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Abstract The endocannabinoid system (ECS) plays a
fundamental role in the regulation of synaptic transmission.
Exposure to stressful events triggers synaptic adaptations in
many brain areas. The activity of the ECS in stress-
responsive neural circuits suggests that it may be involved
in the behavioral responses and synaptic effects typical of
stress. In this review, we discuss evidence demonstrating
that striatal ECS is modulated by stress. Chronic stress
exposure alters endocannabinoid levels, cannabinoid CB1
receptor binding and cannabinoid CB1 receptor-mediated
control of inhibitory synaptic transmission in the striatum.
Recent studies have shown that impairment of endocanna-

binoid signalling is associated with inability to adapt to
chronic stress and to the development of maladaptive
behaviors. The ECS represents a novel potential pharma-
cological target to treat stress-associated neuropsychiatric
conditions.
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Introduction

Cannabis sativa is a psychoactive substance used recrea-
tionally worldwide for its relaxing and stress alleviating
properties. These emotional alterations are mostly mediated
by the ability of its constituent Δ9-tetrahydrocannabinol [1]
to interact with specific cannabinoid receptors throughout
the brain. Two receptors have been characterized and
cloned to date, CB1 and CB2 receptors. They are both G-
protein-coupled receptors that activate Galphai/o proteins
resulting in inhibition of adenylyl cyclase activity [2, 3]. In
addition, they activate mitogen-activated-protein kinases
and ion channels as A-type and inwardly rectifying
potassium channels and inhibit calcium channels activated
by membrane depolarizations [2–4].

The CB1 receptor is the predominant cannabinoid
receptor in the central nervous system [5, 6], but, at lower
expression levels, it has been found also in the periphery
such as blood vessels, immune cells, and reproductive
tissues [7–9]. The CB2 receptor is located mainly in
immune cells, such as macrophages [7] and microglia
[10], but evidence exists that it is also expressed in neurons
of the brainstem, cortex, and cerebellum [11, 12]. In
addition to these targets, some cannabinoids may exhibit
affinity for other receptor subtypes, such as transient
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receptor potential vanilloid 1 (TRPV1) receptors [13] or
transient receptor potential ankjrin 1 receptors [14],
peroxisome-proliferator-activated receptors [15] and non-
CB1/CB2 G-protein-coupled receptors GPR55 [16].

Several endogenous ligands of the cannabinoid recep-
tors, termed endocannabinoids, have been isolated
from brain tissues, anandamide (AEA, [17]) and
2-arachidonoylglycerol (2-AG, [18]) being the best charac-
terized. Both endocannabinoids are synthesized preferen-
tially postsynaptically by cleavage of phospholipidic groups
by specific enzymes, such as diacylglycerol lipase (DAGL)
for 2-AG, and a Ca2+-dependent N-acyltransferase together
with N-acylphosphatidylethanolamine-specific phospholi-
pase D (NAPE-PLD) for AEA [19]. Endocannabinoid
levels, therefore, are maintained by catabolic enzymes,
and namely by the fatty acid amide hydrolase (FAAH) for
AEA and by the monoacylglyceride lipase (MAGL) for 2-
AG [20, 21] even if a recent study suggests the involvement
of FAAH in controlling 2-AG levels [22].

The endocannabinoids, synthesized “on demand” in
response to increased neuronal excitation or increased
intracellular calcium, act in a retrograde manner to activate
the presynaptic CB1 receptors and to inhibit neurotrasmitter
release [23, 24]. Endocannabinoid-mediated retrograde
control of synaptic activity has also been recently demon-
strated after activation of group I metabotropic glutamate
receptors [25, 26] or dopamine D2 receptors [27, 28]. The
neurophysiological consequences of the activation of CB1
receptors depend on the localization of these receptors in
various brain regions and the excitatory or inhibitory
pathways being stimulated. Hence, the clinical potential of
cannabinoid drugs is vast.

Alterations in the endocannabinoid system have been
found in many neuropsychiatric disorders, such as Hun-
tington’s disease [29, 30], Parkinson’s disease [31–33],
Alzheimer disease [34], multiple sclerosis [35, 36], chronic
migraine [37], schizophrenia [38], drug addiction [39, 40],
and major depression [41]. Furthermore, the presence of the
endocannabinoid system in stress-responsive neural cir-
cuits, as limbic structures and the striatum [3, 5, 6],
suggests that it may play a critical role in regulating
behavioral responses to stress and to stress-associated
neuropsychiatric conditions. In fact, the activation of the
endocannabinoid system (ECS) during stress modulates
complex responses, such as stress-induced analgesia [42],
escaping behavior [43], suppression of reproductive behav-
ior [44], and sensitivity to natural reward [45]. CB1
receptors are also involved in the extinction of aversive
memories through a selective inhibitory effect on the
amygdala [46].

The aim of this review is to describe the current state of
knowledge concerning the regulation of the ECS by stress
in the striatum. The striatum plays a central role in motor,

cognitive, and emotional functions modulated by stress [47,
48] and contains high levels of cannabinoid receptors
controlling both excitatory and inhibitory synaptic trans-
mission [3, 29, 40, 49, 50].

Furthermore, this review will also briefly discuss the
therapeutical implications of stress-induced alterations in
endocannabinoid signalling.

Effect of Stress on Striatal Endocannabinoid Levels

In vitro data demonstrated that both AEA and 2-AG
contents increase in hypothalamic tissue after application
of glucocorticoids [51], suggesting that stress could result
in a rapid induction of endocannabinoid signalling. Con-
versely, acute stress exposure (30 min of restraint stress)
failed to alter endocannabinoid levels in the ventral striatum
[52] and decreased them in other neural structures [52, 53].

Other studies have addressed the regulation of striatal
endocannabinoid levels under conditions of chronic stress.
The effects of repeated homotipic stress have been
examined in male mice exposed to five to ten daily sessions
of restraint stress for 30 min [52]. In this study, an opposite
pattern of AEA alteration has been described, since AEA
content was significantly elevated in the ventral striatum
following 10 but not 7 days of repeated restraint stress,
whereas 2-AG content was reduced following 7 but not
10 days of this treatment. Since it has been hypothesized
that glutamatergic synapses are primarily controlled by
AEA while GABAergic terminals by 2-AG [54, 55] and it
has demonstrated that AEA can inhibit 2-AG-mediated
control of GABAergic transmission [56], the changes of the
two endocannabinoids in opposite direction could result in
enhanced GABAergic tone of synaptic transmission. The
implications of this change are not clear at this stage, but it
could reflect the habituation process of behavioral
responses that usually occurs after repeated homotipic
stress.

A different pattern of ECS-stress interaction has been
seen when animals are exposed to chronic unpredictable
and varying stress regimens. These protocols are associated
with hypersecretion of glucocorticoids and lack of habitu-
ation [57]. In the study by Hill and coworkers [58],
exposure of rats for 21 days to chronic unpredictable stress
(CUS) reduced tissue content of AEA in ventral striatum
and in other brain regions. This finding stands in contrast to
an earlier study [59], in which CUS failed to affect AEA
and 2-AG contents in the ventral striatum (Table 1). It is
likely that methodological differences are responsible for
this discrepancy.

Reduction of cannabinoid activity could contribute to the
development of depression, by promoting maladaptive
responses to prolonged stress. In fact, the CUS model is
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considered as a valid model of depression, eliciting
abnormal behavioral and physiological responses reminis-
cent of those observed in depressed patients: alterations in
feeding and body weight, enhanced fearfulness, impaired
sleep architecture, and inadequate self-care [60].

Effects of Stress on Striatal Cannabinoid Receptors

The expression of cannabinoid CB1 receptors during con-
ditions of stress has been poorly investigated so far. Rade-
macher and coworkers [52] reported that exposure to 10 days
of repeated stress failed to affect CB1 receptor binding in the
ventral striatum. In contrast, exposure to CUS seems to lead to
different effects, since CB1 receptor binding site density was
reduced by CUS in the ventral striatum [58, 61]. Furthermore,
a recent report showed that no change occurred in striatal CB1
mRNA after 70 days of chronic mild unpredictable stress [59].
The differences in the duration of stress regimen could
account for these discrepant findings (Table 1).

Because of the diverse methodological approaches, it is
difficult to compare the alterations of the ECS that follow
chronic homotypic stress and those induced by chronic
heterotypic stress. However, the existing data seem to
suggest that disruption of the endocannabinoid signalling
may prevent adaptive responses and compromise the
habituation process during CUS. In line with this, the
antagonism of the CB1 receptor has been found to partially
reverse the habituation of behavioral activation and neuro-
endocrine responses in repeatedly stressed mice [43].
Moreover, mice lacking cannabinoid CB1 receptors showed
a complete absence of habituation of freezing behaviors
when exposed repeatedly to an audiogenic stressor [62].
Thus, deficiencies in the endocannabinoid signalling could
prevent the normally occurring adaptation to a repeatedly
presented aversive stimulus.

Functional Effects of Stress on Striatal
Endocannabinoid Transmission

The biochemical findings reported above suggest an
association between stress and endocannabinoid-mediated

neurotransmission in the striatum. We have found, by
means of neurophysiological recordings from single neu-
rons, a rearrangement of cannabinoid CB1 receptor-
mediated control of synaptic transmission in the dorsal
striatum of mice exposed to aggression [63]. We have
shown, in fact, that a social defeat stress paradigm, able to
induce anxiety-like behavior, impaired the sensitivity of
GABA synapses to CB1 stimulation. The presynaptic
inhibition of GABAergic inhibitory postsynaptic currents,
induced by the cannabinoid CB1 receptor agonist HU210,
was reduced after a single stressful episode, and fully
abolished after 3 and 7 days of stress exposure. We also
found that social stress altered the synaptic effects not only
of exogenous cannabinoids but also of endocannabinoids
mobilized in the striatum in response to mGlu 5 receptor
stimulation (Fig. 1). This finding provides support to the
notion that stress-induced alteration of cannabinoid trans-
mission may have relevant synaptic consequences during
the physiological activity of the striatum, mainly driven by
glutamate inputs originating from the cortex and the
thalamus.

Furthermore, the stress effect was specific for cannabinoid
receptors controlling GABA transmission, while the sensitiv-
ity of glutamate synapses to CB1 receptor stimulation was
unaltered, indicating a possible differential regulation of
distinct cannabinoid receptors. The synaptic alterations found
in the dorsal striatum after the stress paradigm were mimicked
by corticosterone injections and were prevented by the
glucocorticoid receptor antagonist RU486, indicating that
corticosteroids released in response to the activation of the
hypothalamic-pituitary-adrenal axis play a major role in the
synaptic defects of stressed animals [63].

We observed that the recovery of stress-induced synaptic
defects were accelerated after exposure to natural rewards
and to the psychostimulant cocaine [63], as well as to
caffeine [64] (Fig. 1). Enriched environment and novelty
exploration has been reported to accelerate the reversal of
stress-induced synaptic defects in the hippocampus, as well
[65, 66]. Therefore, the synaptic alterations induced by
stress in the nervous system are sensitive to the activation
of the central reward system. In addition, the integrity of
endocannabinoid signalling seems to be important for
maintaining reward salience, a phenomenon usually dimin-

Stress paradigm AEA 2-AG CB1 Reference

Restraint stress (30 min) – – n.d. Rademacher et al. [52]

CRS (7 days) – ↓ n.d. Rademacher et al. [52]

CRS (10 days) ↑ – – Rademacher et al. [52]

CUS (21 days) ↓ – ↓ Hill et al. [58]

CUS (21 days) n.d. n.d. ↓ Hillard et al. [61]

CUS (70 days) – – – Bortolato et al. [59]

Table 1 The effects of stress on
striatal content of endocannabi-
noids and CB1 receptors

AEA anandamide, 2-AG 2-
arachidonylglycerol, CRS
chronic restraint stress, CUS
chronic unpredictable stress, –no
change, ↓ reduction, ↑ increase,
n.d. not determined
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ished under conditions of protracted stress [67], while a
disruption of this neuromodulatory system could prevent
this adaptive response. In fact, acute treatment with a CB1
receptor agonist has been found to attenuate stress-induced
reduction in sucrose preference, while treatment with the
CB1 receptor antagonist rimonabant has been shown to
exacerbate it [45].

Effects of Stress on ECS in Other Brain Areas

The major system involved in the neuroendocrine stress
response is the hypothalamic-pituitary-adrenocortical (HPA)
axis. This system is critically regulated by ECS. According
to the “gatekeeper” hypothesis [53], endocannabinoid sig-
nalling negatively modulates stress-induced activation of
HPA axis. Under basal conditions, endocannabinoids within
the paraventricular nucleus of the hypothalamus inhibit
excitatory inputs to HPA. Their rapid decline after stress
exposure leads to an increased release of corticotropin-
releasing hormone into the portal blood, as well as of

adrenocorticotropic hormone from the anterior pituitary and
of corticosterone from the adrenals [53].

In line with the proposed role of ECS in the adaptation to
a repeated aversive stimulus, evidence exists that chronic
stress-induced deficits in cognitive flexibility are related to
impaired endocannabinoid signalling in the hippocampus
[68], another brain region involved in stress effects.

Of note, the ECS often cross-talks with the endovanilloid
system in stress-related brain areas [69]. AEA, in fact, is
also an important modulator of TRPV1 receptors [13],
leading to opposite effects via CB1 stimulation and TRPV1
stimulation on the control of glutamatergic signalling [55].
It also exerts an indirect control on GABAergic signalling
by counteracting metabolism and physiological effects of 2-
AG [56]. TRPV1 antagonism or genetic inactivation seems
to produce anxiolytic effects in rodents [70, 71]. By
contrast, TRPV1 channel has been proposed as a potential
target to facilitate LTP and suppress LTD, in turn protecting
hippocampal synaptic plasticity and spatial memory retriev-
al from the influence of acute stress [72]. Much research is
still needed to understand the exact role to ECS-
endovanilloid system in both physiology of the central
nervous system and in stress-related pathologic conditions.

Therapeutical Implication of Stress-induced Alterations
of the ECS

Since the ECS seems to be important for the maintenance
of stress adaptation and impaired endocannabinoid activity
is associated with maladaptive responses to stress, the
enhancement of endocannabinoid-mediated neurotransmis-
sion could be a pharmacological mean to induce and
preserve adaptive responses to stress. A poor stress
adaptation is related to the development of depression.
Thus, targeting cannabinoid CB1 receptors or endocanna-
binoid metabolism might be a valuable option to treat
stress-associated neuropsychiatric conditions and mood
disorders.

Several preclinical studies have suggested that agents
facilitating the endocannabinoid signalling exhibit antide-
pressant potential. Specifically, URB597, a FAAH activity
inhibitor, increased the amount of time spent by animals in
the open arms of an elevated maze [73], decreased plasma
corticosterone levels in restrained mice [53], enhanced
stress-coping behaviors in the forced swim test in rats, and
in the tail suspension test in mice [74]. This pharmacolog-
ical agent also attenuated the development of anhedonia
after repeated restraint stress [45] and normalized body
weight gain and sucrose intake in rats exposed to chronic
heterotypic mild stress [59]. Of note, indirect modulation of
ECS seems to have a more beneficial profile than direct
CB1 receptor agonism. In particular, FAAH inhibition does

Fig. 1 Overall scheme of the functional effects of stress on striatal
endocannabinoid transmission. The endocannabinoids, released in the
striatum after stimulation of mGlu 5 receptors by glutamate, act as
retrograde signals to limit GABA release through the stimulation of
presynaptic CB1 receptors. The draws on the bottom are examples of
the CB1-mediated inhibition of GABAergic currents (downward
deflections) that is present in control condition, abolished after chronic
stress exposure, preserved by natural rewards and psychostimulant
substances with rewarding properties such as cocaine and caffeine
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not cause hypothermia, catalepsy, or hyperphagia, three
typical signs of CB1 receptor activation [73].

Furthermore, several treatments which are beneficial to
depression, such as electroconvulsive shock and tricyclic
antidepressant consumption, increased CB1 receptor activ-
ity in subcortical neural structures [75, 76]. In addition,
CB1 receptors are required for the behavioral effects of
noradrenergic antidepressants [77]. Not surprisingly, there-
fore, recent clinical trials for obesity with rimonabant, a
CB1 receptor antagonist, have revealed a significant
increase in the percentage of patients reporting symptoms
of anxiety and depression [78, 79].

Conclusions

The ECS has an essential role in the regulation of synaptic
transmission. Dysregulation of the endocannabinoid signal-
ling in the striatum is associated with the effects of chronic
stress exposure and, in particular, with poor adaptation to
repeated adversive stimuli. A compromised habituation to
stress can contribute to the development of maladaptive
behaviors such as anhedonia and enhancement of endocan-
nabinoid activity by targeting uptake and metabolic enzyme
inhibitors might be a valuable option to treat stress-
associated neuropsychiatric conditions.
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