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Chronic exposure to A9-tetrahydrocannabinol (THC) induces tolerance to cannabinoid-induced locomotor effects, which are mediated
by cannabinoid receptors (CB1Rs) located in motor control regions, including the cerebellum. There is substantial evidence of cerebellar
CBI1R molecular adaptation and modifications in receptor signaling after prolonged cannabinoid exposure. However, very little is known
about the effects of chronic cannabinoid administration on cerebellar synaptic plasticity, which may contribute to the development of
cannabinoid behavioral tolerance.

In the cerebellar cortex, activation of CBIR inhibits excitatory synaptic transmission at parallel fiber (PF)-Purkinje cell (PC) synapses
by decreasing neurotransmitter release. Qur study aimed to investigate the neurophysiological adaptive responses occurring at cerebellar
PF-PC cell synapses after repeated THC exposure. In THC-tolerant mice, an increase of the basal release probability was found at PF-PC
synapses, in parallel with a facilitation of slow mGluR1 (metabotropic glutamate receptor type 1)-mediated excitatory postsynaptic
currents and a reduced sensitivity to the inhibitory effects of the CBIR agonist CP55,940 [(—)-cis-3-[2-hydroxy-4-(1,1-
dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclohexanol]. Additionally, after repeated THC exposures, presynaptic PF-PClong-
term potentiation was blocked by A1R (adenosine receptor-1) activation. Inhibition of the extracellular signal regulated kinase (ERK)
pathway prevented these alterations of cerebellar synaptic transmission and plasticity.

In summary, we provide evidence for ERK-dependent modulatory mechanisms at PF-PC synapses after chronic THC administration.

This contributes to generation of forms of pathological synaptic plasticity that might play a role in cannabinoid dependence.
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Introduction

In laboratory animals, cannabinoid dependence develops after
prolonged administration (Abood et al., 1993; Maldonado and
Rodriguez, 2002). This is also true for humans, in the case of
heavy abusers or after prolonged therapeutic uses, where phar-
macological tolerance has been reported for most of the effects of
cannabis (Haney et al., 1999; Hart et al., 2002).

In the brain, cannabinoids interact with the CB1 cannabinoid
receptor (CB1R), a seven transmembrane domain receptor cou-
pled to G-proteins that inhibits adenylate cyclase activity (Muk-
hopadhyay et al., 2002). A°-Tetrahydrocannabinol (THC), the
main psychoactive component of marijuana, impairs motor
function in humans and laboratory animals (Adams and Martin,
1996) through the activation CB1R located in control motor re-
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gions, such as the basal ganglia and cerebellum (Chaperon and
Thiebot, 1999; Patel and Hillard, 2001). Behavioral tolerance to
the cannabinoid-induced locomotor effects (hypolocomotion,
ataxia, and catalepsy) develops after chronic THC exposure, in
parallel with CBIR downregulation and desensitization occur-
ring in several brain areas, including the cerebellum (Martin et
al., 2004; Rubino et al., 2004, 2005). Additionally, the THC with-
drawal syndrome is associated with compensatory changes in the
cAMP pathway occurring selectively in the cerebellum, indicat-
ing this area as a major neurobiological substrate for the chronic
effects of THC (Tzavara et al., 2000).

Administration of THC in rodents activates the monomeric
GTP-binding protein Ras/extracellular signal regulated kinase
(ERK) cascade (Valjent et al., 2001, 2004; Derkinderen et al.,
2003; Rubino et al., 2004). In vivo, the pharmacological block of
the ERK pathway suppresses behavioral responses and CB1R-
mediated plasticity in the cerebellum and basal ganglia, thereby
suggesting a role for the Ras/ERK pathway in cannabinoid toler-
ance to the THC-induced hypolocomotor effects (Rubino et al.,
2005). Similar results have been reported in RasGRF1 null mice
(Rubino et al., 2004, 2005). RasGRF1 is a neuron-specific Ras
guanine nucleotide exchange factor (Zippel et al., 1997) that acts
on the Ras/ERK pathway and is activated in response to
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G-protein-coupled and ionotropic receptors (Feig, 1994; Zippel
et al., 1996; Tian et al., 2004). Mice lacking RasGRF1 (—/—) do
not develop behavioral tolerance after chronic treatment with
THC (Rubino et al., 2004), thereby representing a useful genetic
model to investigate the role of the Ras/ERK pathway in canna-
binoid dependence.

In the cerebellar cortex, activation of CB1R inhibits excitatory
synaptic transmission at parallel fiber (PF)—Purkinje cell (PC)
synapses by modulation of Ca®>* and K * ion channels (Levenes
et al., 1998; Daniel et al., 2004). Because the activity pattern of
granule cells is crucial for the precise control of PC firing (Marr,
1969), chronic cannabinoid action on PF-PC synaptic transmis-
sion could affect cerebellar function. However, alterations of cer-
ebellar synaptic plasticity induced by chronic cannabinoid expo-
sure have not been explored so far. The aim of our study is to
investigate the neurophysiological adaptive responses occurring
at cerebellar PF-PC synapses after chronic THC exposure. The
role of the Ras/ERK pathway in chronic THC-induced synaptic
plasticity has been addressed by means of the genetically engi-
neered mouse model RasGRF1 and by in vivo pharmacological
block of ERK1,2 activation.

Materials and Methods

Drugs. A9-Tetrahydrocannabinol (THC) was a generous gift from the
National Institute on Drug Abuse (Foreigner Investigator Supply
Program, Bethesda, MD). N-piperidino-5-(4-chlorophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-pyrazole-3-carboxamide (SR141716A) was
kindly provided by Sanofi Synthelabo Recherche (Longjumeau, France).
a[Amino [ (aminophenyl) thio | methylene ] 2 (trifluoromethyl) benezene-
acetonitrile (SL327), 6,7-dinitroquinoxaline-2,3-dione (DNQX), pL-2-
amino-5-phosphonopentanoic acid (pL-AP5), picrotoxin, forskolin,
(—)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxy-
propyl)cyclohexanol (CP55,940), and 6,7-dinitroquinoxaline-3-dione
(DPCPX) were purchased from Tocris Bioscience (Avonmouth, UK).

THC was dissolved in ethanol, cremophor, and saline (1:1:18);
SR141716A was dissolved in Tween 80, DMSO, and distilled water (1:2:
7); SL327 was dissolved in DMSO.

Animals and drug treatment. RasGRF +/+ and —/— mice originating
from the leading strain described by Brambilla et al. (1997) ona C57BL/6
background were housed in a controlled environment at constant tem-
perature and humidity, on a 12-h light/dark cycle, with free access to food
and water. They were chronically treated with THC or its vehicle, subcu-
taneously administered at the dose of 10 mg/kg twice per day for 4.5 d.
This is a well known chronic treatment protocol inducing tolerance in
mice (Bass and Martin, 2000; Rubino et al., 2004). Bradykinesia and/or
catalepsy were routinely observed during the initial THC exposure. For
chronic studies with SR141716A (3 mg/kg), mice were intraperitoneally
injected 20 min before THC treatment. In chronic SL327 experiments,
mice were administered with 50 mg/kg intraperitoneally of the com-
pound 1 h before every THC injection.

The total number of animals treated with chronic administration of
THC was n = 30. The total number of animals injected with vehicle was
n = 29. In the experiments using RasGRF1 —/— mice, the total number
of chronically THC- and vehicle-treated mice was n = 16 for each group.

All animal protocols were performed in accordance with the Italian
Ministry of Health guidelines (D.L. 116/92; D.L. 111/94-B) and with the
European Community directives regulating animal research (86/609/
EEC). All efforts were made to minimize the number of animals used and
their suffering.

Slice preparation. Parasagittal cerebellar slices (250-300 wm) were pre-
pared from 40- to 50-d-old mice following an established technique
(Levenes et al., 1998). Mice were decapitated 1 d after the final injection,
and the cerebellar vermis was rapidly removed and chilled in ice-cold
artificial CSF (ACSF) consisting of the following (in mm): 130 NaCl, 3.5
KCl, 1.2 NaH,PO,, 1.3 MgCl,, 2 CaCl,, 25 NaHCO;, and 11 glucose,
saturated with 95% O, and 5% CO,. Slices were incubated in ACSF at
room temperature (RT) for =60 min before recordings. During record-
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ings, slices were continuously superfused with ACSF (2 ml/min) at room
temperature.

Electrophysiology. Whole-cell recordings were obtained from the soma
of Purkinje cells (pipette resistance, 3—4.5 M{)), using an Axopatch 200B
patch-clamp amplifier (Molecular Devices, Union City, CA) in voltage-
clamp mode. The internal solution contained the following (in mm): 125
CsMetSOs;, 10 CsCl, 10 HEPES, 0.2 EGTA, 2 MgATP, 0.2 NaGTP, pH 7.2,
with CsOH. In the experiments measuring slow metabotropic glutamate
receptor type 1 (mGluR1)-mediated EPSCs, CsMetSO, was replaced by
K-gluconate, pH 7.2, with KOH. Stock solutions of CP55,940, forskolin,
SR141716A, and DPCPX were dissolved in DMSO. Dilutions to final
concentrations were made just before the start of experiment in oxygen-
ated ACSE. When the effect of CP55,940, forskolin and SR141716A was
assessed, control solutions always contained the corresponding DMSO
concentration (up to 0.2%). For electrical stimulation of PFs, current
pulses (100 ws; 2—7 V) were delivered through a bipolar electrode posi-
tioned in the molecular layer. Purkinje cells were voltage clamped at —70
mV, and control currents were recorded at 0.5 or 0.1 Hz in the presence
of 100 uM picrotoxin, to block GABAergic inputs. Current were filtered
at 2 kHz and sampled at 20 kHz using a 1300A Digidata (Molecular
Devices). Series resistance of the recorded cell (10—20 M{)) was moni-
tored throughout the experiment by a 5 mV hyperpolarizing voltage-
step. Paired-pulse facilitation (PPF) was elicited by twin stimuli at differ-
ent time intervals (50, 100, 150, 200, and 250 ms), and it was expressed as
the ratio between the amplitude of the second and the first EPSC. To
avoid series resistance errors and an underestimation of PPF, we com-
pared EPSCs with similar amplitudes, ranging from 150 to 350 pA in
response to the first stimulus, both in vehicle- and THC-treated mice.
Slow mGluR1-mediated EPSCs were activated by high-frequency trains
of stimuli to PFs (1-10 stimuli at 100 Hz) at fixed stimulus intensity (7
V), in the presence of ionotropic glutamate and GABA antagonists (100
UM picrotoxin, 40 um bL-APV, 20 um DNQX).

During the long-term depression (LTD) experiments, control traces
were recorded at 0.5 Hz for at least 10 min. To induce LTD, PF stimula-
tion at 1 Hz was paired with PC depolarization (to 0 mV for 100 ms) 120
times, over 2 min. For the LTP experiments, the external Ca?" concen-
tration was raised to 2.5 mm. Control traces were recorded at 0.05 Hz.
LTP was induced by a brief repetitive stimulation of PF (8Hz, 15 s). In
LTP experiments, 20 mm BAPTA was added to the pipette solution. The
tetanus was given at least 15 min after the beginning of the recording to
reach an adequate BAPTA diffusion in the dendritic tree. The baseline of
the PF EPSC amplitude was kept at <300 pA to avoid sodium spikes that
escaped voltage-clamp, during and after tetanization.

Statistical analysis. Data are presented as mean * SEM. Values ob-
tained from different experimental groups were tested for statistical dif-
ferences using an independent two-population ¢ test (Origin software;
OriginLab, Northampton, MA). Concentration-response curves were
obtained using a sigmoidal concentration—response equation: Y = max-
imum — minimum/(1 — EC,,/X ), where X is the concentration, Y'is the
response amplitude, and EC, is the concentration at which the half-
maximal effect was observed.

Protein kinase A activity. Protein kinase A (PKA) activity was assayed ex
vivo according to the instructions of the SignaTECH PKA assay system
(Promega, Madison WI). Briefly, 24 h after the last injection, cerebella
from chronic THC- and vehicle-treated mice were homogenized in ice-
cold buffer containing 0.25 M sucrose, 50 mm Tris-HCI, pH 7.5, 5 mm
EGTA, 5mmM EDTA, 1 mm phenylmethylsulfonyl fluoride, 0.1 mm dithio-
threitol, 0.1% Triton X-100, 10 ug/ml leupeptin, and 10 ug/ml aproti-
nin. Lysates were centrifuged at 13,000 X g at 4°C, and the supernatant
was used as cellular extract. PKA activity was measured in the absence or
in the presence of 100 um exogenous cAMP in the reaction mixture. PKA
activity measured in the absence of exogenous cAMP represents the free
active catalytic subunit (active PKA) that is present in the extract. PKA
activity measured in the presence of cAMP represents the total enzyme
(total PKA) present in the cellular preparation. Kinase reaction was ini-
tiated by adding 25 g of proteins and 100 um biotinylated Kemptide
(LRRASLG) to 25 ul of reaction mixture. After 5 min of incubation at
30°C, 12.5 pl of termination buffer was added to the reaction mixture
containing yP**-ATP. An aliquot of the reaction mixture was spotted
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Figure 1.  Chronic THC exposure induced a long-lasting potentiation of basal PF-PC synaptic
transmission. A, Representative traces of PF-PCEPSCs recorded at different stimulus intensities,
invehicle (Veh)-and THC-treated mice. Stimulus artifacts were suppressed for clarity. B, Input—
output curves for PF-PC EPSCs recorded in cerebellar slices originating from mice chronically
exposed to THCor to its vehicle. Asterisks indicate significant differences ( p << 0.01). Valuesare
expressed as mean == SEM.

onto a phosphocellulose filter, and PKA activity was measured by scin-
tillation counting.

Results

Altered parallel fiber-Purkinje cell synaptic transmission
after chronic THC exposure

Cerebellar PCs receive excitatory inputs from the PFs, the axons
of granule cells. Because acute activation of CB1R located presyn-
aptically on PFs modulates granule cell synaptic release (Taka-
hashi and Linden, 2000; Brown et al., 2004; Daniel et al., 2004),
we investigated whether chronic cannabinoid treatment would
alter PF-PC synaptic properties. The relationship between exci-
tatory postsynaptic current (EPSCs) amplitudes (output) as a
function of PF stimulus intensity (input) for each neuron was
compared in cerebellar slices prepared from mice chronically ex-
posed to THC (10 mg/kg) or to its vehicle (Fig. 1A). In THC-
treated mice, the average values were significantly higher relative
to the vehicle group (Fig. 1B). Because acute activation of CB1
receptors suppresses PF-PC synaptic transmission through a pre-
synaptic mechanism, we tested the hypothesis that a compensa-
tory synaptic potentiation occurred at a presynaptic level after
prolonged CBIR stimulation. We compared PPF of EPSCs, an
index of presynaptic short-term plasticity. The degree of PPF
observed in THC-treated mice was reduced compared with ani-
mals injected with the vehicle alone, indicating an increased re-
lease probability after chronic cannabinoid exposure (Fig. 2A).
This effect was prevented by pretreatment with SR141716A (3
mg/kg), a CBIR antagonist (Fig. 2B).

Facilitated induction of slow metabotropic glutamate

receptor type 1-mediated EPSCs in THC-treated mice

The increased release probability observed at PF-PC synapses
after chronic THC exposure could result in an increased accumu-
lation of perisynaptic and extrasynaptic glutamate during trains
of PFs activity. Accumulation of glutamate is required for the
activation of mGluR1-mediated EPSCs in PCs (Batchelor and
Garthwaite, 1993; Tempia et al., 1998; Brown et al., 2004). We
evaluated whether the induction of slow mGluR1-mediated EP-
SCs was facilitated in tolerant mice by delivering a high-
frequency train of stimuli to PFs (e.g., 1-10 stimuli at 100 Hz) in
the presence of ionotropic GABA and glutamate antagonists (100
UM picrotoxin, 40 uMm DL-APV, 20 uM DNQX). This paradigm
activated a slow EPSC (Fig. 3) that was blocked by the selective
mGluR1 antagonist 7-(hydroxyimino)cyclopropa[b]chromen-
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Figure 2.  Short-term synaptic plasticity was altered after chronic THC exposure (A). Pre-
treatment with SR141716A (SR; 3 mg/kg, i.p., 20 min before THC injection) prevented PPF
reduction (B). Top, Purkinje cell EPSC PPF at intervals of 50, 100, 150, 200, and 250 ms after
chronic vehicle (Veh) and chronic THC. Stimulus artifacts were suppressed for clarity. Bottom,
PPF ratio values (mean = SEM) plotted against paired-pulse intervals. Asterisks indicate sig-
nificant differences ( p << 0.01) from chronic vehicle.

la-carboxylates (CpCCOet; 300 nm) (Fig. 3A). As expected, the
analysis of the input—output relationship revealed a facilitation
of mGluR1-mediated EPSCs after chronic THC treatment (Fig.
3B,0).

Tolerance to the synaptic inhibition induced by the CB1R-
selective agonist CP55,940

CB1R activation suppresses PF synaptic activity by modulation of
presynaptic Ca>* and K * channels (Takahashi and Linden,
2000). As reported previously for other brain areas (Hoffman et
al., 2003; Mato et al., 2004), chronic THC altered the response of
PE-PC synapses to the selective CB1R agonist CP55,940 (Fig. 4).
The EPSC depression induced by CP55,940 was reduced in mice
exposed to THC compared with controls (Fig. 4A). Tolerance to
the CP55,940 inhibitory effects could be attributable to residual
THC accumulation in the slices, leading to persistent CB1R acti-
vation. This possibility was excluded, because bath application of
the CBR1 antagonist SR141716A (1 uMm) did not increase baseline
synaptic transmission in THC-injected mice (98 * 2% of control,
n = 3). The specificity of the CP55,940 effect at high concentra-
tions (CP55,940 10 wM) was confirmed in slices from vehicle-
treated mice by its reversibility after SR141716A application
(SR141716A 10 um) (EPSC amplitude: 96 = 6% of control, n =
3) (see supplemental Fig. 1, available at www.jneurosci.org as
supplemental material).

Slices from THC-exposed mice showed a reduction in
CP55,940 inhibition relative to the controls, not accompanied by
a rightward shift of the concentration—response curve (Fig. 4 B).
A decreased number of CB1Rs or a reduced efficacy in CB1R-
mediated signaling, rather than a modification of CB1R agonist
affinity, may explain this effect. Consistent with these data,
chronic THC administration (10 mg/kg, s.c., twice per day for
4.5 d) reduced the [*H]CP55,940 receptor binding and attenu-
ated the cannabinoid-induced G-protein activation in the cere-
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Figure 3. Fadilitated induction of slow mGluR1-mediated EPSCs in THC-treated mice. 4,
High-frequency trains of stimuli (1—10 stimuli at 100 Hz) activated a slow EPSC that was blocked
by the selective mGIuR1 antagonist CpCCOet (300 nm). B, Sample traces of slow mGluR1-
mediated EPSCs in vehicle (Veh)- and THC-exposed mice. €, Plot of the amplitudes of mGIuR1-
mediated EPSCs recorded at different stimulus intensities in vehicle- and THC-treated animals.
Each data point represents the mean == SEM of currents normalized to the response evoked by
a train of 10 stimuli. Asterisks indicate significant differences ( p << 0.05) from vehicle.
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Figure4. Functional tolerance to the CP55,940-mediated inhibition of glutamate release at

PF-PC synapse. A, Traces of EPSCs and inhibition by 20 m CP55,940 in slices from a vehicle
(Veh)- and THC-treated mice. B, Concentration—response curve for PF-PC EPSCs inhibition in
cerebellar slices from mice after chronic vehicle (Hl; ECsy = 3.7 == 1.5 um) or chronic THC(O;
ECs, =2 = 1 um). Each point represents the mean == SEM of three to five cells.

bellum originating from the same mouse strain (Rubino et al,,
2005).

Chronic THC exposure did not affect PF-PC LTD but
inhibited a presynaptic form of PF-PC LTP

The effects of cannabinoid tolerance include an impaired motor
coordination (Chaperon and Thiebot, 1999). Long-term depres-
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Figure5.
(5 traces) of PF responses from a PC, before (solid line) and 30 min after (dotted line) the LTD
induction. B, Averaged time course (mean == SEM) of normalized EPSC amplitudes. Att = 10
min, LTD was induced by pairing 1 Hz stimulation of PF for 2 min (horizontal bar; 120 stimuli)
with PCdepolarization (to 0 mV for 100 ms). Traces were acquired at 0.5 Hz and averaged every
60s. Veh, Vehicle.

Chronic THC exposure did not affect PF-PCLTD. 4, Superimposed averaged records

sion (LTD) of the PF-PC synapse is a cellular phenomenon that
has been suggested to underlie forms of motor learning and co-
ordination (Hansel et al., 2001). Additionally, PE-PC LTD is par-
tially occluded by acute CB1R activation (Levenes et al., 1998).
However, when we examined the properties of PF-PC LTD after
chronic THC treatment we could not detect any significant dif-
ference relative to the chronic vehicle (Fig. 5A, B).

In addition to LTD, PFs express a form of long-term potenti-
ation (LTP) that is triggered by presynaptic Ca*" influx and is
dependent on the activation of presynaptic adenylyl cyclase and
protein kinase A (Salin et al., 1996; Chen and Regehr, 1997). The
altered PPF measured in THC-exposed mice (Fig. 2A) and the
involvement of the cAMP/PKA pathway in the development of
cannabinoid tolerance (Rubino et al., 2000; Tzavara et al., 2000)
suggest that cerebellar PKA-mediated LTP might be affected by
chronic cannabinoid treatment. To test this hypothesis, we first
analyzed changes in PF-PC synaptic strength induced by bath
application of forskolin, an adenylyl cyclase activator. It is well
known that activation of the cAMP/PKA pathway by forskolin
causes a PKA-mediated phosphorylation of synaptic active zone
proteins (Chen and Regehr, 1997; Lonart et al., 2003), leading to
an increase of glutamate release probability. As expected, in
vehicle-injected mice we observed a forskolin-induced enhance-
ment of EPSCs (Fig. 6 A). However, after chronic THC exposure,
forskolin caused a depression of PF-PC transmission (Fig. 6A).
On the same extent, brief tetanic PF stimulation (8 Hz, 15 s),
known to induce a PKA-dependent LTP (Salin et al., 1996), elic-
ited an enhancement of synaptic responses in slices from vehicle-
treated mice, whereas it triggered a clear EPSC depression in
THC-exposed mice (Fig. 6 B). The EPSC depression, which per-
sisted for many minutes after the end of the tetanic stimulation,
was associated with an increase of PPF ratio (measured in a subset
of experiments at 30 min after induction: 126 * 2.1% of control,
n = 3). This strongly suggests that the depression was caused, at
least in part, by a decrease in transmitter release. Previous studies
have demonstrated that both CB1 and adenosine Al receptors
(A1Rs) exhibit convergent regulation of adenylyl cyclase at
PE-PC synapses (DeSanty and Dar, 2001; Selley et al., 2004). Like
CBIR, A1R activation inhibits synaptic transmission (Fredholm
et al,, 1990; Mitchell et al., 1993; DeSanty and Dar, 2001). It has
been reported that increases in cAMP level can lead to the forma-
tion of extracellular adenosine and the activation of adenosine
receptors. This can be observed with both forskolin-induced
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Figure 6.  In THC tolerant mice, presynaptic PF-PC LTP was blocked by adenosine receptor
activation. A, Activation of the cAMP/PKA pathway by forskolin application induced an en-
hancement of EPSCs in vehicle-injected mice. However, after chronic THC exposure, forskolin
caused a depression of PF-PC synaptic transmission. B, Brief tetanic stimulation (8 Hz, 15 s)
caused a long-lasting increase of the PF responses in slices from vehicle (Veh)-treated mice,
whereas it triggered a clear EPSC depression in THC tolerant mice. ¢, Inhibition of A1R by
application of DPCPX (500 nm) prevented the tetanus-induced depression and fully rescued
PF-PCin THC-tolerant slices. DPCPX application started 30 min before stimulation and contin-
ued until the end of the experiment. A—(, Left, Superimposed averaged records (5 traces) of PF
response from a PChefore (solid line) and 30 min after forskolin () or tetanus application (B, €)
(dotted line) in cerebellar slices from vehicle- and THC-treated mice. A-C, Right, Averaged time
course (mean == SEM) of forskolin- (A) or tetanus-induced (B, €) changes in normalized PF EPSC
amplitudes. A, Traces were acquired every 0.033 Hz. B, C, Traces were acquired every 0.033 Hz
and averaged every 10 s. Tetanus was given at t = 10 min (indicated by the arrow).

stimulation of adenylyl cyclase (Brundege and Dunwiddie, 1998)
and after synaptic stimulation (Mitchell et al., 1993; Manzoni et
al., 1994). Because chronic THC treatment induces an upregula-
tion of cerebellar basal cAMP level (Rubino et al., 2000), the
activation of the adenosine receptors might contribute to the
EPSC depression measured in tolerant mice. To address this hy-
pothesis, we performed experiments on slices obtained from
THC-treated mice in which PF tetanic stimulation was delivered
in the presence of the selective A1R antagonist DPCPX (500 nMm).
DPCPX application not only prevented the stimulus-induced de-
pression of EPSCs, but it fully rescued PF-PC LTP (Fig. 6C). To
characterize the timing of A1R signaling relevant for the induc-
tion and expression of LTD, and to understand whether contin-
ued activation of A1R is necessary to maintain this form of syn-
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aptic depression, DPCPX was applied at increasing intervals after
the stimulus. Application of DPCPX at 30 s and 5 min after teta-
nus, preceding the onset of LTD (see Fig. 6B), did not prevent
LTD induction (see supplemental Fig. 2A, available at www.
jneurosci.org as supplemental material). Additionally, continu-
ous activation of A1R was not required for LTD maintenance,
because application of DPCPX at 30 min after tetanus, when LTD
was clearly expressed, did not reverse it (see supplemental Fig. 2B,
available at www.jneurosci.org as supplemental material). These
findings suggest that the A1R activation necessary for LTD induc-
tion occurred during the tetanus, because LTD could only be
prevented when DPCPX was applied before stimulation. Fur-
thermore, they indicate that maintenance of LTD, 30 min after
induction, did not require continuous A1R activation.

Application of DPCPX alone did not affect basal PF-PC syn-
aptic transmission (at 25 min after DPCPX application: vehicle,
100.9 = 6.5% of control; THC, 97.8 * 2.1% of control, n = 3; see
also supplemental Fig. 2C, available at www.jneurosci.org as sup-
plemental material) in ether vehicle- or chronic THC-treated
mice. Thus, after chronic THC administration, the basal extra-
cellular adenosine tone was not elevated and adenosine was re-
leased most likely in response to the tetanic stimulation.

RasGRF1 knock-out mice did not show changes in PF-PC
synaptic properties after repeated THC exposure

RasGRF1 —/— mice do not develop behavioral tolerance to
cannabinoid-induced locomotor effects after chronic cannabi-
noid exposure (Rubino et al., 2004). Recently, it has been re-
ported that acute THC exposure induces activation of the cere-
bellar ERK cascade (Rubino et al., 2004) and triggers cerebellar
CB1R downregulation and uncoupling from Gi/o-protein in
wild-type, but not in RasGRF1 null mice (Rubino et al., 2005).
This suggests that the Ras/ERK pathway may be relevant for the
establishment of cannabinoid behavioral tolerance in the cerebel-
lum. We therefore investigated the involvement of the Ras/ERK
cascade in the development of the synaptic alterations observed at
PE-PC synapses after repeated THC administration.

Unlike what we observed in wild-type animals (Fig. 2),
chronic THC treatment did not affect PF-PC short-term synaptic
plasticity (Fig. 7A) or the induction of slow mGluR1-mediated
EPSCs (Fig. 7A) in RasGRF1 —/— mice. It is worth noting the
decreased PPF measured in RasGRF1 —/— compared with +/+
cerebellar slices both in vehicle-treated (PPF at 50 ms stimulus
intervals: +/+,2.2 £ 0.04,n=17; —/—,2.04 = 0.06,n = 10; p <
0.05) (see also Figs. 2, 7) and in naive mice (PPF at 50 ms stimulus
intervals: +/+4,2.25 £ 0.05,n = 15; =/—,1.99 £ 0.1, n =8 p <
0.05), indicating an increase in the basal release probability in
RasGRF1 knock-out animals. In addition, slices obtained from
knock-out, THC-treated mice did not show any tolerance to the
inhibitory effect of CP55,940 (10 um) (% of EPSC inhibition:
vehicle, 58 * 1.7%, n = 5 vs THC, 55 = 4.4%, n = 7). In agree-
ment with the lower coupling efficiency between CB1R and Gi/o
transduction proteins measured in RasGRF1 —/— cerebellum
relative to wild type (Rubino et al., 2005), efficacy, but not po-
tency, of CP55,940 inhibition of —/— PF-PC EPSCs was reduced
compared with controls (% of EPSCs inhibition: vehicle —/—,
58 = 1.7%, n = 5 vs vehicle +/+, 71 = 2.5%, n = 5, p < 0.01;
vehicle —/—, EC5, = 3.5 = 1.2 uM; vehicle +/+, EC, = 3.7 =
1.5 uM; see also supplemental Fig. 3, available at www.jneuro-
sci.org as supplemental material). We then assessed the effect of
chronic THC treatment on —/— PE-PC LTP. Tetanic stimulation
elicited only a short-term enhancement of the EPSCs that re-
turned to baseline levels at 10 min after the tetanus, both in THC-
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Figure7.  Mice knock-out for the RasGRF1 gene, a Ras/ERK pathway activator, did not show

changes in PF-PC synaptic properties after repeated THC exposure. A, Summary of PF-PC PPF
ratio values (mean == SEM) measured at five interstimulus intervals (50, 100, 150, 200, and 250
ms) in cerebellar slices from RasGRF1 —/— vehicle (Veh)- and THC-injected animals. Inset,
Representative traces of Purkinje cell EPSC PPF atintervals of 50, 100, 150, 200, and 250 ms after
chronic vehicle and chronic THC. Stimulus artifacts were suppressed for clarity. Calibration: 50
pA, 50 ms. B, Amplitude of mGluR1-mediated EPSCs versus number of pulses. Each data point
represent the mean == SEM (M, —/— chronic vehicle; O, —/— chronic THC) normalized to
the response evoked by a train of 10 stimuli. Inset, mGluR1-mediated EPSCs evoked in PCs by
1-10 train pulses (at 100 Hz) in a vehicle- and THC-treated cerebellar slice. Calibration: 50 pA,
100 ms. C, Averaged time course (mean == SEM) of tetanus-induced changes in normalized
RasGRF1 —/— PF EPSC amplitudes. Tetanus was given at t = 10 min, as indicated by the
arrow. Traces were acquired every 0.033 Hzand averaged every 10s. Inset, Superimposed traces
of PF response from a PC before (solid line) and 30 min after tetanus application (dotted line) in
cerebellar slices from RasGRF1 —/— vehicle- and THC-treated mice. Calibration: 25 pA, 25 ms.
D, Effect of chronic in vivo treatment with THC on ex vivo basal- and cAMP-stimulated PKA
activity in RasGRF1 —/— and +/+ cerebellum. Data are expressed as mean == SEM of at least
six mice in each group. n, number of samples for each group. *p << 0.05 vs vehicle; **p << 0.01
vs vehicle.

and vehicle-treated —/— mice (Fig. 7C). These results indicate
that the PKA-dependent LTP as well as the A1R-induced EPSCs
depression were abolished in RasGRF1 —/— mice, independently
of the chronic THC exposure.

Repeated cannabinoid exposure enhances the cAMP cascade
in several brain areas, leading to an upregulated PKA activity
(Rubino etal., 2000). In agreement with these data, chronic THC
exposure caused a significant increase of both active and total
PKA activity (see Materials and Methods for details) in the cere-
bellum of wild-type mice, which was not detectable in RasGRF1
—/— mice (Fig. 7D). It is worth noting that both active and total
PKA activities were higher in RasGRF1 —/— relative to +/+
vehicle-treated animals (active PKA: vehicle —/—, 970 = 85 vs
vehicle +/+, 485 * 35, p < 0.01; total PKA: vehicle —/—, 2190 =
140 vs vehicle +/+, 1135 * 166, p < 0.01; PKA activity is ex-
pressed as picomoles of ATP per minute per milligram of
protein).
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Altogether, this evidence points to alterations of the basal
CBIR- and cAMP-mediated signaling in RasGRF1—/— mice.

Pharmacological inhibition of the ERK pathway prevented
chronic THC-induced alterations of cerebellar synaptic plasticity
The results obtained in RasGRF1 —/— mice suggest a role of the
ERK pathway in the alterations of cerebellar synaptic plasticity
caused by repeated THC exposure. However, the basal differ-
ences in release probability and the lack of the PKA-mediated
LTP described in this mouse model, together with possible devel-
opmental effects of gene knock-out, prompted us to confirm the
involvement of the ERK cascade in the observed phenomena by a
pharmacological approach.

In wild-type mice, the in vivo pretreatment with SL327 (50
mg/Kg), a drug that crosses the blood—brain barrier and prevents
the activation of ERK by inhibiting MEK (Atkins et al., 1998;
Derkinderen et al., 2003), prevented the enhancement of PF-PC
short-term synaptic plasticity (Fig. 8A) and the facilitation of
mGluR1-mediated EPSCs, induced by chronic THC treatment
(Fig. 8 B). Additionally, inhibition of the ERK cascade during the
chronic THC treatment blocked the A1R-dependent synaptic de-
pression seen in tolerant mice (Fig. 8C). After pretreatment with
SL327, tetanic stimulation of PF (8Hz, 15 s) elicited a clear EPSCs
LTP in cerebellar slices from THC-exposed mice (Fig. 8C).

Discussion

Cerebellar circuits are major neurobiological substrates for the
chronic effects of THC and for the expression of THC withdrawal
in vivo (Rubino et al., 2000; Tzavara et al., 2000; Ghozland et al.,
2002; Maldonado and Rodriguez, 2002).

There is substantial evidence of changes in cerebellar CBIR
molecular adaptations and modifications in receptor signaling
taking place after prolonged THC exposure (Martin et al., 2004;
Rubino et al., 2004). However, little is known about the effects of
chronic THC treatment on cerebellar synaptic plasticity, which
may contribute to the development of behavioral tolerance. Here,
we demonstrated that neurophysiological adaptive mechanisms
occur at cerebellar PF-PC synapses after repeated THC adminis-
tration and that such neuroadaptations are dependent on the
ERK pathway activation. These alterations deregulate the physi-
ological long-term synaptic plasticity between PF and PC, poten-
tially affecting cerebellar functions.

Tolerance results from compensatory mechanisms that main-
tain equilibrium by reducing drug effects (Berke and Hyman,
2000). In rat cerebellar slices, acute CB1R activation presynapti-
cally suppresses PF synaptic inputs to PC (Levenes et al., 1998;
Daniel et al., 2004). We have shown that chronic THC adminis-
tration induced a potentiation of the synaptic transmission be-
tween PF and PC, persisting for at least 24 h after drug injection.
This phenomenon was expressed at the presynaptic site, as in-
ferred from the decreased PPF ratio measured in tolerant mice.
The reduction in PPF, indicating an increased release probability
(p,) (Stuart and Redman, 1991), was likely to be dependent on
CBI1R activation, because it was fully blocked by in vivo pretreat-
ment with the CBIR antagonist SR141716A. Although there is
evidence for multiple types of cannabinoid receptors in the CNS
(Begg et al., 2005; Hoffman et al., 2005), CB1R is present at high
levels in the presynaptic boutons of cerebellar granule cells (Pettit
et al., 1998; Tsou et al., 1998; Kawamura et al., 2006). Addition-
ally, in the cerebellum, CBI1R is responsible for cannabinoid-
dependent suppression of excitatory transmission (Kawamura et
al.,, 2006) and for several forms of endocannabinoid (eCB)-
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mediated synaptic plasticity (Kreitzer and
Regehr, 2001; Safo and Regehr, 2005).
p,is a function of modulation of synap-
tic vesicle exocytosis by second-messenger
activated protein kinases (Salin et al., 1996;
Zucker and Regehr, 2002; Leenders and
Sheng, 2005). The higher p, observed in
THC-treated mice may be caused by the
upregulation of the cAMP/PKA pathway
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occurring in the cerebellum during canna-
binoid tolerance (Rubino et al., 2000). The
present results are consistent with reports
of a PKA-dependent increase of transmit-
ter release after prolonged exposure to
other drugs of abuse (Bonci and Williams,
1997; Melis et al., 2002). However, we can-
not exclude that the increase in p, may be
dependent on the THC-induced activa-
tion of the Ras/ERK pathway (Valjent et
al., 2000, 2001, 2004; Derkinderen et al.,
2003). Recent reports demonstrate that ac-
tivation of Ras/ERK signaling enhances
docking of synaptic vesicle to active zones, thereby leading to an
increase in the size of the readily releasable pool of vesicles (Kush-
ner et al., 2005; Seeger et al., 2005).

A repetitive stimulation of PF-PC synapses is required for
glutamate spillover into perisynaptic and extrasynaptic space,
where it activates postsynaptic mGluR1 (Reichelt and Knopfel,
2002). The facilitation of the mGluR1-mediated EPSCs that we
observed in tolerant mice may therefore be explained by the in-
crease in p,.

mGluR1 activation in PC is essential for long-term depression
and motor coordination (Aiba et al., 1994; Conquet et al., 1994).
Although THC-treated mice did not exhibit an altered LTD, fa-
cilitation of mGluRl may interfere with the postsynaptic
mGluR1-dependent signaling. Synaptic activation of mGluR1
and the elevation of postsynaptic Ca>" induce eCB biosynthesis
and release (Brenowitz and Regehr, 2005). Depolarization-
induced suppression of excitation (DSE) (Kreitzer and Regehr,
2001) relies instead on eCB release that is triggered by membrane
depolarization, differing from eCB release induced by synaptic
activation (Safo and Regehr, 2005). In THC tolerant mice, the
facilitation of mGluR1-mediated EPSCs, together with the func-
tional tolerance to the effects of the CB1R agonist CP55,940, may
have different implications for these forms of synaptic plasticity
that involve eCB signaling. The effects of chronic THC treatment
on the eCB-mediated synaptic plasticity have not been analyzed
here and are matter of a future investigation.

The PE-PC synapse displays a PKA-dependent type of LTP
(Salin et al., 1996). In THC-tolerant mice, activation of the
cAMP/PKA pathway by forskolin or by brief tetanic stimulation
induces an adenosine A1R-mediated inhibition of synaptic re-
lease, instead of triggering LTP. Adenylyl cyclase activation by
forskolin causes intracellular cAMP accumulation, transport,
and conversion into adenosine by extracellular phosphodiester-
ase activity (Rosenberg and Dichter, 1989; Rosenberg et al., 1994;
Rosenbergand Li, 1995). Adenosine, originating from the metab-
olism of intracellular cAMP, may also be released after synaptic
stimulation (Mitchell et al., 1993). An increase of extracellular
adenosine after the activation of adenylyl cyclase has been re-
ported in several brain areas as a consequence of the upregulation
of the cAMP cascade after chronic administration of drugs of
abuse (Bonci and Williams, 1997; Chieng and Williams, 1998). In
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In vivo SL327 pretreatment prevented chronic THC-induced alteration of PF-PC cerebellar synaptic plasticity. 4,
Summarized magnitude of paired-pulse responses (mean = SEM) measured at five interstimulus intervals (50, 100, 150, 200, and
250 ms) in slices from SL323 pretreated mice exposed to chronic vehicle (Veh) or chronic THC. The number of cells analyzed are as
indicated. B, Averaged Input—output curves (mean = SEM) for slow mGluR1-mediated EPSCs (M, SL327+veh; O,
SL327+THC). Current amplitudes were normalized to the response evoked by a train of 10 stimuli. C, Averaged time courses of
tetanus induced changes in normalized EPSCs (mean == SEM) for four and five Purkinje neurons recorded in cerebellar slices
originating from SL323 pretreated mice exposed chronically to vehicle (Hl) or to THC (O). [J, The average time course of
normalized EPSCs already shown in Figure 6 in non-SL327-pretreated mice exposed only to chronic THC and reported here for
comparison. Tetanus (8 Hz, 15 s) was given at t = 10 min (indicated by the arrow). Traces were acquired every 0.033 Hz and averaged

our experiments, the selective A1R antagonist DPCPX did not
influence basal PF-PC synaptic transmission, indicating that the
extracellular adenosine tone was not elevated in THC tolerant
mice. However, the tetanus-induced depression of EPSCs was
fully prevented by DPCPX application. After chronic THC treat-
ment, the increase of cAMP might lead to an accumulation of
intracellular adenosine that can be released in response to tetanic
stimulation.

The contribution of the AIR to PF-PC long-term synaptic
plasticity is of particular relevance. First, it suggests a functional
interaction between cerebellar A1R- and CB1R-mediated signal-
ing that may play a role in the behavioral tolerance to the THC-
induced locomotor effects. Additionally, this interaction gener-
ates a form of pathological synaptic plasticity in THC tolerant
mice, where brief tetanic stimulation induced LTD instead of
LTP at the PF-PC synapse. Considering the possible function of
presynaptic parallel fiber LTP during motor learning (Du et al.,
1995; Perrett and Mauk, 1995; Kim and Thompson, 1997; Hansel
etal.,2001), the conversion of LTP into a form of A1R-dependent
LTD may have profound consequences for cerebellar informa-
tion processing.

ERK regulates cerebellar and striatal CB1R receptor plasticity
(desensitization and downregulation) underlying the tolerance
to the THC-induced hypomotility (Rubino et al., 2004, 2005). As
inferred from behavioral and biochemical work performed on
RasGRF1 knock-out mice (Rubino et al., 2004) and on SL327
pretreated wild-type mice (Rubino etal., 2005), ERK activation is
not necessary for triggering the acute effects of THC but is re-
quired for the chronic ones (Rubino et al., 2004, 2005). It has
been recently proposed that THC-induced ERK activation would
lead to phosphorylation of target proteins relevant for CBIR de-
sensitization and internalization (Rubino et al., 2006). As sug-
gested for other G-protein-coupled receptors (GPCRs) (Schmidt
etal., 2000; Trincavelli et al., 2002), ERK activation may represent
an initial signal for CB1R desensitization. Our results indicate
that ERK activation is also relevant for the emergence of the
PE-PC synaptic alterations induced by repeated THC exposure.
Mice lacking RasGRF1, a Ras/ERK pathway activator, do not
develop tolerance to the THC hypolocomotor effect or show cer-
ebellar CB1R modifications after chronic treatment with THC
(Rubino et al., 2004, 2005). Similarly, in RasGRF1 —/— animals,
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repeated THC treatment did not affect either PF-PC synaptic
properties or the PF-PC synaptic response to the inhibitory ac-
tion of CP55,940. RasGRF1 —/— mice are basally different from
wild type in some biochemical and functional features. They
show alower coupling efficacy between cerebellar CB1Rs and the
Gi/o proteins (Rubino et al., 2005) compared with wild type,
which may account for the basal reduced sensitivity of PF-PC
synapses to CP55,940. In RasGRF1 —/— mice, basal p, values
measured at PF-PC synapses was higher relative to control mice.
PKA-dependent LTP was also impaired in RasGRF1 —/— mice,
both in vehicle- and THC-treated animals, suggesting an altered
cAMP/PKA-mediated signaling in this mouse model. This hy-
pothesis is supported by our results showing that RasGRF1 —/—
mice displayed higher levels of PKA activity relative to wild-type
animals.

The ERK-dependent modulation of PF-PC synaptic plasticity
after chronic THC exposure is further confirmed by the results
obtained in SL327-treated mice. The pharmacological inhibition
of ERK during chronic THC exposure prevented the alterations
in PF-PC synaptic plasticity described in THC tolerant mice, as
summarized in the model proposed in the supplemental Figure 4
(available at www.jneurosci.org as supplemental material). These
neurophysiological alterations of synaptic plasticity might be the
consequence of CBIR desensitization and/or originate from in-
dependent presynaptic mechanisms triggered by THC exposure,
including changes in gene expression.

In summary, this work reveals for the first time that prolonged
THC exposure induces ERK-dependent neuronal adaptations at
the PE-PC synapes that contribute to generate forms of patholog-
ical plasticity and might play a role in cannabinoid dependence.
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