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Retrograde endocannabinoid signaling in the cerebellar cortex
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Abstract
The regulation of Purkinje cell activity is important for motor behavior and motor learning. As the sole output cell of the
cerebellar cortex, Purkinje cell firing is controlled by parallel fibers and climbing fiber synapses, and by inhibitory interneurons.
Depolarization of Purkinje cells evokes endocannabinoid release that activates cannabinoid CB1 receptors expressed on
boutons of its synaptic inputs to transiently decrease neurotransmitter release. In addition, associative activation of the
excitatory inputs can liberate endocannabinoids to decrease synaptic strength for a prolonged duration. Here we review the
different mechanisms of evoking endocannabinoid release and discuss the physiological role of endocannabinoids in mediating
global modulation of synaptic strength, localized short-term associative plasticity and cerebellar long term depression.
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Introduction

The cerebellar cortex plays an important role during

motor learning and in the regulation of motor

behavior. The cerebellar nuclei are influenced by

the activity of Purkinje cells, which are the only

output cells of the cerebellar cortex (1). Purkinje cell

activity is dependent on a combination of intrinsic

conductances and by the interaction of excitatory

and inhibitory synaptic inputs (Figure 1A). Each

Purkinje cell receives sensory information from two

distinct types of excitatory inputs: ,100,000 weak

inputs from ascending branches and parallel fibers

(PFs) of granule cells axons and a single powerful

climbing fiber synapse (CF) from neurons in the

inferior olive. Purkinje cells also receive inhibitory

inputs from basket and stellate cells (2). The

regulation of these synapses is thought to contribute

to forms of short-term plasticity (3) and to learning

on long time scales (1,4). Recent studies have shown

that Purkinje cells release endocannabinoids that act

as retrograde messengers (Figure 1B) to activate

type 1 cannabinoid receptors (CB1Rs), which are

expressed presynaptically at all studied synaptic

inputs onto the Purkinje cell (Figure 1C), (5–8).

The widespread distribution of CB1Rs in the brain

and their predominantly presynaptic localization (9–

11) suggest that such retrograde signaling occurs at

many synapses. Retrograde signaling mediated by

endocannabinoids has been observed in several brain

regions with many similarities and some differences

to endocannabinoid signaling in the cerebellum

(reviewed in ref. 12). Here, we discuss the mechan-

isms of endocannabinoid release from Purkinje cells,

the resulting short-term and long-term changes in

synaptic strength and the physiological conse-

quences of endocannabinoid signaling. Our primary

focus is on the PF synapse onto Purkinje cells, which

has been extensively studied in the context of motor

learning.

Global and local endocannabinoid release

arising from Purkinje cell depolarization

It has long been known that a brief depolarization of

Purkinje cells results in a calcium-dependent libera-

tion of a retrograde messenger that decreases

transmission from inhibitory synapses for several

seconds, through a presynaptic mechanism (13,14).

This phenomenon is referred to as depolarization

induced suppression of inhibition (DSI). DSI was

initially observed in the cerebellum (14) and

hippocampus (15), but for a decade the identity of

the retrograde messenger remained unknown. In

addition, it was not known if retrograde inhibition is

restricted to inhibitory synapses in the cerebellum

and the hippocampus, or if it is a more widespread

phenomenon.

In 2001, the retrograde messenger was identified

as an endocannabinoid and it was found that

retrograde suppression of synapses was not restricted
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to inhibitory synapses (5,6,16,17). Depolarization

induced suppression of excitatory synapses (DSE) of

the PF and CF synapses onto Purkinje cell was also

shown to be mediated by endocannabinoids (5,6).

Several studies revealed that DSE and DSI are

mediated by an endocannabinoid liberated from the

postsynaptic cell that activated presynaptic CB1Rs

(18).

For DSE experiments, Purkinje cell recordings are

made with an internal solution that blocks most

active conductances. The cells are voltage clamped

at a potential at which calcium influx through

voltage-gated calcium channels is minimal. DSE is

induced with a brief depolarization that opens

voltage-gated calcium channels, thereby admitting

calcium into the Purkinje cell to release endocanna-

binoids (Figure 2A, B). Inclusion of the calcium

chelator BAPTA in the recording pipette prevents

DSE, establishing that postsynaptic calcium is

required for the release of endocannabinoids. The

liberated endocannabinoid activates presynaptic

CB1Rs since DSE is blocked in the presence of

CB1R antagonists (5,6) and in CB1R knockout mice

(19). Activation of the CB1R inhibits presynaptic

calcium channels, resulting in a reduction of

presynaptic calcium entry (5,7). This lowers the

probability of release and is accompanied by an

increase in paired-pulse ratio. DSE elicits global

endocannabinoid release from the soma and den-

drites of Purkinje cells, thereby inhibiting all of its

synaptic inputs (Figure 2C).

Alternatively, local release of endocannabinoids

can be achieved via synaptic activation. It is known

that high frequency PF stimulation can elevate

dendritic calcium (20) and can lead to an

mGluR1-dependent depression (21). Brown et al.

(2003) demonstrated that a high frequency burst of

PF (10 stimuli) liberates endocannabinoids to

transiently inhibit the activated PF inputs

(Figure 2D). This synaptically-evoked suppression

of excitatory synapses (SSE) is blocked by including

BAPTA in the Purkinje cell, indicating that SSE

requires calcium increases within Purkinje cell

dendrites. SSE is greatly reduced by inhibiting the

type 1 metabotropic glutamate receptor (mGluR1),

and eliminated when mGluR1 and AMPARs are

inhibited. In addition, bath application of mGluR1

agonists can lead to endocannabinoid release and

retrograde synaptic inhibition at synapses onto

Purkinje cells (6,22,23). These findings suggest that

synaptic activation of both AMPARs and mGluR1 is

important for SSE. Activation of mGluR1, which is

Gq coupled can activate multiple biochemical

cascades (24). The observation that inhibitors of

phospholipase C (PLC), and diacylglycerol (DAG)

lipase block SSE (19,23) suggests that mGluR1

activation results in endocannabinoid synthesis by

activating PLC, which leads to the production of

DAG from PIP2. DAG lipase then hydrolyses DAG

Figure 1. Expression of CB1R in the cerebellar cortex. (A)

Schematic of the cerebellar cortex depicting a Purkinje cell (PC,

grey) that receives excitatory inputs from the climbing fiber (CF,

red) of inferior olive cells and the parallel fibers of granule cells

(GC, green) in the granule cell layer (gl) in addition to inhibitory

inputs from basket cells (BC, light blue) and stellate cells (SC, light

blue) present in the inner and outer molecular layer (ml)

respectively. (B) Schematic showing retrograde signaling by

endocannabinoids (eCBs). Purkinje cells release eCBs that

activate presynaptic CB1Rs to decrease probability of neuro-

transmitter release (p). (C, D) Immunofluorescence showing

CB1R distribution within the cerebellar cortex. The CB1R is

expressed predominantly at boutons in the molecular layer and at

the large pinceau synapses of basket cells, but absent in Purkinje

cells (pc) Scale bars are 50 mm in (C) and 15 mm in (D).

Figure 1C provided by J. E. Lauckner and K. Mackie.
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into the endocannabinoid 2-AG (25) (Figure 2E).

The predominant isoform of PLC involved in

endocannabinoid synthesis in Purkinje cells is

PLCb4, which is dependent on modest calcium

elevations (23). Thus, much lower calcium levels are

required for SSE than for DSE (26). SSE is blocked

by CB1R antagonists and is absent in CB1R

knockout mice (19,23), indicating that the CB1R

is involved in SSE.

SSE is suited for local release of endocannabi-

noids and forms of synaptic plasticity that are

localized (Figure 2F). During SSE, the release of

endocannabinoids is restricted to the dendritic

region of PFs that are active during the conditioning

burst. Such localized release is dependent on

mGluR1 activation, which is confined to dendritic

regions in which appreciable numbers of PFs are

activated such that glutamate pooling and spillover

occurs (27–29). The extent to which glutamate

spillover and mGluR1 activation occurs depends

upon a number of factors including the manner of

granule cell activation (29) and regional differences

in glutamate uptake (30). Moreover, local activation

of a large number of synaptic inputs leads to large

Figure 2. Local and global release of endocannabinoids. Two different mechanisms of endocannabinoid release have been described that

can mediate either global (A–C) or local (D–E) synaptic inhibition. PFs were activated at 0.5 Hz, PCs were voltage-clamped at 260 mV

and at t50 either the PC was depolarized to 0 mV for 0.5 seconds (A), or PFs were activated 10 times at 100 Hz (D). Schematics of the

mechanisms for endocannabinoid release and synaptic inhibition are shown for DSE (B) and SSE (E). Included in (B) and (E) are vesicles

(grey), voltage-gated calcium channels (orange, VGCC), G-proteins Gq on the Purkinje cell and Gi on the presynaptic boutons (grey), the

CB1R (green), AMPARs (blue), phospholipase C (pink), DAG Lipase (brown) and the endocannabinoid 2-AG (green). (C) and (F) show

Purkinje cells from which endocannabinoids (green), are released globally or locally, as a result of DSE (C) and SSE (F, red arrow)

respectively. Figure 2 A, D adapted from (19).
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calcium increases that are confined to a small

dendritic region (20,31,32). Experimental evidence

suggests that inhibition of synaptic strength by

endocannabinoids can spread tens of microns at

room temperature, but there is very little spread at

physiological temperatures (33). At near-physiologi-

cal temperatures a burst of PF activity does not

produce SSE if the whole cell recording pipette

contains BAPTA (26,34). Because BAPTA only

affects the cell being recorded from, this observation

suggests that the neuron receiving synaptic input

produces the endocannabinoids that give rise to

SSE, and there is little spread of endocannabinoids

from neighboring cells. This suggests that uptake

and degradation prevents endocannabinoids from

spreading significant distances and therefore helps to

localize their effects.

Unresolved issues regarding DSE and global

endocannabinoid signaling

There are several unresolved questions regarding

endocannabinoids and DSE: (i) the identity of the

endocannabinoid has not been determined, (ii) the

pathway involved in the synthesis of the endocanna-

binoid is not yet established, (iii) the factors governing

the time course of endocannabinoid signaling have

not been determined, and (iv) the conditions that give

rise to DSE in vivo are not known.

Several identified endocannabinoids (35) may be

released to activate CB1Rs during DSE/DSI. The

best characterized endocannabinoids are 2-arachi-

donyl glycerol (2-AG) (36) and anandamide (AEA)

(37). 2-AG can be synthesized by several pathways,

including a well characterized pathway that involves

PLC and DAG lipase (25). Deletion of the PLC

gene (23) and inhibition of DAG lipase activity (19)

do not block DSE, indicating that if 2-AG mediates

DSE, it must be synthesized by an alternative

pathway (38). AEA is a hydrolytic product of N-

arachydonyl phosphatidylethanolamine through cal-

cium dependent reactions catalyzed by the enzyme

phospholipase D (PLD). Although the absence of

selective PLD inhibitors has restricted direct testing

of AEA release during DSE, recent cloning of the

PLD isoform (39) may facilitate the development of

tools for testing this pathway. Thus, both the

identity of the endocannabinoid and the pathway

responsible for its synthesis are not known.

The factors controlling the duration of DSE are

not understood. Recovery from DSE occurs over

,10 s, a timescale that may be controlled by the

uptake of the released endocannabinoids. Factors

that determine the time course of recovery can alter

the timing properties of the endocannabinoid signal.

Two different enzymes involved in endocannabinoid

uptake have been identified in the cerebellum. Fatty

acid amide hydrolase (FAAH), a membrane bound

serine protease that is effective at degrading AEA

(40), is expressed predominantly in Purkinje cells

(41). Monoacyglyerol lipase (MGL), which is

present prominently in PF boutons (41), is effective

at metabolizing 2-AG (42). The selectivity of the two

degradative enzymes potentially provides an alter-

native means to identify the released endocannabi-

noid and assess the contribution of its uptake to the

time course of an endocannabinoid signal.

We therefore tested the contribution of these

degradative mechanisms to recovery from DSE.

DSE was induced in Purkinje cells with a 500 ms

depolarization to 0 mV (Figure 3A). Phenylmethyl-

sulfonyl fluoride (PMSF), a broad spectrum serine

hydrolase antagonist known to block FAAH (43),

prolonged the recovery of DSE without altering the

magnitude of DSE (Figure 3B). This suggests that

FAAH or some other serine hydrolase inhibited by

PMSF controls the time course of DSE.

To selectively test the contribution of FAAH to

the recovery from DSE, experiments were per-

formed in mice lacking the FAAH gene. Initial

Figure 3. Assessing the role of FAAH and MGL in determining

the time course of DSE. PFs were stimulated at 0.5 Hz and

EPSCs were recorded in Purkinje cells that were voltage clamped

at 260mV with a Cs-based internal solution (T534˚C). DSE was

induced (t50) with a 0.5 second depolarization to 0 mV. A

summary of the peak EPSC normalized to the mean amplitude of

EPSCs prior to depolarization is shown for (A) wild type mice

(EPSC reduced to 19¡5% of control with a half time to recovery,

t1/2 of 12.8¡0.4 s, n55), (B) wild type mice in the presence of a

FAAH inhibitor PMSF (14¡3% of control and t1/2571.2¡8.3 s,

n53), (C) FAAH knockout mice (23¡8% of control and

t1/2511.0¡1.1 s, n54), (D) FAAH knockout mice in the pre-

sence of PMSF (12¡4% of control and t1/2580.5¡9.3 s, n53)

and (E) in the presence of the MGL inhibitor 10 mM URB754

(19¡2% of control, and t1/259.0¡0.5 s, n55). In B and D, slices

were incubated in 100 mM PMSF for 1 h prior to testing. Note

that A, C and E are plotted on a different time scale than B and D.
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characterization of these mice revealed 15-fold

elevation of endogenous AEA, and they displayed

exaggerated phenotypes attributed to endocannabi-

noids (44). However, the magnitude and duration of

DSE in FAAH -/- mice were similar to wild type

mice (Figure 3C). Moreover, PMSF prolonged

DSE to a similar extent in FAAH-/- mice

(Figure 3D) as in wild type mice (Figure 3B).

These findings suggest that PMSF slows the

recovery of DSE by inhibiting a serine hydrolase

other than FAAH.

We examined the role of MGL by examining the

effects of URB754, a potent inhibitor of MGL that

does not affect FAAH (45). As shown in Figure 3D,

the extent and the time course of recovery of DSE

were not altered by URB754. This suggests that

MGL does not control the time course of DSE.

Thus, it is still not known whether uptake into

cells, diffusion, or degradation of endocannabinoids

control the time course of DSE. Our observations

argue that MGL and FAAH do not control the time

course of DSE. The finding that PMSF slows the

recovery of DSE suggests that a serine hydrolase

controls the time course of recovery, but further

studies are required to identify the released endo-

cannabinoid and the degradative pathway employed

in the cerebellum.

Experiments in which Purkinje cell calcium levels

and DSE have been quantified indicate that excep-

tionally high levels of calcium are required to liberate

endocannabinoids when metabotropic receptors are

not activated (23,46). It is not clear whether wide-

spread calcium increases would normally occur under

physiological conditions. For the experimental con-

ditions of DSE and DSI, such large calcium signals

are routinely obtained because the internal recording

solutions used in these experiments block potassium

channels, thereby allowing massive calcium entry

throughout the cell (5,6,47). It is plausible that during

moments of intense activity, calcium levels may

approximate values sufficient to induce global endo-

cannabinoid release. However, there has been no

identification of the physiological conditions that lead

to such widespread elevation of calcium that is

sufficient to evoke endocannabinoid release through

a calcium dependent, metabotropic receptor inde-

pendent mechanism. There are indications that PF

activation, particularly when paired with CF activa-

tion, can lead to large, but localized calcium signals

(31). These calcium levels can be in a range that

evoke endocannabinoid release (34). Thus, it remains

a possibility that calcium dependent, metabotropic

receptor independent endocannabinoid release can

mediate local retrograde signaling in vivo.

SSE and associative endocannabinoid release

In vivo studies suggest that granule cells respond to

brief sensory stimuli with a burst of 2–5 spikes (48),

but such brief bursts of PF stimuli do not reliably

induce SSE in Purkinje cells (34). However, the

possibility remains that CF activation could assist in

the release of endocannabinoids. The CF input

encodes an instructive or error signal to modulate

active PF inputs (49,50). Previous studies have

shown that activation of CF inputs evoke widespread

calcium increases within Purkinje cell dendrites

(51,52). In addition, it has been established that

associative activation of CF and PF is required for

LTD of PF synapses (53). Therefore Brenowitz and

Regehr (2005) tested the contributions of associative

PF and CF stimulation to retrograde inhibition.

A conditioning stimulus consisting of a CF burst

alone (Figure 4B) or a brief PF burst alone

(Figure 4C) did not alter transmission at the PF to

PC synapse. However, when the PF was followed by

the CF burst, the size of the PF EPSP was greatly

reduced (Figure 4D). This inhibition was blocked

by the CB1R antagonist, AM251 (Figure 4E)

confirming that associative stimulation of PF and

CF inputs can release endocannabinoids. The

inhibition was localized to activated synapses. Such

Figure 4. Pairing CF and PF activation produces associative

short-term synaptic plasticity. (A) Illustration of conditioning

stimulus protocols. PFs were activated at 0.5 Hz before and after

conditioning trains delivered to the CF (red) and PF (green)

synapses. (B–E) (Left panel) Responses of a Purkinje cell to

conditioning trains. (Middle panel) EPSPs before (pre) and after

(post) conditioning trains. (Right panel) EPSP amplitudes during

30 s trials, normalized to mean of the first five EPSPs.

Conditioning stimuli (100 Hz) in (B)–(D) were, respectively, five

CF, three PF, and three PF + five CF stimuli (Dt540 ms). (E)

Same conditioning stimulus as in (D) in the presence of the CB1R

antagonist AM251. Adapted from (34).
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specificity provides a powerful, selective modulation

of active PF synapses that coincide with the CF error

signal.

Experiments in which associative short-term retro-

grade inhibition was induced while dendritic calcium

transients were measured revealed that dendritic

calcium signals are an important factor in associative

short-term plasticity (Figure 5). Activation of PF

synapses with a brief burst of stimuli that depolar-

ized the PC without causing it to spike produced a

small localized calcium signal (Figure 5A). A burst

of CF stimuli elicited a widespread calcium increase

of , 1 mM but did not evoke retrograde inhibition

(Figure 5B). In contrast, associative stimulation of

PF and CF generated very large and localized

calcium transients in the dendrite (Figure 5C).

This calcium signal is supralinear in that it is much

larger than the numerical sum of the calcium signals

evoked by CF activation alone or PF activation

alone. In addition, the largest calcium signal was

observed following CF activation, but this signal was

localized to the dendritic region activated during PF

stimulation. The mechanism that allows the CF to

give rise to supralinear calcium signals is not

understood, but it is known that under these

conditions mGluR1 activation and internal calcium

stores are not involved (34). With the known

calcium dependence of endocannabinoid release,

the supralinear calcium increases are clearly an

important factor in associative short-term plasticity.

A systematic variation of the timing of PF and CF

activation suggested that these supralinear calcium

Figure 5. Postsynaptic calcium and associative short-term plasticity. (A–C) Dendritic calcium levels and retrograde inhibition were

monitored simultaneously. Images of peak dendritic calcium levels (left panel) are shown in response to a conditioning stimulus (left traces).

The corresponding electrophysiological response of PF EPSPs (middle traces; average trace before and after conditioning train), and peak

dendritic calcium transients recorded near the site of stimulation (right traces) are shown for four PF stimuli alone (A), five CF stimuli alone

(B), and four PF + five CF stimuli with Dt5150 ms (C). Site of the PF stimulus electrode is indicated by an arrow in (A, left panel), while the

PF and CF stimuli are depicted by green and red ticks, respectively. (D) Summary of peak calcium levels (left) and normalized EPSP

amplitudes (right) in response to paired stimulation of PF and CF separated by time Dt. Adapted from (34).
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increases play a role in the timing dependence of

short-term associative plasticity (Figure 5D).

Experiments were conducted that were similar to

those shown in Figure 5C, but the relative timing of

the CF and PF bursts was systematically varied.

When CF activation preceded PF activation, no

increase in the peak calcium levels and little retro-

grade inhibition were observed. In contrast when PF

activation preceded CF activation peak calcium

values were greatly increased and short-term asso-

ciative plasticity was pronounced. Although this

further supports a role for supralinear calcium

increases in short-term associative plasticity, these

results also suggest that there must be an additional

factor. First, the dendritic calcium signals that give

rise to SSE appear to be substantially lower than

those required for DSE. Second, the extent of

inhibition does not correlate with the magnitude of

the calcium transients for all timing conditions. For

example, for Dt50 and Dt5500 ms the calcium

increases are similar, but there is prominent SSE

only for Dt50. It is now known that in addition to

the supralinear calcium increases, mGluR1 is acti-

vated locally and this likely contributes to the timing

dependence of plasticity and accounts for the lower

calcium levels required to evoke endocannabinoid

release following PF synaptic activation (34).

Endocannabinoids and cerebellar LTD

An important step during motor learning involves

LTD of the PF to Purkinje cell synapse in response

to conjunctive activation of PF and CF inputs (53).

The initial study of cannabinoids and LTD sug-

gested that agonists of CB1Rs reduce the extent of

LTD as a result of presynaptic inhibition, but that

CB1R antagonists did not prevent the induction of

LTD (54). Moreover, the postsynaptic expression of

LTD differed from the properties of endocannabi-

noid-dependent LTD observed in other brain

regions (12). There are, however, numerous simila-

rities between associative short-term plasticity and

cerebellar LTD. Both involve the associative activa-

tion of PF and CF synapses and in both cases, PF

followed by CF activation is more effective at

inducing plasticity than when the CF is activated

first (31,34). In addition, under similar experimental

conditions SSE and LTD are pathway specific,

require elevation of dendritic calcium, and activation

of mGluR1 (34,53,55,56). Because of these simila-

rities we reexamined the involvement of endocanna-

binoids in the induction of cerebellar LTD (19).

LTD was reliably induced with repetitive applica-

tion of a stimulus protocol similar to that used

to evoke associative endocannabinoid release

(Figure 6A, C). The CB1R antagonist AM251

prevented the induction of LTD (Figure 6B, C).

LTD was also blocked when DAG lipase inhibitors

were included in the recording pipette to disrupt the

production of 2-AG. Moreover LTD could not be

induced in mice lacking the CB1R. These experi-

ments indicate that the calcium dependent release of

endocannabinoids and activation of presynaptic

CB1Rs plays a crucial role in the induction of

LTD at PF to PC synapses under physiological

conditions, although it is possible that this regulatory

step could be bypassed by some stimulus conditions.

The properties of endocannabinoid signaling may

explain some of the conflicting evidence regarding

the pathway specificity of LTD. Some studies report

that LTD is confined to the activated pathway (57–

59), while others observe that LTD spreads tens of

microns to inactive synapses (60,61). Spread

appears to be most prominent when experiments

are performed at room temperature (60,61), which

also promotes the spread of endocannabinoids (33).

At near-physiological temperatures endocannabi-

noids do not spread substantially and LTD appears

to be pathway specific (19,34). This suggests that

the spread of endocannabinoids that occurs at room

temperature could contribute to the spread of LTD,

although other factors are also involved (60–62).

The involvement of endocannabinoids raises

interesting issues regarding the induction of LTD

at this synapse. Although endocannabinoids are also

essential to the induction of LTD in the hippocam-

pus, nucleus accumbens, striatum and cortex, at

those synapses LTD is expressed as a persistent

presynaptic reduction in release probability

(Figure 7A) (12,63–67). In contrast, several lines

of evidence indicate that LTD of the PF to PC

synapse is expressed postsynaptically: LTD is not

accompanied by a change in facilitation, measure-

ments of the coefficient of variation are consistent

with a postsynaptic change and the response to

exogenously applied glutamate decreases (53,60).

However, CB1Rs are expressed prominently on PF

boutons and have not been detected on Purkinje

cells (41). How can activation of presynaptic CB1Rs

control the expression of a postsynaptic form of

LTD?

Although many aspects of the induction of LTD

remain controversial, there is general agreement on

key steps in the induction that provide clues to how

endocannabinoids could be involved in the induc-

tion of LTD. The induction of LTD requires PF

activation to evoke the release of glutamate and

nitric oxide (NO), which converge on the Purkinje

cell to activate AMPARs, mGluR1 and guanylate

cyclase (68,69). NO and glutamate, combined with

a large calcium signal that arises when CF and PF

synapses are associatively activated, activates path-

ways that ultimately reduce response of AMPARs at

the PF to Purkinje cell synapse (53,60,70). The

involvement of endocannabinoid release introduces

an additional regulatory step in the process.

Glutamate release activates AMPARs and mGluR1

leading to the release of 2-AG which activates
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Figure 7. Summary of endocannabinoid-mediated plasticity of parallel fiber to Purkinje cell synapses Schematics illustrate

endocannabinoid-mediated inhibition of PF to PC synapses. (A) Short-term plasticity is expressed presynaptically and reflects inhibition

of voltage-gated calcium channels. (B) LTD is expressed postsynaptically, thus requiring the release of an unidentified anterograde

messenger that is controlled by CB1R activation.

Figure 6. Induction of Cerebellar LTD requires activation of CB1Rs. Representative traces from experiments conducted in control

conditions (A) and in the presence of the CB1R antagonist AM251 (B), with (left) the Purkinje cell responses to induction stimulation of

10 PF stimuli at 100 Hz and 2 CF stimuli at 20 Hz (indicated by bars and open triangles respectively), and (right) the EPSCs recorded

before (pre) and after (post) induction. The induction protocol consisted of such conditioning trains every 10 sec for 5 min. Before and

after the induction protocol, EPSCs were evoked at 0.1 Hz and the displayed EPSCs are the average of traces for the 3 min prior to

induction and for 20–23 min following induction. Summary of experiments in control conditions (open circles) and in the presence of

AM251 (closed circles) showing the average EPSC amplitude as a function of time (C) and the extent of inhibition for each experiment (D).

Adapted from (19).
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presynaptic CB1Rs. This must regulate the release of

an anterograde messenger that acts in the postsynap-

tic cell to induce LTD. Because it has been shown

that postsynaptic increases in NO and calcium are

sufficient to induce LTD, one possibility is that

CB1R activation promotes the release of NO from the

presynaptic cell. In the cardiovascular system, there

are reports of 2-AG enhancing relaxation of blood

vessels by generation of NO from endothelial cells

(71,72), but at this point the only evidence that

CB1Rs regulate the release of NO from PFs is

circumstantial (73). It is also possible that CB1Rs

regulate the release of NO from interneurons (74), or

that CB1Rs act through a different mechanism

entirely. Further studies are required to clarify the

mechanism used by endocannabinoids to regulate the

induction of cerebellar LTD.

Endocannabinoid regulation of inhibitory and

climbing fiber synapses

Although we have focused primarily on PF synapses,

endocannabinoids also modulate inhibitory and CF

synapses. Similar to PF synapses, calcium increases

alone and in concert with mGluR1 activation, leads

to transient endocannabinoid-mediated inhibition of

CF synapses (5,6,23) and inhibitory synapses

(8,22,75). Thus far it has not been determined

whether endocannabinoids mediate long lasting

forms of plasticity at CF and inhibitory synapses.

In contrast to PF synapses in which CB1R

activation reduces synaptic strength solely by block-

ing presynaptic calcium channels, activation of

CB1R at inhibitory synapses suppresses neurotrans-

mission via modulation of presynaptic calcium

channels (47), direct modulation of the release

machinery (76,77) and activation of a potassium

conductance that reduces interneuron firing (33).

The decreased firing allows spatial spread of disin-

hibition to neighboring Purkinje cells. Such disin-

hibition would lead to an increase in Purkinje cell

firing within the cerebellar cortex. Because Purkinje

cells are inhibitory, this will lead to surround

excitation within the cerebellar nuclei. Thus the

modulation of inhibitory cells could have important

functional consequences for regulating the cerebellar

nuclei. Endocannabinoids also regulate CF

synapses, but the conditions that give rise to

endocannabinoid-mediated modulation of CF

synapses under physiological conditions have not

been determined.

Endocannabinoids and cerebellar function

Based on the widespread distribution of CB1Rs in

the cerebellum and the established role of endocan-

nabinoids in the modulation of synapses onto

Purkinje cells, it seems likely that endocannabinoids

play important roles in cerebellar function. Although

in vitro studies indicate that endocannabinoids can

mediate localized short-term and long-term synaptic

plasticity, and global suppression of synapses, very

little is known of how these phenomena participate

in cerebellar function and motor learning. CB1R

knockout mice are not ataxic and do not show

profound motor deficits (78,79). This suggests that

synaptic modulation mediated by endocannabinoids

observed in vitro may contribute to dynamic regula-

tion of cerebellar output and motor learning without

grossly disrupting cerebellar function.

The role of endocannabinoids in LTD of PF

synapses suggests that CB1R knockout mice likely

exhibit deficits in behaviors that rely on LTD, such

as conditioned eyeblink and VOR adaptation

(80,81). Mice in which proteins involved in the

synthesis of endocannabinoids have been eliminated,

namely mGluR1 -/- (69) and PLCb4 -/- mice

(82,83), both exhibit impairments in LTD and

eyeblink conditioning. Although these findings are

consistent with a role of endocannabinoids in motor

learning, they do not definitively establish such a

role. Knocking out mGluR1 and PLCb4 has

consequences beyond perturbing endocannabinoid

signaling (83). Studies of motor learning in CB1R

knockout mice would provide a more direct test for

the role of endocannabinoids in cerebellar learning.

Currently, little is known about the behavioral

consequences of the phenomenon described in brain

slice in which a single pairing of CF and PF

activation can trigger endocannabinoid release and

short-term depression of PF synapses. Because CF

activity encodes both errors and predictions of

movement during behavioral tasks (49), CF activity

could signal deviations from predicted movement

and regulate the output of the cerebellum by

dynamically modulating PF activity. Studying the

effects of endocannabinoids on arm movements and

smooth pursuit eye tracking in primates could

provide some insight into the role of short-term

associative plasticity.

Finally there is the question of whether endocan-

nabinoids allow Purkinje cells to globally regulate

synaptic inputs to maintain homeostatic balance. It

is widely known that on the time scale of hours to

days, neurons respond to changes in their activity

levels by regulating the strength of their synapses to

maintain their firing rate in an intermediate regime

(84). Endocannabinoids could provide a means of

homeostatically regulating synapses on more rapid

time scales. DSE could allow Purkinje cells to

regulate their synaptic inputs according to activity

level on the tens of second time scale. It is not clear

that the high, global calcium elevations required for

such endocannabinoid release occurs in vivo, and

further experiments are needed to determine if

endocannabinoids mediate homeostatic regulation

on rapid time scales.
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Conclusion

Several forms of endocannabinoid-mediated synaptic

plasticity can be obtained at synaptic inputs depend-

ing on the trigger for cannabinoid release. DSE

provides global regulation of all Purkinje cell inputs, a

process that may be necessary for homeostatic

balance during periods of intense synaptic activity.

The associative retrograde inhibition may underlie

processes that require transient modulation of synap-

tic strength in response to an error signal or a

predictive signal provided by the CF input. Such

associative plasticity could be involved in refined

motor movements and smooth pursuit eye tracking.

Repetition of such associative inputs at a synapse

induces PF LTD which is necessary for motor

learning. Taken together, endocannabinoids provide

a powerful tool for inducing synaptic plasticity to

satisfy the behavioral requirement at a given moment.
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