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Inhibition of Interneuron Firing Extends
the Spread of Endocannabinoid
Signaling in the Cerebellum

inhibitory synapses onto other neurons up to 75 �m
away (Vincent and Marty, 1993). However, the factors
governing the spread of cannabinoid signaling are not
known. Does the distance of spread reflect the extent
of endocannabinoid diffusion, or are other mechanisms
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Boston, Massachusetts 02115 involved? Is the spatial extent of cannabinoid signaling

the same for all types of synapses? Little is known about
the extent of spread at excitatory synapses. Determin-
ing the mechanisms that control the spread of endocan-Summary
nabinoid signaling is vital to understanding their physio-
logical role in the central nervous system.Endocannabinoids serve as retrograde messengers in

many brain regions. These diffusible lipophilic mole- Here we examine the spread of endocannabinoid sig-
naling in the cerebellum, where cannabinoid signalingcules are released by postsynaptic cells and regulate

presynaptic neurotransmitter release. Here we de- is functionally important (DeSanty and Dar, 2001; Patel
and Hillard, 2001). Purkinje cells are the only cell type inscribe an additional mechanism that mediates the

spread of endocannabinoid signaling to distant inhibi- cerebellar cortex that synthesize, release, and degrade
endocannabinoids (Egertova et al., 1998; Lee et al.,tory synapses. Depolarization of cerebellar Purkinje

cells reduced the firing rate of nearby interneurons, 2000; Tsou et al., 1998b). Following Purkinje cell depolar-
ization, both excitatory and inhibitory synapses are sup-and this reduction in firing was blocked by the canna-

binoid receptor antagonist AM251. The cannabinoid pressed for tens of seconds (Kreitzer and Regehr,
2001b; Llano et al., 1991a). We find that at near-physio-receptor agonist WIN55,212-2 also reduced firing rates

in interneurons, and this inhibition arose from the acti- logical temperatures, Purkinje cell depolarization sup-
presses inhibitory but not excitatory synapses ontovation of a small potassium conductance. Thus, endo-

cannabinoids released from the dendrites of depolar- neighboring cells. This differential effect arises from an
additional mechanism of endocannabinoid signaling. Byized neurons can lead to inhibition of firing in nearby

cells. Because interneurons can project over several recording from interneuron-Purkinje cell pairs, we show
that endocannabinoids released from Purkinje cells canhundred micrometers, this inhibition of firing allows

cells to regulate synaptic inputs at distances well be- lead to a transient suppression of interneuron firing,
thereby producing a widespread reduction in neuro-yond the limits of endocannabinoid diffusion.
transmitter release at every synapse formed by these
neurons. We show that these changes in excitabilityIntroduction
arise from activation of potassium channels, which are
known targets of cannabinoids (Deadwyler et al., 1993;Endocannabinoids, such as anandamide and 2-AG, are

important neuromodulators found throughout the brain Henry and Chavkin, 1995; Mackie et al., 1995). This sup-
pression of interneuron firing spatially extends endocan-(Di Marzo et al., 1998). Disruption of endocannabinoid

signaling, through either genetic or pharmacological nabinoid signaling and may serve to fine-tune cerebellar
outputs.manipulations, results in altered nociception, motor co-

ordination, and memory (Cravatt et al., 2001; Ledent
et al., 1999; Sanudo-Pena et al., 1999; Sullivan, 2000; Results
Zimmer et al., 1999). Most of the central effects of canna-
binoids are mediated by the G protein-coupled CB1 Spread of Endocannabinoid Signaling
receptor, which is widely distributed in the central ner- in the Cerebellum
vous system (Pertwee, 1997). Enzymes involved in endo- We performed dual whole-cell recordings from pairs of
cannabinoid synthesis and degradation are also found neighboring cerebellar Purkinje cells to examine the
in many of the same brain regions as the CB1 receptor spread of endocannabinoid signaling. Excitatory gran-
(Egertova et al., 1998; Lee et al., 2000; Tsou et al., 1998b). ule cell to Purkinje cell synapses and inhibitory synapses
Recent studies indicate that depolarization of postsyn- from interneurons were examined. Both of these types
aptic neurons can lead to the calcium-dependent re- of synapses undergo endocannabinoid-mediated sup-
lease of endocannabinoids, which act at presynaptic pression following Purkinje cell depolarization (Diana et
CB1 receptors to inhibit neurotransmitter release al., 2002; Kreitzer and Regehr, 2001a, 2001b). At room
(Kreitzer and Regehr, 2001b; Ohno-Shosaku et al., 2001; temperature, Purkinje cell depolarization has been
Wilson and Nicoll, 2001). shown to affect inhibitory inputs onto neighboring cells

Despite recent advances in understanding the func- located up to 75 �m away (Vincent and Marty, 1993).
tional role of the endocannabinoid system, fundamental Spread of retrograde inhibition has not been examined
issues remain unresolved regarding the spatial extent previously at parallel fiber synapses.
of endocannabinoid signaling. Endocannabinoids re- Parallel fiber synapses were stimulated every 2 s, and
leased during depolarization of a neuron can suppress EPSCs were simultaneously recorded from two neigh-

boring Purkinje cells. One Purkinje cell of a pair was
depolarized from �60 mV to 0 mV for 5 s. At 24�C, a1 Correspondence: wade_regehr@hms.harvard.edu
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Figure 1. Spread of Endocannabinoid Signaling at Excitatory and Inhibitory Synapses in the Cerebellum

(Aa) Dual whole-cell voltage-clamp recordings from neighboring Purkinje cells were performed at 24�C, and parallel fibers were stimulated at
2 s intervals. One Purkinje cell in a pair was depolarized from �60 to 0 mV for 5 s, while EPSCs were recorded in both the depolarized Purkinje
cell (solid circles) and the neighboring cell (open circles) (n � 4). The time of depolarization is marked by a thick bar in the depolarized cell
and a thin bar in the neighboring cell. (Ab) Similar experiments were performed at 34�C (n � 3). Note different timescale. (Ba) The effect of a
5 s Purkinje cell depolarization (marked by bar) on spontaneous IPSCs, as assayed by inhibitory synaptic charge, in the depolarized cell (solid
circles) and in the neighboring cell (open circles) is shown (n � 10). (Bb) Similar experiments were performed at 34�C (n � 4). Error bars are
SEM.

decrease in the amplitude of the parallel fiber EPSC was that Purkinje cell depolarization leads to a suppression
of IPSCs in both the depolarized cell and its neighbor.observed in both the depolarized Purkinje cell (reduced

to 5% � 1% of control, n � 4) and its neighbor (58% � These authors found that the spread of suppression to
neighboring cells was blocked by TTX, and we have10% of control, n � 4). However, at 34�C, the same

protocol resulted in a suppression of the depolarized confirmed these findings for our experimental condi-
tions. In the presence of TTX, mIPSCs were suppressedcell (reduced to 14% � 6% of control, n � 3), but almost

no suppression of the neighboring cell (91% � 7% of in the depolarized cell to 64% � 5% of control (n � 6)
and in neighboring cells, to 92% � 4% of control (n �control, n � 3) (Figure 1A). These results suggest that

at physiological temperatures, the diffusion of endocan- 6). One possible explanation for the reduced spread in
the presence of TTX is that a reduction in interneuronnabinoids is spatially restricted. This may reflect the

enhanced uptake of cannabinoids at physiological tem- firing contributes to the spread of endocannabinoid sup-
pression in control conditions. This is consistent with theperatures.

Similar experiments were performed while monitoring close proximity of the interneuron soma and dendrites to
Purkinje cell dendrites, in contrast to granule cell so-spontaneous inhibitory postsynaptic currents (sIPSCs),

which arise mainly from the firing of inhibitory interneu- mata, which are many hundreds of microns away from
the Purkinje cell dendrites they contact (Palay and Chan-rons in the slice. At 24�C, inhibitory synaptic charge was

suppressed in both the depolarized cell (reduced to Palay, 1974).
We therefore characterized the mechanism responsi-46% � 4% of control, n � 10) and the neighbor (77% �

3% of control, n � 10). At 34�C, the same protocol led ble for the spread of endocannabinoid signaling at inhib-
itory synapses. Based on the similarity of the spread atto a suppression of the depolarized cell (reduced to

31% � 5% of control, n � 4) and its neighbor (64% � 24�C and 34�C for inhibitory synapses, it is likely that
the mechanisms mediating spread at room temperature6% of control, n � 4) (Figure 1B), in contrast to the

results at excitatory synapses. These findings indicate and at physiological temperatures are the same. There-
fore, subsequent experiments were conducted at 24�Cthat at 34�C, the spread of endocannabinoid signaling

is very different for synapses arising from interneurons in order to take advantage of improved stability relative
to recordings at near-physiological temperatures.and granule cells.

Together these findings indicate that the spread of
endocannabinoid signaling at inhibitory synapses re- Determinants of Purkinje Cell-Interneuron Signaling

We performed whole-cell recordings from Purkinje cellssults from a mechanism that is not present at parallel
fiber synapses. Further support for an additional mecha- and simultaneous cell-attached recordings from inter-

neurons to examine the mechanisms of endocannabinoidnism of spread at inhibitory synapses comes from earlier
work by Vincent and Marty (1993), who demonstrated signaling at inhibitory synapses (Figures 2–4). Cerebellar
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in the interneuron. This allowed us to distinguish be-
tween the IPSCs produced by that interneuron from
those produced by the many other interneurons con-
tacting the Purkinje cell. Aligned traces for a connected
interneuron-Purkinje cell pair are shown for control con-
ditions (Figure 2A, top) and following Purkinje cell depo-
larization (Figure 2A, bottom). The spike-triggered aver-
ages (Figure 2B) show that Purkinje cell depolarization
reduced this synaptic connection to 19% of control. Of
the 46 pairs examined, 21 were connected with a mean
IPSC amplitude ranging from 6 to 140 pA. Interneuron-
Purkinje cell pairs with spike-triggered averages �5 pA
were considered to be unconnected. For the connected
interneuron-Purkinje cell pairs, average synaptic cur-
rents were reduced to 45% � 5% control (n � 21) after
Purkinje cell depolarization (Figure 2C), which is consis-
tent with the previously described inhibition of presyn-
aptic calcium entry by cannabinoids at this synapse
(Diana et al., 2002). Depolarization suppressed every
interneuron-Purkinje cell connection (range 17% to 82%
of control), suggesting that most, if not all, cerebellar
interneurons in the molecular layer have CB1 receptors
located on their presynaptic terminals.

We also examined the effect of Purkinje cell depolar-
ization on interneuron firing. For our recording condi-
tions, interneurons fired spontaneously between 0.5 and
25 Hz, with a mean firing rate of 3.5 � 0.7 Hz (n � 46).
Purkinje cell depolarization reduced interneuron firing
rates significantly (p � 0.01, two sample t test) in 11 of
22 interneurons within 100 �m of the depolarized Pur-
kinje cell body (as shown for one interneuron in Figure
3B). Bath application of AM251 (5 �M) prevented this
decrease in firing rate (Figure 3C), suggesting that it is
mediated by endocannabinoids. In 4/4 cells tested in
which Purkinje cell depolarization inhibited firing (61% �

Figure 2. Endocannabinoid Suppression of Individual Interneuron- 10% of control, Figure 3D), addition of AM251 eliminated
Purkinje Cell Connections the reduction of firing rate (105% � 13% of control,
(A) sIPSCs in a Purkinje cell aligned relative to spikes recorded from Figure 3E). These results indicate that activation of CB1
an interneuron (arrow) in control conditions (top) and after Purkinje

receptors by endocannabinoids is required for inhibitioncell depolarization (bottom). The depolarization from �60 to 0 mV
of interneuron firing.is from t � 20–25 s. The spike-triggered average (B) is shown for

In order to determine what factors contribute to Pur-control conditions (thin trace) and after depolarization (thick trace).
kinje cell-interneuron signaling, we examined how con-The dotted line indicates the interneuron spike time. (C) Average

spike-triggered IPSCs were calculated every 2 s. Mean values from nection strength and distance affected the inhibition of
21 connected interneuron-Purkinje cell pairs are plotted normalized interneuron firing rate (Figure 4). In Figure 4B, the aver-
to baseline. Error bars are SEM. age firing rates of interneurons before and after Purkinje

cell depolarization are shown for interneurons within
100 �m (closed circles, n � 22) and for more distant

interneurons in the molecular layer are classically cate- interneurons (open circles, n � 24). Only interneurons
gorized as either basket cells or stellate cells (Ramon y within 100 �m of the Purkinje cell body were inhibited (11
Cajal, 1911). Both types of neurons provide GABAergic of 22) (Figures 4A and 4C). This distance approximately
inputs to Purkinje cells, with basket cells forming an corresponds to the extent of the Purkinje cell dendritic
extensive contact surrounding the initial segment of the tree, suggesting that a Purkinje cell must be in close
Purkinje cell axon, and stellate cells contacting Purkinje proximity to an interneuron soma in order to inhibit its
cell dendrites. However, the interneurons in this region firing rate. We also examined whether inhibition was
have a continuum of properties (Sultan and Bower, correlated with connectivity. Of the 11 interneuron-Pur-
1998), and the distinction between basket cells and stel- kinje cell pairs in which firing was inhibited following
late cells is not clear. For this reason we refer to all of Purkinje cell depolarization, eight were connected. How-
the basket cells and stellate cells we recorded from as ever, strongly connected cells were no more likely to
interneurons. We recorded from 46 interneuron-Purkinje be inhibited than weakly connected cells (Figure 4D).
cell pairs, whose soma-to-soma separation was be- Moreover, the firing rate was inhibited in three uncon-
tween 15 and 190 �m. nected cells, indicating that connection strength is not

To determine if a spontaneously firing interneuron a primary determinant of the magnitude of firing rate
made synaptic connections onto a Purkinje cell, we inhibition. Purkinje cells can therefore modulate in-

terneuron firing, even in unconnected interneurons.aligned IPSC current traces in the Purkinje cell to spikes
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Figure 3. Endocannabinoids Inhibit Spontaneous Interneuron Firing Figure 4. The Role of Distance and Connection Strength in Endo-
cannabinoid-Mediated Inhibition of Interneuron Firing(A) Schematic of recording configuration for interneuron-Purkinje

cell pairs. Recordings from whole-cell voltage-clamped Purkinje (A) Left, average connection strength is plotted against distance for
cells were made simultaneously with cell-attached recordings from 46 interneuron-Purkinje cell pairs. Right, symbol legend. (B) The
interneurons. The effect of Purkinje cell depolarization (t � 20 s, effect of a 5 s Purkinje cell depolarization (arrow, t � 20 s) on
marked by arrow) on interneuron firing in one experiment is shown interneuron firing frequency for all cells within 100 �m of the depolar-
for four trials in control conditions (Ba) and for four trials in the ized Purkinje cell (n � 22, solid circles) and cells more distant than
presence of 5 �M AM251 (Ca). Average firing frequency for this cell 100 �m (n � 24, open circles). (C) Summary of the number of inhib-
is shown in control conditions (Bb) and in AM251 (Cb). Summary data ited cells as a function of distance. (D) Summary of the number of
for inhibition of interneuron firing are shown for control conditions (D) inhibited cells as a function of connection strength. Error bars are
and after AM251 wash-in (E) (n � 4). Error bars are SEM. SEM.

n � 3). This suggests that secondary effects involving
The Mechanism of Firing Inhibition activation of metabotropic or ionotropic glutamate or
by Cannabinoids GABA receptors do not contribute to the reduction in
To examine the mechanism by which cannabinoids in- interneuron firing. The inhibition of firing by WIN was
hibit interneuron firing, we applied the synthetic canna- reversed by AM251 (1 �M), and firing typically increased
binoid receptor agonist WIN55,212-2 (WIN, 5 �M) above control levels (133% � 12% of control in AM251,
(Compton et al., 1992; D’Ambra et al., 1992). In every n � 5) (Figure 5A). This elevation in firing rate suggests
interneuron that we recorded from, WIN reduced firing that there may be some basal inhibition of interneuron
to 0%–71% of control (n � 13), suggesting that the firing firing due to activity of CB1 receptors in the slice.
rate of all interneurons is sensitive to cannabinoids. In Similar experiments were performed using whole-cell
these experiments, bicuculline (20 �M) was included in current-clamp recordings (Figure 5B). Bath application
the bath to reduce firing variability. During cell-attached of WIN reduced spontaneous firing rates to 32% � 11%
recordings from interneurons, application of WIN re- of control (n � 4). This inhibition is larger than that ob-
duced firing frequency to 60% � 7% of control (n � 6) served in cell-attached recordings, and may arise from
(Figure 5A). In additional cell-attached recordings per- dialysis of the cell during whole-cell recordings. Applica-
formed in the presence of NBQX (10 �M), CPP (5 �M), tion of AM251 reversed inhibition by WIN and increased
LY341495 (100 �M), and CGP55845 (2 �M), WIN reduced firing rates to 157% � 27% of control (n � 3), similar to

the cell-attached recordings.the firing rate to a similar extent (46% � 8% of control,
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was activated by WIN, with a reversal potential more
negative than �60 mV. This implicated a potassium con-
ductance (EK � �100 mV) since chloride (ECl � �57 mV),
sodium (ENa � 68 mV), and calcium (ECa � 130 mV) con-
ductances all reverse positive to �60 mV in our re-
cording conditions. Similar effects of WIN were ob-
served when a high-chloride internal was used with an
ECl of 0 mV and TTX (1 �M) was included in the bath
saline (Figure 6B) (�Ihold: 1.98 � 0.49 pA; �g: 102 � 24
pS; n � 4). This suggests that WIN does not activate a
Cl� conductance. When an internal solution was used
in which K� was replaced with Cs� and TEA to block
K� channels, WIN had no significant effect on holding
current (�0.01 � 0.02 pA, n � 4) or membrane conduc-
tance (�9.5 � 6.9 pS, n � 4). This indicates that activa-
tion of CB1 receptors opens a potassium conductance
in these inhibitory interneurons.

Previous studies have shown that CB1 receptor acti-
vation can open G protein-activated inward rectifier K�

channels (GIRKs) (Henry and Chavkin, 1995; Mackie et
al., 1995; McAllister et al., 1999). We tested the hypothe-
sis that the channel targeted by CB1 receptor activation
in cerebellar interneurons is a GIRK. If so, WIN should
not alter the conductance or the holding current in the
presence of extracellular Ba2�, which blocks inward rec-
tifier K� channels (Sodickson and Bean, 1996; Standen
and Stanfield, 1978). In the presence of 1 mM Ba2�, we
applied WIN, followed by AM251, but neither drug had
any effect on the holding current (�Ihold in WIN: 0.1 � 0.08
pA, n � 5) or membrane conductance (�g in WIN: �9 � 4
pS, n � 5) (see Experimental Procedures for analysis)
(Figure 6B). This result indicates that a Ba2�-sensitive
K� channel is activated by WIN, and is consistent with
GIRK activation in interneurons (although Ba2� can also
block other types of K� channels, see Discussion).

Rapidly inactivating A type K� channels can also be
modulated by CB1 receptor activation (Deadwyler et al.,
1993, 1995), and we tested this hypothesis in cerebellar
interneurons. These channels are blocked by 4-AP, al-
though this is a not a very selective antagonist and the
A type channels are not a homogeneous population
(Hille, 2001). In the presence of 1 mM 4-AP, the effect
of WIN on holding current (0.42 � 0.14 pA, n � 7) and
membrane conductance (�g: 16 � 16 pS; n � 7) was
reduced, but the effect of WIN relative to AM251 was
similar to control conditions (0.94 � 0.33 pA; 71 � 25

Figure 5. Cannabinoid Receptor Agonists Reduce Interneuron Firing pS; n � 7). This suggested that although 4-AP may have
(A) Cell-attached recording from a spontaneously firing interneuron depolarized Purkinje neurons and elevated cannabinoid
in control conditions (top, left) and after application of 5 �M levels in the slice, the K� channel modulated by WIN is
WIN55,212-2 (WIN) (top, right). Firing frequency is plotted during

not blocked by 4-AP.application of WIN and 1 �M AM251. (B) Current-clamp recording
We used dynamic-clamp recordings (Sharp et al.,from an interneuron in control conditions and after application of 5

1993) to determine the effect of a small potassium con-�M WIN. Firing frequency is shown during application of WIN and
1 �M AM251. ductance on interneuron firing. A conductance of vary-

ing amplitude with a reversal potential at EK (�100 mV)
was added, while the firing rate of interneurons was

To determine whether cannabinoids activate a con- monitored (Figures 6C and 6D). The addition of a 50 pS
ductance that underlies the inhibition of firing, we ap- simulated potassium conductance reduced firing rates
plied WIN during whole-cell voltage-clamp recordings by over 50%, while conductances larger than 100 pS
from interneurons (Figure 6A). At a holding potential shut down firing almost entirely (Figures 6C and 6D).
of �60 mV, bath application of WIN resulted in a positive The sensitivity of these neurons to small currents arises
shift in the holding current (Ihold) (Figure 6B, left) (1.25 � from their extremely high input resistance (4.6 � 1.2 G	,
0.28 pA, n � 9) that was accompanied by an increase n � 9). Therefore, the small potassium conductance
in membrane conductance (Figure 6B, right) (81 � 26 produced by activation of CB1 receptors is of sufficient

magnitude to inhibit firing in cerebellar interneurons.pS, n � 9). These results indicate that an outward current
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Figure 6. Mechanism of CB1-Receptor-Mediated Firing Inhibition in Interneurons

(A) Holding current (Ihold) and membrane conductance (g) were monitored in a voltage-clamped interneuron during sequential application of 5
�M WIN and 1 �M AM251. Dotted lines show average values used for analysis. Membrane conductance was assayed by a 50 ms 5 mV
hyperpolarizing step. (B) Average effects of WIN on Ihold (solid bars) and g (open bars) are shown for recordings in control conditions (n � 9),
with a high-chloride internal solution (n � 4), with a Cs�-based internal solution containing 10 mM TEA (n � 4), and with 1 mM barium in the
extracellular saline (n � 5). (C) Interneuron firing in control conditions (top), and after adding a simulated potassium conductance of 50 pS
(middle) or 100 pS (bottom) using dynamic-clamp. (D) Interneuron firing frequency is plotted against amount of simulated potassium conductance
(n � 4). Error bars are SEM.

Discussion our hypothesis that firing inhibition provides the primary
means for cannabinoids to exert widespread effects on
inhibitory neurotransmission. In addition, these resultsWe describe an additional mechanism for endocannabi-

noid action that greatly extends the distances over suggest that the direct presynaptic actions of endocan-
nabinoids are more spatially restricted than is the spreadwhich they signal. Previously, studies of endocannabi-

noids in synaptic transmission have focused on their of DSI, which is consistent with a limited diffusion of
these lipophilic signaling molecules.direct actions at presynaptic terminals, where they in-

hibit IPSCs through calcium channel modulation (Kreit-
zer and Regehr, 2001b; Wilson et al., 2001) (Figure 7A). Mechanisms of Endocannabinoid Signaling

in the CerebellumHere we show that endocannabinoids released by Pur-
kinje cell dendrites also lead to a reduction in the firing Our findings support the involvement of multiple mecha-

nisms of endocannabinoid signaling in the cerebellum.rates of interneurons by activating a small potassium
conductance. By inhibiting firing, endocannabinoids can Cannabinoids reduce the amplitude of sIPSCs (Figure

2) by inhibiting calcium influx in interneuron presynapticreduce the rate of spontaneous IPSCs in all Purkinje
cells receiving synapses from that interneuron (Figures terminals (Diana et al., 2002). Additionally, mIPSC fre-

quency is reduced (Llano et al., 1991a), either through7B and 7C).
The inhibition of stellate and basket cell firing by endo- changes in intraterminal calcium levels or through direct

actions on the release machinery, downstream of cal-cannabinoids accounts for previously described proper-
ties of depolarization-induced suppression of inhibition cium influx. Finally, as we have shown here, cannabin-

oids inhibit interneuron firing frequency by activating a(DSI) in the cerebellum, which is known to be mediated
by endocannabinoids. Vincent and Marty (1993) found small potassium conductance. Spread of endocannabi-

noids to Purkinje cells in close proximity to the depolar-the spread of DSI to be attenuated in the presence of
TTX, when the reduction of interneuron firing rates can- ized cell is mediated in part by changes in firing and in

part by direct endocannabinoid diffusion. Spread tonot contribute to DSI. These findings are consistent with
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from single Purkinje cells. However, synaptic stimula-
tion, such as synchronized parallel fiber activation,
which is known to evoke endocannabinoid release from
Purkinje cells (Maejima et al., 2001), is likely to activate
large numbers of Purkinje cells. Even though synaptic
stimulation probably generates less endocannabinoid
release from individual Purkinje cells, the total amount
of endocannabinoids released could be much greater.
This would lead to inhibition of many more interneurons
and significant widespread effects. Furthermore, at
34�C, Purkinje cell depolarization resulted in a reduction
of IPSCs in the neighboring cell that was even larger
than that observed at 24�C (Figure 1), indicating that
at physiological temperatures, cannabinoid uptake and
degradation does not prevent the spread of endocan-
nabinoids to nearby interneurons. These results suggest
that inhibition of interneuron firing by endocannabinoids
is likely to occur under physiological conditions.

Direct versus Indirect Effects of Cannabinoids
Another important question is whether endocannabi-
noids released from Purkinje cells inhibit interneuron
firing directly, or whether they act as an intermediate
messenger leading to the generation of another factor,
which could reduce interneuron firing. In the cerebellar
cortex, Purkinje cells are the sole source of endocanna-
binoids. They are the only cell type in this region that
contain either PLD (Lee et al., 2000), which is involved
in the synthesis of anandamide, or FAAH (Egertova et
al., 1998; Tsou et al., 1998b), which is involved in the
breakdown of endocannabinoids and is thought to be
a marker of cells that generate endocannabinoids. Cere-
bellar interneurons in the molecular layer contain CB1
receptors (Diana et al., 2002; Matsuda et al., 1993; Tsou

Figure 7. Schematic Depicting Various Mechanisms of Endocan- et al., 1998a) and are located in close proximity to Pur-
nabinoid Signaling in the Cerebellum kinje cell dendrites, making them well suited to detect
Purkinje cell depolarization leads to calcium influx and release of endocannabinoids released from Purkinje cells. More-
endocannabinoids (light gray), which spread locally from the depo-

over, we find that cannabinoids inhibit firing, even inlarized cell. In (A), endocannabinoids released from a Purkinje cell
the presence of antagonists of GABAA, AMPA, NMDA,directly inhibit a presynaptic terminal (presynaptic inhibition, black
GABAB, and metabotropic glutamate receptors, whichbouton) from a distant interneuron. Other synapses formed by that

interneuron are unaffected. In (B), the spontaneous firing of an in- would eliminate any secondary effects of cannabinoids
terneuron near the depolarized Purkinje cell is reduced, and conse- mediated by these receptors. Furthermore, in the pres-
quently all synapses formed by that interneuron are inhibited (inhibi- ence of these blockers and TTX, a CB1 receptor agonist
tion of firing, dark gray boutons), even though no synapses exist

activated a potassium conductance sufficient to ac-between the interneuron and the depolarized Purkinje cell. In (C),
count for the inhibition in firing. Together, these findingslocally released endocannabinoids act both directly to inhibit the
indicate that the most likely explanation for our observa-presynaptic terminals of the interneuron and indirectly to reduce

firing frequency at that interneuron. tions is that cannabinoids released from Purkinje cell
dendrites bind directly to CB1 receptors on interneu-
rons, leading to the activation of a K� conductance and
an inhibition of firing.more distant cells is mediated primarily by changes in

firing rate. Although firing was affected in only 50% of
nearby cells following Purkinje cell depolarization, we Mechanism of Cannabinoid Inhibition

of Interneuron Firing Ratehave found that all interneurons are sensitive to the CB1
agonist WIN55,212-2. It is likely that the specific location The firing of cerebellar interneurons is sensitive to small

conductance changes. Our results suggest that endo-of individual interneurons relative to Purkinje cell den-
drites contributes to this variability in firing inhibition. cannabinoids inhibit interneuron firing by activating a

conductance of less than 100 pS that reverses at poten-An important issue that we did not directly examine is
whether inhibition of firing by endocannabinoids occurs tials more negative than �60 mV. Assuming a single

channel conductance of 10 pS, this corresponds tounder physiological conditions. Our experiments were
focused on mechanisms of endocannabinoid signaling fewer than ten open channels. Based on the reversal

potential, and the sensitivity to intracellular K� channeland were conducted using voltage clamp, primarily at
24�C, using long postsynaptic depolarizations that were blockers, the conductance change produced by canna-

binoid receptor agonists likely reflects the opening ofdesigned to evoke maximal endocannabinoid release
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potassium channels. Although the location of these the cerebellar cortex. Because Purkinje cells are the
output cells of the cerebellar cortex, it is interesting tochannels is not known, the magnitude of firing inhibition

depends upon the proximity of interneuron cell bodies to consider the effect that they may have on their targets
in the deep cerebellar nuclei. Such a lateral excitationPurkinje cells and does not depend upon the connection

strength, favoring a location in the soma and/or den- may be transformed into lateral inhibition in these nuclei,
since Purkinje cells are themselves inhibitory. In thisdrites.

Although the small size of the CB1 receptor-activated way, endocannabinoid modulation of interneuron firing
may serve to fine-tune cerebellar outputs.potassium current in cerebellar interneurons has limited

our ability to identify the channel that mediates the mod-
ulation, there are several candidate channel types. Can- Experimental Procedures

nabinoids can shift the inactivation of A type potassium
Sagittal slices (250 �m thick) were cut from the cerebellar vermiscurrents to more positive values (Deadwyler et al., 1993),
of 14- to 21-day-old Sprague Dawley rats. Slices were superfusedwhich results in increased potassium conductance at
with an external saline solution containing (in mM): 125 NaCl, 2.5

normal resting potentials. CB1 receptors can also acti- KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4, and 25 glucose,
vate GIRKs (Henry and Chavkin, 1995; Mackie et al., bubbled with 95% O2/5% CO2. NBQX (10 �M) was added to the

external solution to suppress synaptic currents mediated by AMPA1995; McAllister et al., 1999). Our results indicate that
receptors. Bicuculline (20 �M), CGP55845 (2 �M), and CPP (5 �M)the channels activated by CB1 receptors are blocked
were also included in all current-clamp, dynamic-clamp, and in-by 1 mM barium, but not by 1 mM 4-AP. These findings
terneuron voltage-clamp experiments. LY341495, CGP55845, CPP,suggest that A type potassium channels are not in-
and AM251 were purchased from Tocris Cookson (Ballwin, MO).

volved, whereas a Ba2�-sensitive conductance, such as Bicuculline, WIN55,212-2, and TTX were purchased from Sigma (St.
a GIRK, may mediate the inhibition of interneuron firing Louis, MO).

Whole-cell recordings of Purkinje cells were obtained as de-by endocannabinoids. However, in addition to blocking
scribed previously (Llano et al., 1991b). Glass electrodes (2-4 M	)inward rectifier K� channels, Ba2� is also known to block
were filled with one of two internal solutions. Solution 1 contained:BK channels and some types of delayed rectifier K�

120 CsGlu, 15 CsCl, 8 NaCl, 0.2 EGTA, 10 HEPES, 2 Mg-ATP, 0.3channels (Hille, 2001), and therefore the exact identity of
Na-GTP, adjusted to pH 7.3 with CsOH. Solution 2 contained: 150

the channel mediating the inhibition of interneuron firing CsCl, 1 EGTA, 10 HEPES, 0.1 CaCl2, 4.6 MgCl2, 2 Mg-ATP, 0.3 Na-
by cannabinoids remains unknown. Electrophysiologi- GTP, adjusted to pH 7.3 with CsOH. Internal solutions also contained

5 mM QX-314 to block voltage-dependent sodium channels. Solu-cal studies of cerebellar interneurons in the molecular
tion 1 gave smaller inward inhibitory currents but provided muchlayer suggest that they contain a variety of voltage-
more stability and was therefore used for paired interneuron-Pur-sensitive potassium channels (Midtgaard, 1992). Immu-
kinje cell recordings. Solution 2 provided large inward inhibitorynohistochemical studies (Liao et al., 1996) and in situ
synaptic currents, but cells were less stable for long recordings.

hybridization (Karschin et al., 1996) suggest that GIRKs Inhibitory synaptic currents were monitored at a holding potential
1, 2, and 3 are present in the cerebellar molecular layer, of �60 mV. The 80 s trials used to assay DSI were separated by 60

s. Access resistance and leak currents were monitored and experi-although it remains unclear from these studies whether
ments were rejected if these parameters changed significantly dur-cerebellar interneurons express GIRKs.
ing recording.

Whole-cell voltage-clamp and current-clamp recordings from cer-
Comparison with the Hippocampus ebellar interneurons were obtained using 3–5 M	 electrodes con-
In the hippocampus, it is unclear whether changes in taining (in mM): 130 KMeSO3, 10 NaCl, 2 MgCl2, 0.16 CaCl2, 0.5 EGTA,
the excitability of inhibitory cells contribute to the spread 10 HEPES, 4 Na-ATP, and 0.4 Na-GTP, 14 Tris-creatine phosphate,

adjusted to pH 7.3. The holding potential was �60 mV, and theof endocannabinoid signaling. The spread of endocan-
liquid junction potential (�8 mV) was not corrected. For the high-nabinoid signaling appears more restricted (�20 �m)
chloride internal solution, KCl was substituted for KMeSO3. For thethan in the cerebellum (Wilson and Nicoll, 2001). One
Cs�-TEA internal, 120 CsMeSO3 and 10 TEA-Cl were substituted for

possibility is that interneuron firing in the hippocampus KMeSO3. Cell-attached recordings from interneurons were obtained
is insensitive to cannabinoids. A more restricted spread using 3–5 M	 electrodes containing (in mM): 165 NaCl, 2.5 KCl, 3
of endocannabinoid signaling may also arise due to the CaCl2, 2 MgCl2, 10 HEPES, 1.25 NaH2PO4, and 25 glucose, adjusted

to pH 7.3.different morphology and connectivity of CA1 pyramidal
During voltage-clamp experiments in cerebellar interneurons (Fig-cells and inhibitory interneurons in the hippocampus.

ure 6), a baseline was obtained in control conditions and then 5 �MAs a result, it may be possible that depolarization of a
WIN was bath applied, followed by, in some cases, 1 �M AM251.

single pyramidal cell is insufficient to significantly alter In all conditions except 1 mM 4-AP, no significant difference existed
interneuron firing, but that elevated activity in multiple between control levels and the levels after AM251 application, and
pyramidal cells can affect firing and enhance the spread in these cases, the effect of WIN was calculated by subtracting the

values in WIN from the average of the values in control conditionsof endocannabinoid signaling.
and AM251.

Dynamic-clamp recordings were made at 50 kHz using an ITC-Role of Endocannabinoid Signaling
18 computer interface controlled by an Igor Pro XOP (Instrutech,

in the Cerebellum Port Washington, NY). For these recordings, EK was set at �100
By reducing interneuron firing, endocannabinoids re- mV, and DC conductance values between 0 and 150 pS (in 25 pS

increments) were randomly applied to cells for 1 s intervals. Duringleased from a depolarized Purkinje cell can disinhibit
recordings, cell capacitance was maximally compensated, and ac-surrounding Purkinje cells. The spatial extent of this
cess resistance ranged between 10 and 15 M	.disinhibition is dictated by the axonal arborization of

DSI was quantified by calculating synaptic charge as describedbasket and stellate cells, which project in the parasagit-
previously (Kreitzer and Regehr, 2001a). Analysis was performed

tal plane over several hundred micrometers (Palay and using custom routines written in Igor Pro (Wavemetrics, Lake Os-
Chan-Palay, 1974). This will increase activity in neigh- wego, OR). Current-clamp and dynamic-clamp recordings were per-

formed with an AxoClamp 2B amplifier, and outputs were digitizedboring Purkinje cells and produce lateral excitation in
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at 50 kHz with an 18-bit D/A converter (Instrutech, Port Washington, presynaptic calcium influx by endogenous cannabinoids at excit-
atory synapses onto Purkinje cells. Neuron 29, 717–727.NY) and filtered at 10 kHz. All other recordings were performed

with Axon Instruments 200A and 200B amplifiers, and outputs were Ledent, C., Valverde, O., Cossu, G., Petitet, F., Aubert, J., Beslot,
digitized at 2–5 kHz with a 16-bit D/A converter (Instrutech, Port F., Bohme, G.A., Imperato, A., Pedrazzini, T., Roques, B.P., et al.
Washington, NY), using Pulse Control software (Herrington and (1999). Unresponsiveness to cannabinoids and reduced addictive
Bookman, 1995), and filtered at 1 kHz with a 4-pole Bessel filter. effects of opiates in CB1 receptor knockout mice. Science 283,

401–404.
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