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Cerebellar Depolarization-Induced Suppression of Inhibition Is
Mediated by Endogenous Cannabinoids

Anatol C. Kreitzer and Wade G. Regehr

Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115

Depolarization of cerebellar Purkinje neurons transiently sup-
presses IPSCs through a process known as depolarization-
induced suppression of inhibition (DSI). This IPSC suppression
occurs presynaptically and results from an unknown retrograde
signal released from Purkinje cells. We recorded IPSCs from
voltage-clamped Purkinje cells in cerebellar brain slices to iden-
tify the retrograde signal for cerebellar DSI. We find that DSI
persists in the presence of the broad-spectrum metabotropic
glutamate receptor antagonist LY341495 and the GABAg re-
ceptor antagonist CGP55845, suggesting that the retrograde
signal is not acting through these receptors. However, an an-
tagonist of the cannabinoid CB1 receptor AM251 completely
blocked cerebellar DSI. Additionally, the cannabinoid receptor

agonist WIN55,212-2 suppressed IPSCs and occluded any
additional IPSC reduction by DSI. These results indicate that
cannabinoids released from Purkinje cells after depolarization
activate CB1 receptors on inhibitory neurons and suppress
IPSCs for tens of seconds. Cerebellar DSI thus shares a com-
mon retrograde messenger with DSI in the hippocampus and
depolarization-induced suppression of excitation in the cere-
bellum, suggesting that retrograde synaptic suppression by
endogenous cannabinoids represents a widespread signaling
mechanism.
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Depolarization-induced suppression of inhibition (DSI), which is
a form of fast retrograde signaling from postsynaptic neurons
back to inhibitory cells that innervate them (Llano et al., 1991a;
Pitler and Alger, 1992, 1994; Vincent and Marty, 1993; Alger and
Pitler, 1995), has been described in both the cerebellum and the
hippocampus. In the cerebellum, depolarization of Purkinje cells
results in a suppression of spontaneous IPSCs (sIPSCs), which
arise primarily from basket cells and stellate cells in the molec-
ular layer. This suppression lasts for tens of seconds and is
thought to occur presynaptically, because the amplitude of min-
iature IPSCs (mIPSCs) during DSI remains unchanged (Llano et
al., 1991a). Cerebellar DSI is blocked by chelating calcium in
Purkinje cells (Llano et al., 1991a; Glitsch et al., 2000), implicat-
ing postsynaptic calcium in the release of an unidentified retro-
grade signal.

In the cerebellum, the identity of the retrograde signal remains
unknown, whereas in the hippocampus, the retrograde messenger
for DSI has been identified recently as an endogenous cannabi-
noid (Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001). Can-
nabinoids are a likely candidate in the cerebellum as well, because
endogenous cannabinoids are known to be released from Pur-
kinje cells during depolarization, where they can transiently in-
hibit excitatory synaptic inputs (Kreitzer and Regehr, 2001).
Additionally, CB1 receptors are located on interneurons in cer-
ebellar cortex (Matsuda et al., 1993; Tsou et al., 1998; Egertova
and Elphick, 2000), and synthetic cannabinoid agonists suppress
sIPSCs (Takahashi and Linden, 2000).
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However, other evidence suggests a potential role for GABA or
glutamate as the retrograde signal in cerebellar DSI. In the
cortex, dendritic release of GABA from inhibitory neurons results
in a retrograde inhibition of synaptic inputs through activation of
GABA; receptors on presynaptic neurons (Zilberter et al., 1999);
similar mechanisms could exist at synapses onto Purkinje cells,
which are also GABAergic. In the hippocampus, such a mecha-
nism is less likely because the CA1 pyramidal neurons that elicit
DSI are glutamatergic. Additionally, it has been proposed that
cerebellar DSI is mediated by glutamate release from Purkinje
cells, which could act at presynaptic group II metabotropic glu-
tamate receptors (mGluRs) on interneurons to suppress IPSCs
(Glitsch et al., 1996). Therefore, the identity of the retrograde
messenger for cerebellar DSI remains an open question.

Here we report that the magnitude of cerebellar DSI is unaf-
fected by antagonists of mGluRs or GABAj receptors. However,
we find that activation of cannabinoid CB1 receptors is required
for suppression, because antagonists of the CB1 receptor com-
pletely eliminate cerebellar DSI, and agonists of the CB1 recep-
tor occlude DSI. Cerebellar DSI therefore shares a common
retrograde signal with both hippocampal DSI and cerebellar
depolarization-induced suppression of excitation (DSE) and im-
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plicates endogenous cannabinoids as widespread retrograde sig-
naling molecules.

MATERIALS AND METHODS

Sagittal slices (250 um thick) were cut from the cerebellar vermis of 14-
to 21-d-old Sprague Dawley rats. Slices were superfused with an external
saline solution containing (in mm): 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,,
26 NaHCO;, 1.25 NaH,PO,, and 25 glucose (bubbled with 95% O,-5%
CO,). 1,2,3,4-Tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-
sulfonamide (10 um) was added to the external solution to suppress syn-
aptic currents mediated by AMPA receptors. (aS)-a-amino-a-(15,25)-2-
carboxycyclopropyl-9H-xanthine-9-propanoic acid (LY341495), (25)-3-
[(18)-1-(3,4-dichlorophenyl)ethyl Jamino-2-hydroxypropyl) (phenylmethyl)
phosphinic acid (CGP55845), and N-(piperidin-l-yl)-5-(4-iodophenyl)-1-
(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251) were
purchased from Tocris Cookson (Ballwin, MO). R(+)-[2,3-dihydro-5-
methyl-3-[(morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxazinyl]-(1-
naphthalenyl) methanone (WIN55,212-2) was purchased from Sigma (St.
Louis, MO).

Whole-cell recordings of Purkinje cells were obtained as described
previously (Llano et al., 1991c). Glass electrodes (2-4 M) were filled
with an internal solution containing (in mMm): 150 CsCl, 1 EGTA, 10
HEPES, 0.1 CaCl,, 4.6 MgCl,, 2 Mg-ATP, and 0.3 Na-GTP, adjusted to
pH 7.3 with CsOH. Internal solutions also contained 5 mm QX-314
(N-(2,6-dimethylphenylcarbamoylmethyl)-triethylammonium  bromide)
to block voltage-dependent sodium channels. Inhibitory synaptic currents
were monitored at a holding potential of —60 mV. The 80 sec trials used
to assay DSI were separated by 60 sec. Access resistance and leak
currents were monitored, and experiments were rejected if these param-
eters changed significantly during recording.

DSI was quantified by calculating synaptic charge (Pitler and Alger,
1994). Slow shifts in baseline attributable to calcium-activated currents
after depolarization were first subtracted from the recordings by deter-
mining the maximum data value for each 100 msec window throughout a
trace. An interpolated function fit through these points was then sub-
tracted from the trace. This procedure did not change the amplitude or
time course of synaptic currents. After the subtraction, integration of the
currents yielded total synaptic charge. However, synaptic charge was not
analyzed during the depolarization or in the 3 sec after depolarization
because of shunting from large calcium-activated chloride conductances
(Llano et al., 1991a). Analysis was performed using custom routines
written in Igor Pro (WaveMetrics Inc., Lake Oswego, OR).

EPSCs were filtered at 1 kHz with a four-pole Bessel filter. All signals
were digitized at 2 kHz with a 16 bit analog-to-digital converter (In-
struTech, Great Neck, NY), with Pulse Control software (Herrington
and Bookman, 1995).

RESULTS

We recorded from voltage-clamped Purkinje cells in sagittal cer-
ebellar brain slices and monitored sIPSCs. Cerebellar DSI is
characterized by a reduction in the amplitude and frequency of
IPSCs (Llano et al., 1991a), and we therefore measured synaptic
charge, which is sensitive to changes in these parameters (Pitler
and Alger, 1994).

Effects of mGIuR and GABAg antagonists on

cerebellar DSI

To test the hypothesis that mGluRs and GABAj receptors are
involved in DSI, we recorded sIPSCs from Purkinje cells using 80
sec trials (Fig. 14). During each trial, baseline synaptic charge
was determined during the first 20 sec of recording. The Purkinje
cell was then depolarized for 1 sec (Fig. 14, arrow), and the
recording continued for 60 sec. DSI is clearly visible in these trials
as a decrease in the amplitude of sIPSCs after depolarization
(Fig. 1A4). To quantify DSI, we measured synaptic charge for each
2 sec epoch during the trials. Figure 1C shows the average
synaptic charge for five trials in control conditions. After appli-
cation of the high-affinity broad-spectrum mGluR receptor an-
tagonist LY341495 (100 um) (Fitzjohn et al., 1998) and the
high-affinity GABAj receptor antagonist CGP55845 (2 um) (Da-
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Figure 1. Cerebellar DSI is not mediated by activation of mGluRs or

GABAg receptors. Representative traces of spontaneous IPSCs recorded
from a Purkinje cell in control conditions (A4) and after application of
LY341495 (100 um) and CGP55845 (2 uMm) (B). During each trial, the
Purkinje cell was depolarized from —60 to 0 mV for 1 sec at the time
marked by the arrow in A (t = 20 sec). Slow shifts in the baseline
attributable to calcium-activated currents after depolarization have been
subtracted for clarity (see Material and Methods). The average synaptic
charge ( filled triangles) was calculated in 2 sec epochs for five control trials
(C) and for five trials in the presence of metabotropic antagonists (D).
Baseline charge, calculated from 6-16 sec (marked by dashed line in C;
open circles) and charge after depolarization, calculated from 26-36 sec
(marked by dashed line in C; filled circles, E), and the amount of DSI
(filled squares, F), calculated as chargepg;/charge, siine, are plotted
for each trial. Drugs were applied during the time marked by the bar in
E and F.

vies et al., 1993), the magnitude of DSI is unchanged (Fig. 1B,D).
In Figure 1E, baseline synaptic charge (open circles; calculated
from times shown in Fig. 1C) and synaptic charge during DSI
(filled circles; calculated from times shown in Fig. 1C) are plotted
for each trial in the experiment. The amount of DSI, calculated as
chargepg;/charge, ciine, Temains unchanged for the duration of
the experiment, even after application of mGIluR and GABAg
antagonists (Fig. 1F). This shows the stability of DSI during the
course of an experiment and also demonstrates that activation of
mGluRs and GABAj receptors is not required for cerebellar
DSI. Summary data are shown in Figure 4.

Effects of cannabinoids on cerebellar DSI

To test whether endogenous cannabinoids play a role in cerebel-
lar DSI, we used the same protocol outlined for Figure 1. We
recorded sIPSCs from Purkinje cells and elicited DSI at the time
marked by the arrow in Figure 24. In Figure 2C, the average
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Figure 2. A cannabinoid receptor antagonist eliminates cerebellar DSI.
Representative traces of spontaneous IPSCs recorded from a Purkinje
cell in control conditions (A4) and after application of AM251 (1 uMm) (B).
The average synaptic charge (filled triangles) was calculated for five
control trials (C) and for five trials in the presence of the CB1 antagonist
(D). Baseline charge (open circles) and charge after depolarization ( filled
circles, E) and DSI ( filled squares, F) are plotted for each trial. AM251
was applied during the time marked by the bar in E and F.

synaptic charge was calculated for four trials in control conditions.
After application of the high-affinity CB1 receptor antagonist
AM251 (1 um) (Gatley et al., 1996), DSI is completely eliminated
in all subsequent trials (Fig. 2F) (see Fig. 4C). In Figure 2E,
baseline synaptic charge (open circles; calculated from times
shown in Fig. 2C) and synaptic charge during DSI ( filled circles;
calculated from times shown in Fig. 2C) are plotted for each trial
in the experiment.

DSI in the cerebellum, but not the hippocampus, is character-
ized by a reduction in mIPSC frequency (Alger and Pitler, 1995).
Therefore, we performed additional experiments (n = 5 cells) in
the presence of TTX (1 uM) to test whether the inhibition of
mIPSCs during DSI is also mediated by endogenous cannabi-
noids. Application of TTX reduced synaptic charge by ~80%.
After Purkinje cell depolarization, mIPSC frequency is reduced
to 69 = 3% of baseline, and synaptic charge is reduced to 75 =
3% of baseline. After bath application of AM251, Purkinje cell
depolarization did not elicit any reduction in mIPSC frequency
(102 = 1% of baseline) or synaptic charge (104 * 3% of
baseline).

Similar experiments were conducted using WINS55,212-2, an
agonist of the CB1 receptor (Figure 3). We first recorded sIPSCs
in control conditions and elicited DSI at the time marked by the
arrow in Figure 34. The average synaptic charge for five trials in
control conditions is shown in Figure 3C. After application of the
cannabinoid receptor agonist WINS55,212-2 (5 um), IPSCs were
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Figure 3. A cannabinoid receptor agonist occludes cerebellar DSI. Rep-
resentative traces of spontaneous IPSCs recorded from a Purkinje cell in
control conditions (A) and after application of WINS5,212-2 (5 um) (B).
The average synaptic charge (filled triangles) was calculated for five
control trials (C) and for five trials in the presence of the CB1 agonist
(D). Baseline charge (open circles) and charge after depolarization ( filled
circles, E) and DSI (filled squares, F) are plotted for each trial.
WINS5S5,212-2 was applied during the time marked by the bar in E and F.

reduced and Purkinje cell depolarization did not elicit any addi-
tional suppression (Fig. 3B,D). In Figure 3E, baseline synaptic
charge (open circles; calculated from times shown in Fig. 3C) and
synaptic charge during DSI (filled circles; calculated from times
shown in Fig. 3C) are plotted for each trial in the experiment.
After application of WINS55,212-2, DSI is completely eliminated
(Figs. 3F, 4D).

DSl is mediated by endogenous cannabinoids

A summary of the pharmacological manipulations used to iden-
tify the retrograde messenger for cerebellar DSI is shown in
Figure 4. The amplitude and time course of cerebellar DSI, as
measured by normalized synaptic charge (percentage of base-
line), is shown in control conditions (n = 18 cells) (Fig. 44), in
the presence of the mGIluR and GABAy antagonists LY341495
(100 um) and CGP55845 (2 um; n = 4 cells) (Fig. 4B), in the
presence of AM251 (1 um; n = 5 cells) (Fig. 4C), and in the
presence of WINS5,212-2 (5 um; n = 4 cells) (Fig. 4D). After
depolarization, synaptic charge, relative to baseline, was 44 = 3%
(Fig. 44) in control conditions, 47 = 5% in the presence of
LY341495 and CGP55845 (Fig. 4B), 95 * 5% in the presence of
AM251 (Fig. 4C), and 93 = 6% in the presence of WINS55,212-2
(Fig. 4D). WINS5,212-2 also decreased baseline synaptic charge
to 44% of control.
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Figure 4. Summary of pharmacological manipulations on cerebellar DSI.
Normalized charge (filled triangles) was calculated in 2 sec epochs for
trials in control conditions (n = 18 cells) (A), in the presence of
LY341495 (100 uMm) and CGP55845 (2 uM; n = 4 cells) (B), in the
presence of AM251 (1 um; n = 5 cells) (C), and in the presence of
WINS55,212-2 (5 um; n = 4 cells) (D). Error bars represent SEM.

DISCUSSION

We demonstrate that cerebellar DSI is mediated by endogenous
cannabinoids that are released by Purkinje cells during depolar-
ization and act presynaptically to inhibit IPSCs for tens of sec-
onds. This result, together with the finding that endogenous
cannabinoids inhibit excitatory synapses (Kreitzer and Regehr,
2001), shows that Purkinje cells can modulate both their excita-
tory and inhibitory inputs on rapid timescales through a common
retrograde signal. Cerebellar DSI also shares a common retro-
grade signal with hippocampal DSI (Ohno-Shosaku et al., 2001;
Wilson and Nicoll, 2001), suggesting that retrograde signaling by
endogenous cannabinoids may be widespread in the CNS.

Differences between cerebellar and hippocampal DSI
The finding that cerebellar DSI is mediated by endogenous can-
nabinoids clarifies a mechanistic difference between cerebellar
and hippocampal DSI. In the cerebellum, the frequency of
mIPSCs is reduced during DSI (Llano et al., 1991a), whereas in
the hippocampus, the frequency of mIPSCs is unchanged (Pitler
and Alger, 1994). Changes in the frequency of miniature events
are associated with direct actions on release machinery, down-
stream of calcium influx (Dittman and Regehr, 1996), and this
raised the possibility that additional signaling pathways were
involved in cerebellar DSI. However, we show that mIPSC sup-
pression during cerebellar DSI is also mediated by endogenous
cannabinoids. This result is consistent with a previous study in the
cerebellum in which application of the cannabinoid receptor
agonist WINS5,212-2 was found to decrease the frequency of
mIPSCs (Takahashi and Linden, 2000). In the hippocampus,
where DSI does not reduce mIPSC frequency, WINS55,212-2 also
has no effect on mIPSC frequency (Hajos et al., 2000). Thus,
mechanistic differences between DSI in the cerebellum and the
hippocampus arise downstream of CB1 receptor activation.

Kreitzer and Regehr ¢« Cannabinoids Mediate Cerebellar DSI

Comparison of DSE and DSI in the cerebellum

Because both excitatory and inhibitory synapses are modulated by
release of endogenous cannabinoids from Purkinje cells, differ-
ential effects on excitation or inhibition could have important
implications for Purkinje cell activity after depolarization. After
a 1 sec depolarization of a Purkinje cell, parallel fiber EPSCs are
inhibited by ~85% and climbing fiber EPSCs are inhibited by
~60% (Kreitzer and Regehr, 2001), whereas synaptic charge
from IPSCs is reduced by ~60%. This suggests that, in general,
parallel fiber synapses are more sensitive to cannabinoids than
either climbing fiber or inhibitory synapses. However, efficacy of
cannabinoid signaling in the cerebellum is likely to be influenced
by a number of factors, including the mGluR-coupled release of
calcium from internal stores by IP; (Llano et al., 1991b; Khoda-
khah and Ogden, 1993; Finch and Augustine, 1998; Takechi et al.,
1998), calcium-induced calcium release (Llano et al., 1994), the
localization and spatial extent of the cannabinoid signal, and the
patterns of activity in presynaptic neurons (Dittman et al., 2000;
Kreitzer and Regehr, 2000).
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