased from RBI.

Whole-cell recordings of Purkinje cells were obtained as de-
scribed previously (Llano et al., 1991a; Regehr and Mintz, 1994).
Glass electrodes (2-4 M) were filled with one of two internal solu-
tions. Solution 1 consisted of (in mM) CsGlu, 120; CsCl, 15; NaCl,
8; EGTA, 0.2; HEPES, 10; Mg-ATP, 2; and Na-GTP, 0.3; adjusted to
pH 7.3 with CsOH. Solution 2 consisted of (in mM) CsMeSO,, 100;
CsCl, 50; EGTA, 0.2; HEPES, 10; MgCl,, 1; Mg-ATP, 2; and Na-GTP,
0.3; adjusted to pH 7.3 with CsOH. Internal solutions also contained
5 mM QX-314. Solution 1 provided better seals, while solution 2
often gave more stable recordings. The magnitude and time course
of retrograde inhibition were identical for both solutions. For experi-
ments that included postsynaptic calcium buffer, the internal solu-
tion consisted of (in mM) CsMeSO,, 40; CsCl, 20; Cs-BAPTA, 40;
CaCl,, 4; HEPES, 10; MgCl,, 1; Mg-ATP, 2; and Na-GTP, 0.3; adjusted
to pH 7.3 with CsOH. Synaptic currents were monitored with a
holding potential of —60mV. Access resistance and leak currents
were monitored continuously, and experiments were rejected if
these parameters changed significantly during recording.

Parallel fibers were stimulated with a glass electrode filled with
external saline and placed in the molecular layer. The interstimulus
interval for parallel fiber stimulation was 10 s (single stimulus) or 15
s (two stimuli). Climbing fibers were stimulated with a glass electrode
placed in the granule cell layer. The interstimulus interval for climb-
ing fiber stimulation was 20 s (single stimulus) or 30 s (two stimuli).
Following postsynaptic depolarizations and test stimuli, the interval
was 80 s (single stimulus) or 90 s (two stimuli) for both parallel fiber
and climbing fiber experiments.

Inferior Olive Injections

Injections were performed as described previously (Kreitzer et al.,
2000). In brief, rats (P9-P12) were anesthetized with a continuous
flow of a 0.75%-1.5% isoflurane/oxygen mixture and placed in a
stereotaxic device. The brain stem was exposed by a dorsal/caudal
approach. The calcium indicators fluo-4 dextran (10,000 MW) and
calcium green dextran (3,000 and 10,000 MW) were dissolved in
water, at a concentration of 20%-25%. These solutions were then
mixed, in a 1:1 ratio, with a similar solution of Texas red dextran of
the same molecular weight and injected into the inferior olive, using
a Hamilton syringe.

Detecting Presynaptic Calcium Transients

Injected animals were sacrificed 2-4 days following injections, and
sagittal slices of the cerebellar vermis were cut. Climbing fibers
labeled with dextran-conjugated calcium indicators were stimulated
with a glass electrode placed near their ascending axon in the gran-
ule cell layer. Fluorescence was measured from the climbing fiber
arborization either with a photodiode or with a CCD camera (Cooke
SensiCam) using Xenon illumination.

The filter set for calcium green dextran and fluo-4 dextran was
490DF10 for excitation, 510DRLP dichroic, and OG530 for emission.
The filter set for Texas red dextran was 580DF15 for excitation,
600DRLP dichroic, and 0G610 for emission. (Omega Optical, Brat-
tleboro, VT).

Data Acquisition and Analysis

EPSCs were filtered at 1 kHz with a 4-pole Bessel filter. All signals
were digitized at 5 kHz with a 16 bit D/A converter (Instrutech, Great
Neck, NY), with Pulse Control software (Herrington and Bookman,
1995). Photodiode currents were digitally filtered offline. Analysis
was performed using Igor Pro software (Wavemetrics, Lake Oswego,
OR). CCD images were acquired using IP Lab software (Scanalytics,
Fairfax, VA).
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Note Added in Proof

Two papers are in press showing that hippocampal DSl is a conse-
quence of retrograde signaling by endogenous cannabinoids: Wil-
son, R.l., and Nicoll, R.A. (2001). Endogenous cannabinoids mediate
retrograde signaling at hippocampal synapses. Nature 470, 588-
592; Ohno-Shosaku, T., Maejima, T., and Kano, M. (2001). Endoge-
nous cannabinoids mediate retrograde signals from depolarized
postsynaptic neurons to presynaptic terminals. Neuron 29, 729-738.



