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The neuronal mechanisms underlying social withdrawal, one of the core negative symptoms of schizophrenia, are not well understood.

Recent studies suggest an involvement of the endocannabinoid system in the pathophysiology of schizophrenia and, in particular,

of negative symptoms. We used biochemical, pharmacological, and behavioral approaches to investigate the role played by the

endocannabinoid system in social withdrawal induced by sub-chronic administration of phencyclidine (PCP). Pharmacological

enhancement of endocannabinoid levels via systemic administration of URB597, an inhibitor of endocannabinoid degradation, reversed

social withdrawal in PCP-treated rats via stimulation of CB1 receptors, but reduced social interaction in control animals through activation

of a cannabinoid/vanilloid-sensitive receptor. In addition, the potent CB agonist CP55,940 reversed PCP-induced social withdrawal in a

CB1-dependent manner, whereas pharmacological blockade of CB1 receptors by either AM251 or SR141716 reduced the time spent in

social interaction in control animals. PCP-induced social withdrawal was accompanied by a decrease of anandamide (AEA) levels in the

amygdala and prefrontal cortex, and these deficits were reversed by URB597. As CB1 receptors are predominantly expressed on

GABAergic interneurons containing the anxiogenic peptide cholecystokinin (CCK), we also examined whether the PCP-induced social

withdrawal resulted from deficient CB1-mediated modulation of CCK transmission. The selective CCK2 antagonist LY225910 blocked

both PCP- and AM251-induced social withdrawal, but not URB597 effect in control rats. Taken together, these findings indicate that

AEA-mediated activation of CB1 receptors is crucial for social interaction, and that PCP-induced social withdrawal results from deficient

endocannabinoid transmission.
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INTRODUCTION

In Kraepelin’s and Bleuler’s conceptualizations of schizo-
phrenia, disturbances in social/emotional function are
considered the key feature of this pathology and referred
to as ‘fundamental’ over the ‘accessory’ (or positive)
symptoms. In agreement with this description, the negative
symptoms of schizophrenia are currently viewed as
the illness core of the disease and, together with the
cognitive deficits, they are considered the most significant
factor contributing to functional impairment (Foussias
and Remington, 2010; Milev et al, 2005). To date, the
pharmacotherapy of negative symptoms has been disap-
pointing, as second-generation antipsychotic medications
have not met the expectations, and the development
of more effective therapies has been inadequate (Hanson

et al, 2010). Thus, there is a need to understand the
pathophysiology of negative symptoms and translate
this knowledge into new therapies.
Although cannabis exposure has been associated with a

negative impact on the course and expression of psychoses
(Sewell et al, 2009), recent advances in the neurobiology of
the endocannabinoid system have provided an opportunity
to revisit the association between cannabinoids and
schizophrenia, particularly in the context of the negative
symptoms. For instance, polymorphisms of the CB1
receptor gene CNR1 have been associated with the
hebephrenic type of schizophrenia, which is characterized
by predominant negative symptoms, (Chavarria-Siles et al,
2008; Ujike et al, 2002) and the refractoriness to atypical
antipsychotics (Hamdani et al, 2008). In addition, the
observation that the endocannabinoid anandamide (AEA) is
elevated in the cerebrospinal fluid (CSF) of drug-naive
schizophrenics and inversely correlated to negative
symptoms (Giuffrida et al, 2004) indicates that this
endogenous cannabinoid may have a protective role.
Chronic administration of phencyclidine (PCP) in

rodents has been widely used to model schizophrenia as it
mimics the complex clinical and pathological features of
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this disease (Enomoto et al, 2007). Also, PCP-treated rats
represent the best pharmacological model of social with-
drawal (negative symptom) in term of construct, face, and
predictive validity (Gururajan et al, 2010). We previously
showed that systemic administration of URB597, a drug that
increases AEA levels by blocking its catabolic enzyme fatty-
acid amide hydrolase (FAAH), reverses PCP-induced social
withdrawal (Seillier et al, 2010), thus strengthening the idea
that cannabinoid compounds could attenuate negative
symptoms. URB597, however, has been shown to impair
social interaction in control rats (Seillier et al, 2010). In
keeping with these observations, while chronic cannabis
consumption ameliorated negative symptoms in schizo-
phrenic patients (Compton et al, 2004; Dubertret et al,
2006), an amotivational syndrome, strikingly similar to the
negative symptoms of schizophrenia, has been described in
non-schizophrenic chronic cannabis users (Sewell et al,
2009). These data suggest that cannabinoids differentially
affect not only the negative and positive symptoms of
schizophrenia, but also distinct subject populations (healthy
vs schizophrenic).
In this study, we investigated the biochemical and

pharmacological mechanisms underlying the diverging
effects of URB597 on social interaction in control vs
PCP-treated animals, with the intent to elucidate the role
played by the endocannabinoid system in the negative
symptoms of schizophrenia.

MATERIALS AND METHODS

Subjects

Male Wistar rats (200–225 g; Charles River Laboratories,
Wilmington, MA, USA) were housed at 22±1 1C, under a
12-h light-dark cycle with food and water available
ad libitum, and habituated to the housing conditions
for 1 week before the experiments. Animals were treated
sub-chronically (twice a day for 7 days) with either vehicle
(saline, 1ml/kg) or PCP (5mg/kg) via intraperitoneal route
(i.p.) and tested 7 days after the last drug injection (Seillier
et al, 2010). All experiments were carried out in accordance
with the National Institute of Health Guide for the Care
and Use of Laboratory Animals, and approved by the
Institutional Animal Care and Use Committee of the
University of Texas Health Science Center at San Antonio.

Social Interaction Paradigm

Social interaction testing was carried out during the light
portion of the light-dark cycle, using a procedure previously
described (Seillier et al, 2010; Supplementary Materials
and Methods). Rats received an acute injection of the
cannabinoid testing drug 1 h before being placed into an
unfamiliar arena, and their behavior was videotaped for
60min. The total time spent by each rat in investigative
sniffing, following, climbing, and aggression was recorded
by an experimenter blind to the study.

Pharmacological Studies

To enhance AEA tone, we used the FAAH inhibitor URB597
(0.1, 0.3, or 1.0mg/kg, i.p.; synthesized by the Southwest

Research Institute, San Antonio) dissolved in Tween-
80:polyethylene glycol:physiological saline (0.9%; 5 : 5 : 90,
respectively; vehicle 1). Doses and time of injection were
chosen from previous in vivo studies (Seillier et al, 2010).
The CB agonist CP55,940 (Tocris) was dissolved in vehicle 1
and administered at a dose (0.01mg/kg, i.p.) selected to
have no deleterious effect on social interaction (Genn et al,
2004). The CB1 antagonists AM251 (0.3, 1.0, and 3.0mg/kg,
i.p.; Cayman Chemical) and SR141716 (0.1, 0.3, and
1.0mg/kg, i.p.; synthesized by the Southwest Research
Institute) and the TRPV1 antagonist capsazepine (CPZ; 1,
3, and 10mg/kg, i.p.; Ascent) were dissolved in vehicle 2.
The cholecystokinin (CCK)2 antagonist LY225910 (LY; 0.02,
0.05, and 0.1mg/kg, i.p.; Tocris) was dissolved in vehicle 1.
The dose of antagonist suitable for each pharmacological
study (subthreshold dose) was determined through
dose–response curves in control animals (Supplementary
Figures S1 and S2A).

Biochemical Studies

Immediately after the social interaction test, animals were
anesthetized with halothane, their brains rapidly collected,
frozen in 2-methylbutane (� 45 1C), and stored at � 80 1C
until use. Frozen brains were placed on a stainless steel
mould (Roboz; Rockville, USA) kept at � 17 1C and sliced
into 1-mm coronal sections using razor blades to dissect out
the following brain areas: amygdala, medial prefrontal
cortex (mPFC; prelimbic and infralimbic cortices),
nucleus accumbens (NAc), and caudate-putamen (CPu).
Tissue samples were spiked with 50 pmol of [2H4]AEA,
[2H4]oleoylethanolamine (OEA), and [2H5]-2-arachidonyl
glycerol (2-AG; internal standards) and processed as
previously described (Hardison et al, 2006). Briefly, lipids
were extracted by adding methanol/chloroform/water
(1 : 2 : 1, v/v/v), and the chloroform layer was further
purified by solid phase extraction using C18 Bond Elut
cartridges (100mg; Varian, USA). Endocannabinoid-
containing fractions were analyzed by gas chromato-
graphy/chemical ionization mass spectrometry (GC/MS),
using an isotope dilution assay.

Western Blots

Tissue samples (amygdala and mPFC; see above) were
homogenized in ice-cold lysis buffer containing 50mM
Tris-HCl, 100mM NaCl, 0.1% Triton X-100, 0.1% SDS,
1mM Na3VO4, 10mM NaF, 1mM EDTA, and 1% protease
inhibitor cocktail (Sigma Chemical, St. Louis, USA) and
centrifuged at 16000 g for 30min at 4 1C. Equal amount
of protein (20 mg) were resolved by SDS–PAGE (10%),
transferred onto PVDF membranes (0.2 mm), and incubated
for 1 h in 5% fat-free milk in Tris buffer salineþ 0.05%
Tween-20 (TBS-T buffer) at room temperature. Membranes
were then incubated overnight at 4 1C using the following
primary antibodies: anti-N-arachidonyl phosphatidyletha-
nolamine phospholipase D (NAPE-PLD; 1 : 200; Cayman
Chemical), anti-FAAH (1 : 500; Cayman Chemical), anti-CB1
(1 : 500; kindly provided by Dr Ken Mackie), anti-PKA
(1 : 1000; Cell Signaling), anti-phosphorylated PKA (pPKA;
1 : 1000; Cell Signaling), and anti-b-actin (1 : 10000;
Sigma Chemical). After three 5-min washes in TBS-T,
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membranes were incubated with the appropriate secondary
horseradish peroxidase-linked antibodies (1 : 2000; Santa
Cruz) for 60min at room temperature. Protein bands were
visualized using the ECL kit (Amersham, GE Healthcare,
Buckinghamshire, England) followed by exposure to X ray.
Band immunoreactivity was quantified by densitometry
using NIH image software.

Statistical Analysis

Western blot data were analyzed by one-way ANOVA
with Treatment (saline, PCP) as between-subject factor.
Data from the GC/MS analyses were analyzed by two-way
ANOVA with Treatment (saline, PCP) and Drug (vehicle,
URB597) as between-subject factors for each brain area
investigated. The behavioral data were analyzed by one-way,
two-way, or three-way ANOVA, according to the experi-
mental design. The Newman-Keuls test was used for post
hoc comparisons when required. The level of significance
was set at po0.05.

RESULTS

FAAH Inhibition Reverses PCP-Induced Social
Withdrawal

PCP-treated rats spent less time in social interaction,
showing a decrease in the number of sniffing and climbing
episodes, as previously reported (Seillier et al, 2010;
Supplementary Table S1). Systemic administration
of URB597 (0.1 and 0.3mg/kg) reversed PCP-induced social
withdrawal, with the exception of the highest dose
(1mg/kg), whereas it significantly reduced social interaction
in saline-treated rats at all the doses tested (Figure 1a). As
pharmacological blockade of FAAH by URB597 enhances
AEA efficacy at TRPV1 receptors, which exert neuromodu-
latory actions opposite to those of CB1 receptors, we
assessed whether pretreatment with either the CB1 antago-
nist AM251 (1mg/kg) or the TRPV1 antagonist CPZ
(10mg/kg) could affect URB597 (0.3mg/kg) actions on
social interaction. AM251 reversed URB597 effect in PCP-,
but not in saline-treated rats, whereas CPZ blocked
URB597-induced deficit in saline-treated rats, but not its
beneficial action in PCP-treated rats (Figure 1b). Neither
AM251 nor CPZ reversed PCP-induced social withdrawal
(Figure 1b). As previous work has suggested the existence of
a cannabinoid-/vanilloid-sensitive receptor (Hajos and
Freund, 2002), which is blocked by CPZ but not AM251,
we tested whether SR141716, a drug that antagonizes both
receptors (Pistis et al, 2004; Supplementary Figure S2),
could mimic the effect of CPZ. SR141716 (0.1mg/kg)
reversed URB597-induced deficit (Figure 1c), suggesting
the involvement of the cannabinoid-/vanilloid-sensitive
receptor in the deleterious effect of URB597 in saline-
treated rats. In an independent set of experiments, we
assessed whether the inability of URB597 to reverse PCP-
induced social withdrawal at the dose of 1mg/kg could be
attributed to the recruitment of this receptor, which is
different from TRPV1 or CB1 receptors. As shown in
Figure 1d, the PCP-induced social withdrawal was
completely prevented by coadministration of URB597 and
CPZ, and this beneficial effect was CB1-dependent, as it was

blocked by AM251. AM251 did not affect the inability of
URB597 to reverse PCP-induced social withdrawal in the
absence of CPZ (data not shown). Taken together, these
data suggest that enhancement of endocannabinoid levels is
sufficient to reverse the PCP-induced social interaction
deficit.
As URB597 reverses PCP-induced deficit in a CB1-

dependent manner, social withdrawal in PCP-treated rats
might result from deficient CB1 stimulation. As in the case
of CB1 knock-out mice, which shows decreased social
interaction (Haller et al, 2004; Uriguen et al, 2004),
pharmacological blockade of CB1 receptors in saline-treated
rats with AM251 produced a dose-dependent social
withdrawal (Figure 2a), confirming that CB1 activation
contributes to social interaction. In agreement with this
hypothesis, systemic administration of the potent CB
agonist CP55,940, at a dose that does not affect social
interaction in controls (0.01mg/kg), reversed social with-
drawal in PCP-treated rats in a CB1-dependent manner
(Figure 2b).

Endocannabinoid Transmission is Altered in
PCP-Treated Rats Engaged in Social Behavior

As CB1 receptor expression is not altered in PCP-treated
rats (Guidali et al, 2011; Seillier et al, 2010; Supplementary
Figure S3), we investigated whether PCP-induced social
withdrawal was accompanied by decreased endocannabi-
noid mobilization. Endocannabinoid levels are not altered
in PCP-treated rats under resting conditions (Seillier et al,
2010), and given the fact that they are produced ‘on
demand’, we quantified AEA and 2-AG by MS immediately
after the end of the social interaction test. Using this
approach, we observed lower AEA levels in either the mPFC
(Figure 3a left panel) or amygdala (Figure 3b left panel) of
PCP-treated rats vs saline-treated controls. AEA levels in
PCP-treated rats engaged in social interaction were similar
to those reported in saline-treated rats under resting
conditions (Figure 3, dashed line). PCP-treated rats also
showed a significant AEA elevation in the NAc (Figure 3c
left panel), but no changes in other brain regions (eg, CPu;
Figure 3d left panel). Application of URB597 (0.3mg/kg)
enhanced AEA levels throughout the brain areas examined
(Figure 3), thus compensating for the AEA deficit observed
in the mPFC and amygdala of PCP-treated rats (Figure 3a
and b). In particular, a nonlinear regression analysis
revealed the existence of a curvilinear relationship between
the AEA levels in the amygdala and time spent in
social interaction (R2¼ 0.5571; Supplementary Figure S4),
suggesting an association between intermediate concentra-
tions of AEA and optimal social interaction (as in control
animals). On the other hand, lower or higher levels of AEA
(as observed in PCP-treated rats or in saline-treated animals
receiving URB597, respectively) were associated with a
social behavior deficit. In contrast, 2-AG levels (Figure 3
right panels) were incoherent with the behavioral pharma-
cology described in Figure 1b. Indeed, 2-AG was elevated in
both the NAc (Figure 3c) and CPu (Figure 3d) of PCP-
treated rats, and a similar trend was also observed in the
mPFC (Figure 3a). The deficient AEA production observed
in PCP-treated rats did not result from a decrease in the
expression of one of the putative AEA-synthesizing enzyme
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NAPE-PLD, which was instead increased in the mPFC
(Supplementary Figure S5), nor from increased expression
of the AEA catabolic enzyme FAAH (Supplementary

Figure S5). These data are consistent with previous
observations showing unaltered AEA levels in PCP-treated
rats under resting conditions (Seillier et al, 2010), as well as,
with the unchanged levels of OEA—another FAAH
substrate—in the mPFC and amygdala of PCP-treated
animals engaged in social interaction (Supplementary
Figure S6). Together, these findings suggest that in
this animal model the endocannabinoid system is not
dysfunctional, but inadequately recruited.

PKA Activation is Positively Correlated to AEA Levels

In most brain areas, endocannabinoid-dependent plasticity
has been generally attributed to 2-AG. In the amygdala,
however, endocannabinoid-mediated plastic changes have
been shown to involve AEA release through activation
of a cyclic adenosine monophosphate-protein kinase A
(cAMP-PKA)-dependent pathway (Azad et al, 2004). As
PCP-treated rats undergoing social interaction showed
reduced AEA mobilization in this area, we investigated
whether this phenomenon could be linked to decreased
PKA phosphorylation (ie, activation). PCP-treated rats
showed a higher PKA expression in the amygdala compared
with saline-treated controls (Figure 4a), which was nega-
tively correlated with AEA changes (Figure 4b; Pearson’s
r¼ � 0.69, po0.05). However, pPKA did not differ between
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the two experimental groups (Figure 4a). In the mPFC, the
other brain area showing decreased AEA, we found a trend
(p¼ 0.065) toward higher PKA levels in PCP- vs saline-
treated rats (Figure 4c) and a significant decrease of pPKA
in the former group (Figure 4c), which was positively
correlated with AEA changes (Figure 4d; Pearson’s r¼ 0.71,
po0.05).

PCP-Induced Social Withdrawal Results from Deficient
CB1 Receptor Stimulation

Our observations suggest that PCP-induced social
withdrawal is likely due to reduced AEA-induced activation
of CB1 receptors in brain areas relevant to social interaction.
To address this hypothesis, we examined whether
AM251- and PCP-induced social withdrawal shared a
similar molecular mechanism. Anatomical and electrophy-
siological studies carried out in rodents have shown that
CB1 receptors are primarily located on the presynaptical
terminals of GABAergic interneurons expressing the
anxiogenic neuropeptide CCK. This expression pattern has
been observed in many brain regions, including the mPFC
(Marsicano and Lutz, 1999) and amygdala (Ramikie and

Patel, 2011), in which CB1 stimulation decreases GABA
(Antonelli et al, 2009) and CCK (Beinfeld and Connolly,
2001) release. CCK has an important role in the neuro-
biology of anxiety, and administration of CCK2 receptor
antagonists to rats can enhance social interaction
(Supplementary Figure S1). Given these premises, we
hypothesized that the AM251-induced social withdrawal in
normal rats might result from the inability of endocanna-
binoids (possibly AEA) to stimulate CB1 receptors and
consequently reduce CCK2 receptor activation during
social interaction. In agreement with this hypothesis,
systemic injection of the CCK2 antagonist LY225910, at a
dose (0.05mg/kg) that did not alter social interaction in
control rats (Supplementary Figure S1), fully blocked the
AM251-induced deficit (Figure 5). Similarly, LY225910 also
reversed the PCP-induced social withdrawal, whereas it
had no effect on the URB597-induced social withdrawal
in saline-treated animals, which is CB1 independent.
These data indicate that CCK2 activation is an important
downstream component of CB1-mediated modulation
of social behavior, and foremost that both AM251- and
PCP-induced social withdrawal result from a deficit in CB1
stimulation.
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DISCUSSION

Clinical investigations on the negative symptoms of
schizophrenia have been challenged by the lack of under-
standing of the underlying pathophysiology and the limited
availability of adequate animal models. In this study, we
showed that social withdrawal, a behavioral correlate of the
negative symptoms of the disease, resulted from deficient
endocannabinoid-induced activation of CB1 receptors.
PCP-induced social withdrawal was alleviated either
directly, by activating CB1 receptors via the cannabinoid
agonist CP55,940, or indirectly by elevating endocannabi-
noids via pharmacological inhibition of their degrading
enzyme. By contrast, administration of the FAAH inhibitor

URB597 to PCP-free rats elevated brain AEA above control
levels, leading to social withdrawal through the recruitment
of a cannabinoid-/vanilloid-sensitive receptor, different
from TRPV1 or CB1 receptors. Collectively, these results
suggest that alterations in endocannabinoid transmission
have a role in the pathophysiology of the negative
symptoms, or at least in social withdrawal.
According to the ‘cannabinoid hypothesis’ of schizophre-

nia, overactivity of the endocannabinoid system contributes
to the hyperdopaminergic and hypoglutamatergic transmis-
sion underlying the positive and negative symptoms,
respectively. As a corollary to this hypothesis, pharmaco-
logical blockade of CB1 receptor via the CB1 antagonist
SR141716 (Rimonabant) was assumed to improve
schizophrenic symptoms in humans. Instead, the outcome
of this clinical trial was disappointing, as no symptom
improvement was obtained over placebo controls (Meltzer
et al, 2004). On the other hand, as already observed in
previous studies showing an association between cannabis
intake and reduced negative symptomatology (Compton
et al, 2004; Dubertret et al, 2006), administration of the
cannabinoid agonist dronabinol (synthetic D-9-tetrahydro-
cannabinol) ameliorated symptoms in a small group of
treatment-resistant schizophrenics (Schwarcz et al, 2009).
The possibility that overactive CB1 receptors might account
for the emergence of schizophrenic symptoms has also been
challenged. Indeed, although initial postmortem studies
showed increased CB1 binding in cortical areas of schizo-
phrenic patients (Dean et al, 2001; Zavitsanou et al, 2004),
more recent measurements of CB1 mRNA or protein have
not confirmed this putative upregulation (Dalton et al, 2011;
Koethe et al, 2007; Uriguen et al, 2009), and found instead
decreased CB1 density in the dorsolateral prefrontal cortex
(Eggan et al, 2008). Moreover, CB1 abnormalities have been
related to specific schizophrenia subtypes, as suggested by
the association of some polymorphisms of the CB1 receptor
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gene CNR1 with the hebephrenic type of schizophrenia
(Chavarria-Siles et al, 2008; Ujike et al, 2002). On the same
line, Dalton et al (2011) showed that only paranoid
schizophrenics had higher CB1 levels in the dorsolateral
prefrontal cortex, whereas the disorganized and residual
subgroups had lower CB1 densities, as reported by Eggan
et al (2008). Finally, a recent imaging study has shown
that CB1 receptor binding is positively correlated with the
severity of positive symptoms, whereas patients with
reduced CB1 binding had more pronounced negative
symptomatology (Wong et al, 2010).
Our data support the idea that deficient, rather than

overactive, endocannabinoid transmission may contribute
to the expression of negative symptoms, or at least social
withdrawal. Indeed, we found that the ‘on demand’
production of AEA occurring during social interaction
(Trezza et al, 2012) is significantly reduced in PCP-treated
rats in brain areas relevant to social behavior, such as the
mPFC and amygdala. The resulting deficient CB1 activation
cannot be attributed to decreased CB1 expression, nor to
disrupted CB1 function/coupling, as neither one are affected
in our animal model (Seillier et al, 2010). Nevertheless,
disrupted CB1 expression/function has been reported in
other models of schizophrenia (Guidali et al, 2011). Also,
omega-3 fatty-acid deficiency, which is associated with the
negative symptoms of schizophrenia (Sethom et al, 2010),
has been shown to impair social exploration in mice by
reducing CB1 receptor function (Lafourcade et al, 2011).
These observations provide converging evidence that CB1
receptors contribute to the pathophysiology of schizophre-
nia. In our model, AEA levels were not altered under resting
conditions (Seillier et al, 2010), and the lack of changes in
the expression/function of CB1 receptor and metabolic
enzymes indicate that the endocannabinoid system of
PCP-treated rats is not dysfunctional (Seillier et al, 2010),
but inadequately recruited, possibly as a consequence of
altered upstream events (eg, attenuation of PKA signaling).
A similar scenario has been described, for example, after
cocaine exposure, which causes a reduction of the ability
of mGluR5 receptors to mobilize endocannabinoids
(Fourgeaud et al, 2004). Interestingly, PKA has been shown
to activate N-acyltransferase, an enzyme involved in the
biosynthesis of the AEA precursor N-arachidonyl-phospha-
tidyl-ethanolamine (Cadas et al, 1996), suggesting that
reduced PKA phosphorylation can lead to decrease AEA
synthesis.
In addition to the association between reduced endocan-

nabinoid transmission and social withdrawal in PCP-treated
rats, our study indicates that stimulation of CB1 receptors
can reverse the behavioral deficit in these animals.
In agreement with our data, a recent study showed that
self-administration of the cannabinoid agonist WIN55,212-2
attenuated PCP-induced deficits in sociability (Spano et al,
2010), strengthening the idea that CB1 stimulation reduces
the severity of the negative symptoms. Although these
findings are in line with the negative correlation between
CSF AEA levels and negative symptoms observed in
schizophrenic patients (Giuffrida et al, 2004), they contrast
with the observation that cannabis use precipitates psycho-
tic symptoms in vulnerable subjects (Sewell et al, 2009).
This discrepancy, however, may be attributed to unique
neurobiological mechanisms underlying the different

categories of schizophrenic symptoms (including cognitive
deficits), which can recruit the endocannabinoid system in
different ways. For example, although social withdrawal in
PCP-treated rats is associated with reduced CB1 activation,
working memory deficits in the same animals have been
linked to increased activity at CB1 receptors (Seillier et al,
2010). In addition, alterations of endocannabinoid
transmission in control animals via URB597, AM251, or
chronic WIN55,212-2 (Spano et al, 2010) produced
deleterious effects similar to those observed in PCP-treated
rats, suggesting that cannabinoid drugs trigger different
behavioral responses in distinct experimental groups, as in
the case of schizophrenics vs healthy subjects (Rentzsch
et al, 2011). Finally, chronic cannabis consumption has
been shown to attenuate negative symptoms in the
former group (Compton et al, 2004; Dubertret et al, 2006),
but to induce an ‘amotivational syndrome’ in the latter
(Sewell et al, 2009). This syndrome, which is reminiscent
of the negative symptomatology, might result from
CB1 desensitization or decreased endocannabinoid
mobilization due to chronic cannabis exposure (Di Marzo
et al, 2000).
Reduced amygdala–prefrontal functional connectivity has

been associated to emotional abnormalities in schizophre-
nia (Hoptman et al, 2010), which arise from increased
neuronal excitation over inhibition within specific micro-
circuitries (Lisman, 2011). This neuronal disinhibition may
result from functional alterations of perisomatic GABAergic
interneurons (primarily basket cells) containing either
the calcium-binding protein parvalbumin (PV) or the
neuropeptide CCK. Specifically, Curley and Lewis (2012)
have suggested an increased ratio of CCKþ to PVþ cells-
mediated activity, which may lead to a CCK-mediated
enhancement of neuronal excitability via facilitation of
glutamatergic transmission (Deng et al, 2010) and depres-
sion of GABA release from CCKþ interneurons (Lee and
Soltesz, 2010). This increased activity of cortical excitatory
neurons can impair social behavior, which in turn can
be rescued by elevating PVþ cell excitability (Yizhar et al,
2011). As CB1 receptors are predominantly expressed
on CCKþ terminals (Marsicano and Lutz, 1999; Ramikie
and Patel, 2011), and CB1 activation produces a selective
inhibition of these cells (Hentges et al, 2005), we postulated
that endocannabinoid-induced inhibition of CCKþ inter-
neurons is lost/reduced in PCP-treated rats, thus resulting
in social withdrawal (Supplementary Figure S7). In support
of this hypothesis, our study and other reports have shown
increased AEA (Trezza et al, 2012) and decreased CCK
levels (Panksepp et al, 2004) during social interaction in
normal rats. In PCP-treated rats, which are characterized by
deficient AEA mobilization, endocannabinoid elevation
back to control levels, or direct activation of CB1 receptors
or blockade of CCK2 receptors, reverses the social behavior
deficit. By contrast, when AEA concentration is increased
above control levels, as in the case of saline-treated animals
receiving URB597, AEA may lose its selective inhibitory
action on CCKþ interneurons and target the cannabinoid-/
vanilloid-sensitive receptor on excitatory terminals
(Pistis et al, 2004). A similar phenomenon has been
reported in the hypothalamus of mice where blockade of
AEA reuptake did allow this endocannabinoid to reach
glutamatergic inputs (Hentges et al, 2005).
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In conclusion, we propose that the negative symptoms
of schizophrenia are associated with a deficiency in CB1
receptor function. This observation may reconcile several
controversial findings and provide a new frame to under-
stand the cannabis self-medication hypothesis for negative
symptoms.
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