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Endocannabinoids and stress
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(Received 9 December 2010; revised 28 March 2011; accepted 5 May 2011)

Abstract
Endogenous cannabinoids play an important role in the physiology and behavioral expression of stress responses. Activation of
the hypothalamic–pituitary–adrenal (HPA) axis, including the release of glucocorticoids, is the fundamental hormonal
response to stress. Endocannabinoid (eCB) signaling serves to maintain HPA-axis homeostasis, by buffering basal activity as
well as by mediating glucocorticoid fast feedback mechanisms. Following chronic stressor exposure, eCBs are also involved in
physiological and behavioral habituation processes. Behavioral consequences of stress include fear and stress-induced anxiety
as well as memory formation in the context of stress, involving contextual fear conditioning and inhibitory avoidance learning.
Chronic stress can also lead to depression-like symptoms. Prominent in these behavioral stress responses is the interaction
between eCBs and the HPA-axis. Future directions may differentiate among eCB signaling within various brain
structures/neuronal subpopulations as well as between the distinct roles of the endogenous cannabinoid ligands. Investigation
into the role of the eCB system in allostatic states and recovery processes may give insight into possible therapeutic
manipulations of the system in treating chronic stress-related conditions in humans.
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Introduction

The endocannabinoid system

Cannabis sativa and its derivatives have been used

therapeutically and recreationally throughout the

world for millennia; however, until relatively recently,

the mechanisms mediating their effects remained

largely unknown. It was not until 1964 that D-9-

tetrahydrocannabinol (D9-THC) was isolated and

identified as the main psychoactive component of

cannabis (Goani and Mechoulam 1964). It was

initially assumed that the effects of D9-THC were

mediated through nonspecific mechanisms, such as

modulation of membrane fluidity; but, in the late

1980s, it was elucidated that cannabinoids exert their

effects by acting upon a membrane-bound, G-protein

coupled receptor (Hillard et al. 1985; Devane et al.

1988). Shortly thereafter, the cannabinoid type 1

(CB1) receptor was genetically identified and cloned

(Matsuda et al. 1990). It was found to be widely

distributed throughout most regions in the brain

and is considered the most abundant G-protein

coupled receptor in the central nervous system

(Devane et al. 1988; Herkenham et al. 1990, 1991;

Matsuda et al. 1990).

CB1 receptors are localized presynaptically and

their activation functions to inhibit adenylate cyclase

as well as to activate potassium channels and inhibit

N- and P/Q-type calcium channels; these are actions

which all serve to reduce excitability of the presynaptic

neuron and inhibit neurotransmitter release (Howlett

and Fleming 1984; Howlett 1987; Mackie and Hille

1992; Mackie et al. 1995; Twitchell et al. 1997).

A second cannabinoid receptor, the CB2 receptor, has

also been identified (Munro et al. 1993). The CB2

receptor is a G-protein coupled receptor and shares

some signaling characteristics with the CB1 receptor,

although its distinct and limited localization within

the brain indicates that it regulates processes that are

different from those regulated by the CB1 receptor

(Van Sickle et al. 2005).

Endogenous ligands that bind cannabinoid recep-

tors, collectively referred to as endocannabinoids

(eCBs), were identified not long after the discovery of
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the CB1 receptor. The most predominant and widely

investigated ligands are the arachidonate-derived

molecules, N-arachidonylethanolamine (anandamide;

AEA) and 2-arachidonoylglycerol (2-AG; Devane

et al. 1992; Sugiura et al. 1995). However, several

other endogenous molecules have been found to bind

cannabinoid receptors, such as noladin ether, olea-

mide, and virodhamine (Hanus et al. 2001; Porter

et al. 2002; Leggett et al. 2004). This review will focus

on the endogenous signaling molecules AEA and

2-AG, as their role in stress has been more thoroughly

investigated than that of other CB1 ligands.

Both AEA and 2-AG are produced postsynaptically

in a Ca2þ-dependent manner following neuronal

depolarization as well as upon activation of meta-

botropic receptors and stimulation of secondary

messenger mechanisms (Di Marzo et al. 1994; Stella

et al. 1997; Piomelli 2003). Rather than being stored

in vesicles like classical neurotransmitters, eCBs are

produced “on demand” following depolarization

of the postsynaptic neuron (Piomelli 2003). The

biosynthesis of 2-AG is mediated by the enzymes

phospholipase C and diacylglycerol lipases, but several

possible pathways seem to contribute to the synthesis

of AEA (Stella et al. 1997; Bisogno 2008). Upon

synthesis, eCBs cross the synapse in a retrograde

fashion toward the presynaptically located cannabi-

noid receptors. Figure 1 provides an exemplary model

of retrograde eCB signaling. Several lines of evidence

indicate the existence of an eCB transporter to assist

these hydrophobic molecules in crossing cellular

membranes, and although specific transport inhibitors

Figure 1. A hypothetical model of retrograde eCB signaling at a glutamatergic synapse. (a) Glutamate (Glu) is released at moderate levels

activating postsynaptic ionotropic glutamate receptors leading to an excitatory postsynaptic potential (EPSP). (b) Increased or prolonged

glutamate release additionally activates G-protein coupled metabotropic glutamate receptors (mGluR). A secondary messenger cascade leads

to the synthesis of eCB. (c) Newly synthesized eCBs travel back across the synapse to activate G-protein coupled CB1 receptors. (d) CB1

receptor activation inhibits further neurotransmitter release by blocking calcium Ca2þ influx into the presynaptic cell among other actions.

Glutamate release is downregulated and the EPSP is attenuated (figure modified from Moreira and Wotjak 2010).
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have been produced, no transport protein has been

identified (Lovinger 2007). eCB signaling is termi-

nated through reuptake mechanisms and enzymatic

degradation; AEA is hydrolyzed by postsynaptic,

membrane-bound fatty acid amide hydrolase

(FAAH), whereas 2-AG is predominantly hydrolyzed

by presynaptically localized monoacylglycerol lipase

(Cravatt et al. 1996; Egertová et al. 1998; Goparaju

et al. 1999; Dinh et al. 2002). Altogether, the eCB

system encompasses the cannabinoid receptor and its

endogenous ligands as well as the enzymatic machin-

ery involved in the synthesis and degradation of these

ligands and any putative transport molecules that may

assist in their movement within and between cells.

Stress and stressors

Stress for biological organisms is most fundamentally

described as a state of strain due to threatened

homeostasis (Cannon 1935). Selye (1950) first made

the important distinction between stressors and stress,

with stressors defined as stimuli and stress as the internal

state experienced by the organism upon exposure to a

stressor. Upon coining the term “homeostasis,”

Cannon (1935) referred to the relatively nonspecific

physiological consequences of exposure to physical

stressors such as cold, hypoxia, hypoglycemia, and

hemorrhage. In contrast, some potential stressors

require the individual to evaluate, through processing

by neural circuitry, their own coping abilities and

resources in the face of an environmental demand to

determine whether a stimulus is indeed a stressor

(Lazarus 1966; Lazarus and Launier 1978; Lazarus

and Folkman 1984). Psychological stressors may be

perceived as stressful to the individual even though

they do not directly disrupt physiological homeostasis.

Herman et al. (2003) referred to physical stressors as

“reactive” stressors, since they cause a direct disrup-

tion in homeostatic functioning, and psychological

stressors as “anticipatory” stressors, since they only

anticipate a homeostatic disruption based on either

prior experiences or species-specific predispositions.

Neural input for physical stressors originate from the

spinal cord and, in particular, from hindbrain regions,

which receive input from sensory fibers in the

periphery, whereas psychological stressors depend on

forebrain inputs from areas such as the prefrontal

cortex (PFC) and hippocampus (HPC), which are

necessary to evaluate the nature of a potential stressor

(Herman et al. 2003). Stressors such as forced

swimming, common in preclinical research, have a

psychological component to them, but also relatively

strong and direct physical consequences as well (i.e.

lowered body temperature and increased energy

consumption, respectively). Stressors such as

restraint, predator odor, or social defeat contain

some physical elements to them, but are more

psychological or “anticipatory” in nature. The current

review focuses on stressors with stronger psychological

vs. physical components in relation to eCB system

functioning.

Experimental stress protocols conventionally differ-

entiate between chronic and acute paradigms;

however, when duration and frequency of the stressor

exposure are taken into account, one can further

distinguish among several types of chronic stressors as

well. An acute protocol is a relatively brief one-time

exposure to a single stressor; whereas, a chronic

protocol can be either a prolonged one-time exposure

to a single stressor or a repeated exposure to either the

same (homotypic) or variable (heterotypic) stres-

sor(s). An example of a commonly used heterotypic,

repeated stressor is the chronic mild stress protocol

(CMS; Willner et al. 1987; Willner 1997). Chronic

stressor exposure typically involves some form of

habituation, which serves to dampen the detrimental

effects of a prolonged neurochemical stress response

as well as increase the psychological tolerability of

the stressor. Discriminating among different types of

chronic stressors is important for understanding the

habituation processes that can occur. For example,

habituation of physiological and behavioral processes

to repeated heterotypic stressors, such as those

presented in the CMS protocol, is typically quite

limited or nonexistent (Willner 1997). In addition,

habituation processes occurring in response to

repeated homotypic stressors can be stressor specific

as well as dependent upon the length of the

interstressor interval and intensity of the stressor

(Kant et al. 1985; Natelson et al. 1988; De Boer et al.

1990). Furthermore, habituation occurring within a

single stressor exposure may be distinct from the

habituation that occurs between subsequent stressor

exposures.

Endocannabinoids and the hormonal stress

response

Investigation of eCB regulation of hormonal stress

responses has only recently begun; however, it is

already clear that they play a pivotal role in restoring

hormonal homeostatic functioning following stress.

One of the most fundamental physiological responses

to stress is activation of the hypothalamic–pituitary–

adrenal (HPA) axis (Figure 2). Stress-induced

neuronal stimulation results in activation of parvocel-

lular neurosecretory cells in the paraventricular

nucleus (PVN) of the hypothalamus, which synthesize

and release corticotropin-releasing hormone (CRH)

and arginine vasopressin (AVP; de Kloet et al. 2005;

Pecoraro et al. 2006). Via the median eminence and

hypophyseal portal system, CRH and AVP are

transported to the anterior pituitary leading to the

release of adrenocorticotropic hormone (ACTH) into

the bloodstream. Upon reaching the adrenal gland,

ACTH stimulates the release of glucocorticoids from
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the adrenal cortex, which act on peripheral and

neuronal glucocorticoid receptors (GR; de Kloet

et al. 2005; Pecoraro et al. 2006). Hormonal stress

responses, such as activation of the HPA-axis, serve to

prepare an organism for possible threat by mobilizing

energy, increasing arousal, focusing attention, and

mediating cognition while dampening digestive,

immune, and reproductive functions (Chrousos and

Gold 1992; Tsigos and Chrousos 2002).

Tonic eCB signaling evidently plays a role in

constraining HPA-axis activity, and downregulation

of eCB signaling may be important for induction

of the hormonal stress response. It is theorized that

tonic AEA levels serve as a “gatekeeper” of HPA-axis

functioning, which must be lowered to allow for stress-

induced activation of the HPA-axis response (Hill et al.

2009b). Enhancement of eCB signaling dampens

stress-induced HPA-axis activity, and blockade of

CB1 receptors has been shown to cause an increase

in stress-induced ACTH and corticosterone release

as well as an increased neuronal activation in the

PVN, all indicative of increased HPA-axis functioning

(Patel et al. 2004; Steiner and Wotjak 2008; Ginsberg

et al. 2010). However, CB1 antagonism directly in

the PVN does not affect stress-induced ACTH

release (Evanson et al. 2010), indicating that the

Figure 2. The HPA-axis and its glucocorticoid feedback mechanisms including exemplary eCB-mediated negative feedback in the PVN. (a)

Neuronal input into the HPA-axis from psychological stressors originates from cortical-based cognitive and decision-making brain areas,

whereas input from physical stressors is from lower hindbrain regions (Herman et al. 2003). These inputs culminate in the activation of

neurosecretory cells in the PVN and the release of CRH. In the anterior pituitary, CRH stimulates the release of ACTH into circulation where

it activates glucocorticoid production in the adrenal cortex. Glucocorticoids travel to the periphery to have widespread physiological effects as

well as providing negative feedback to the HPA-axis via several brain areas, including the PVN, PFC, and hippocampus (HPC; de Kloet et al.

2005; Pecoraro et al. 2006). (b) Glucocorticoid fast feedback in the PVN stimulates membrane-associated GRs, which in turn leads to the

synthesis of (eCBs; Di et al. 2003; Tasker et al. 2006). (c) eCBs activate presynaptically located CB1 receptors to inhibit further

neurotransmitter release. Glutamatergic activation of EPSPs in the postsynaptic neurosecretory cell is reduced, subsequently leading to

decreased CRH release and downregulation of HPA-axis activity (Di et al. 2003; Tasker et al. 2006).
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above-mentioned effects are not due to CB1 blockade

directly in the PVN. Alternatively, systemic CB1

blockade could preferentially result in disinhibition of

excitatory inputs into the PVN causing activation of

the PVN and subsequently of the HPA-axis. A likely

candidate for such an input region is the amygdala,

which activates the HPA-axis and exhibits stress-

induced decreases in AEA content that correlate

negatively with corticosterone secretion (Herman et al.

2005; Patel et al. 2005; Rademacher et al. 2008; Hill

et al. 2009b). Although the effect of restraint stress is

dependent on downregulation of AEA in the baso-

lateral amygdalar, the role of amygdalar eCB signaling

in conditioned fear may rely on distinct neuronal

networks (Hill et al. 2009b; Kamprath et al. 2010).

To avoid unnecessary catabolic and immunosup-

pressive effects of protracted glucocortocoid secretion,

negative feedback mechanisms are in place to regulate

HPA-axis activity. eCB signaling has been shown to

play an integral part in this feedback process.

Nongenomic or fast feedback of the HPA-axis occurs

via glucocorticoid suppression of ACTH release in

the pituitary and of CRH release in the hypothalamus

(Keller-Wood and Dallman 1984; Hinz and Hirschel-

mann 2000; Pecoraro et al. 2006). Although classical

GR signaling depends on activation of intracellular

receptors mediating gene transcription, fast feedback

mechanisms are assumed to occur via nongenomic

mechanisms that rely on membrane-associated GR

receptors (Tasker et al. 2006; Tasker and Herman

2011). This rapid GR feedback on CRH-releasing

neurons within the PVN has been shown to be

mediated by retrograde eCB inhibition of glutamate

release in vitro (Di et al. 2003). eCB signaling has also

been shown to be necessary for stress-induced

inhibition of ACTH and corticosterone release

in vivo (Evanson et al. 2010). Increases in hypothala-

mic 2-AG and AEA content following restraint stress

or glucocorticoid treatment support the notion that

eCB synthesis is induced in the PVN by glucocorti-

coid feedback, which inhibits further activation of

CRH cells and dampens HPA-axis activity (Figure 2;

Malcher-Lopes et al. 2006; Evanson et al. 2010; Hill

et al. 2010a). In this way, eCBs help mediate the

reinstatement of homeostatic functioning following

stress-induced disruption of HPA-axis homeostasis.

Exposure to repeated stressors can lead to long-

lasting physiological and behavioral changes, both of

which can be adaptive or maladaptive. Evidence

indicates that the eCB system plays an integral role in

the development of physiological habituation, and

amygdalar eCB signaling is emerging as a key neuronal

mechanism in these processes. Repeated restraint has

been consistently shown to simultaneously decrease

AEA and increase 2-AG content in the amygdalar

(Patel et al. 2005; Rademacher et al. 2008; Hill

et al. 2010b). Amygdalar decreases in AEA signaling

have been speculated to be responsible for increased

basal secretion of glucocorticoid following repeated

stressor exposure, whereas the enhanced 2-AG acti-

vity may contribute to HPA-axis habituation upon

subsequent stressor exposure (Hill et al. 2010b).

However, elevated levels of 2-AG could indicate a loss

of inhibition in the amygdala (Patel et al. 2009);

therefore, behavioral measurements are needed to

confirm the effects of these changes on emotionality.

Similarly, downregulation of eCB signaling in the

PVN following repeated stress (Hill et al. 2010b;

Wamsteeker et al. 2010) could indicate a loss of

inhibitory feedback of the HPA-axis; however, these

changes have yet to be assessed behaviorally. For

example, following CMS, in which habituation

typically does not occur (Willner 1997), loss of eCB

signaling in the HPC has been related to cognitive

impairment (Hill et al. 2005). Changes in eCB

signaling following repeated stress may help habituate

HPA-axis activity and protect against the deleterious

effects of long-term HPA-axis activation and chroni-

cally elevated glucocorticoid, which may include

cognitive impairments, psychological disturbances,

and development of severe chronic diseases (Seyle

1950; Chrousos and Gold 1992; Bodnoff et al. 1995;

Checkley 1996; de Kloet et al. 2005). However,

dysregulation of eCB signaling following chronic

stress may be related to such detrimental effects and

it remains to be determined whether the observed

changes in eCB system functioning are adaptive or

not. Future research may also need to distinguish

between changes in eCB signaling which occur

following repeated stress in animals resistance vs.

susceptible to the detrimental behavioral effects of

chronic stress.

Endocannabinoids and behavioral stress

responses

The interaction between a stressor exposure and the

eCB system may affect psychoemotional and cognitive

behavior of animals in terms of conditioned fear,

anxiety, and memory processes. In addition, chronic

stressor exposure may lead to depression-like symp-

toms, which are also modulated by eCBs. Other more

reflexive behaviors affected by stress and regulated by

eCBs include pain perception, in the case of stress-

induced analgesia, and sexual behavior. The phenom-

enon of analgesia and its relation to eCB system

functioning has been more extensively reviewed in a

number of previous publications (Hohmann and

Suplita 2006; Ford and Finn 2008; Butler and Finn

2009; Finn 2010) and, therefore, will not be covered

here. However, eCB-mediation of stress-induced

sexual behaviors has only been investigated in the

rough-skinned newt (Coddington et al. 2007) and has

yet to be extended to mammals. Instead, this article

focuses on psychoemotional and cognitive behaviors

in the context of animal models, and in relation to
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stress-related psychiatric conditions in humans.

Although other excellent reviews on the interaction

between the eCB system and anxiety, fear, memory

processes and depression can be found elsewhere

(Finn 2010), we focus here on these interactions

specifically in the context of stress exposure. It cannot

be in the scope of the present article to discuss all

of these interactions in great detail. Instead, the

following paragraphs provide some examples illustrat-

ing the complexity of eCB action in these aspects.

Stress and fear

Pharmacological blockade of CB1 receptors causes

sustained behavioral arrest (i.e. freezing) and pro-

longed ultrasound vocalization upon re-exposure to

the aversive conditioning context (Finn et al. 2004).

The role of the eCB system in fear adaptation has been

analyzed in detail in response to aversive acoustic

stimuli. For instance, presentation of a sine wave tone

may cause freezing: if a loud tone is presented to naı̈ve

animals, or if a tone of intermediate intensity is

presented to mice that had received an unsignaled

electric foot shock 24 h before, or if the tone was

associated with the foot shock during Pavlovian

conditioning (Kamprath and Wotjak 2004). In all

cases, the freezing response decreases over the course

of tone presentation, likely because of habituation-like

processes (Kamprath and Wotjak 2004). Accordingly,

pharmacological or genetic interruption of CB1

signaling leads to sustained fear responses over the

course of the tone presentation (Kamprath et al. 2006;

Niyuhire et al. 2007; Plendl and Wotjak 2010).

However, the role of the eCB system in short-term

habituation becomes apparent only in highly aversive

situations (Kamprath et al. 2009). Such acute fear

relief involves CB1-mediated control of amygdalar

glutamatergic neurons, likely independently of poten-

tial changes in HPA-axis activity, within both the

basolateral and central amygdala (Kamprath et al.

2009, 2010).

A recent study investigated the interaction between

stressor exposure, glucocorticoids, CB1 signaling

within the dorsal HPC, and acquisition/consolidation

of contextual fear memory (de Oliveira Alvares et al.

2010). Intra-hippocampal administration of a CB1

receptor antagonist inhibited the formation of

contextual fear if administered after conditioning

with a strong, but not with a weak foot shock. The

eCB-independent fear memory formation after con-

ditioning with the weak foot shock became eCB

dependent, if conditioning was preceeded by a stressor

exposure (electric foot shocks in a different context) or

systemic treatment with a synthetic glucocorticoid.

This effect could be observed only if stressor

exposure/treatment occurred directly before con-

ditioning, but not 30 min earlier. Even though more

experimental evidence is necessary, these data indicate

that increased secretion of glucocorticoids leads to

a transient activation of eCB signaling within the

dorsal HPC, which in turn exerts facilitating effects on

fear memory.

It has been found that CB1 deficiency or antagon-

ism leads to decreased contextual fear, but to impaired

extinction of conditioned fear responses (Marsicano

et al. 2002; Chhatwal et al. 2005; Mikics et al. 2006;

de Oliveira Alvares et al. 2010). However, it has

also been found that pharmacological enhancement

of eCB signaling enhances the extinction of con-

ditioned as well as contextual fear (Chhatwal et al.

2005; Bitencourt et al. 2008; Pamplona et al. 2008),

which would suggest a differential role of eCB

signaling in the acquisition vs. expression of con-

textual fear. Posttraumatic stress disorder and phobias

are conditions in which stressor exposure can cause

long-lasting fear in relation to the stressor context

and to stimuli conditioned to the stressor, among

other symptoms. The long-term reduction in con-

textual fear via enhancement of CB1 signaling

(Pamplona et al. 2008) could indicate a therapeutic

possibility in the treatment of posttraumatic stress

disorder or phobias.

Stress and memory processes

A stressful encounter may affect memory processes

outside those involved in conditioned fear memory.

For instance, acute exposure of rats to an elevated

platform increases acquisition/consolidation and

attenuates extinction in an inhibitory avoidance task

(Ganon-Elazar and Akirav 2009). These stress effects

could be blocked by injection of a CB1 receptor

agonist into the basolateral amygdala, which also

attenuated stress-induced corticosterone secretion

(Ganon-Elazar and Akirav 2009). Conversely, sys-

temic injection of corticosterone improved inhibitory

avoidance memory, which could be blocked by

injection of a CB1 receptor antagonist into the

basolateral amygdala (Campolongo et al. 2009).

Future studies have to resolve the conundrum that

both activation and inhibition of CB1 signaling seem

to inhibit the formation of inhibitory avoidance

memories. In this context, attention should be paid

to dissociations in the effects of stressor exposure vs.

corticosterone injection on activation of eCB signaling

(Hill et al. 2010a,b). Moreover, future investigations

might focus on the interaction between eCB signaling

and noradrenergic-mediated memory consolidation,

which has been proposed as a possible mecha-

nism within the basolateral amygdala (Hill and

McEwen 2009).

Other studies have evaluated memory processes

following chronic stress, such as CMS exposure.

Chronic mild stressor exposure was found to reduce

CB1 expression and binding as well as 2-AG content

in the HPC, which was paralleled by cognitive deficits
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in the Morris water maze (MWM) task (Hill et al.

2005). These deficits were specific to reversal trials, in

which the platform location was moved, and did not

affect initial acquisition learning. Although these

results may suggest a positive relationship between

loss of CB1 signaling and cognitive decline, fear

learning in an active avoidance task following CMS

exposure was enhanced in CB1-deficient mice (Martin

et al. 2002). The cognitive impairments seen in the

MWM task (Hill et al. 2005) may relate to the finding

that CB1 deficiency or antagonism results in normal

learning, but impaired memory extinction, similar to

the reduction in extinction of fear memories (Marsi-

cano et al. 2002). The impaired memory extinction

with CB1 downregulation may relate not only to the

inability of rats to relearn during the MWM task, but

also to the increased retention (i.e. decreased

extinction) of fear memory seen in the inhibitory

avoidance task. Interestingly, eCB signaling is evi-

dently specific to the extinction of aversive, but not

appetitive memories (Hötler et al. 2005; Niyuhire et al.

2007; Harloe et al. 2008). The interaction between

stress, eCB system regulation, and memory processes

may be complicated by the finding that homotypic and

heterotypic stressor exposure results in contrasting

changes in hippocampal AEA and 2-AG content (Hill

et al. 2005, 2010b).

Stress-induced anxiety

Anxiety-like behavior in rodents is typically assessed

in exploration- or avoidance-based tests, such as the

elevated plus-maze or the light–dark chamber (Sousa

et al. 2006). Other paradigms explicitly address

approach behavior toward a potentially dangerous

situation (e.g. Vogel conflict test; Sousa et al. 2006).

Subsequently, stressor exposure is known to alter

anxiety-like behavior. Interestingly, mutant mice

lacking expression of CB1 receptors show increased

anxiety-like behavior (e.g. decreased exploration of

open arms on the elevated plus-maze, decreased social

interaction, decreased exploration of brightly lit

environments, and increased thigmotaxis) only

under highly aversive conditions (i.e. bright light;

Haller et al. 2004; Jacob et al. 2009). It is unknown to

what extent these changes in anxiety-like behavior are

mediated by alterations in HPA-axis activity (Steiner

et al. 2008a). At least in the case of the elevated

plus-maze, there is evidently an association between

plasma corticosterone level and risk assessment

(stretched/ attend posture and sniffing directed to

open areas from enclosed arms of the maze; Rodgers

and Dalvi 1997), but not the time spent on the

open arms (Rodgers et al. 1999). CB1-deficient mice,

which show increased HPA-axis activity (i.e. increased

basal and stress-induced corticosterone and ACTH

release; Steiner et al. 2008b), also display increased

risk assessment on the elevated plus-maze (Jacob

et al. 2009). However, this was not the case for

conditional mutants, in which the CB1 receptor gene

was specifically deleted from cortical glutamatergic

neurons. In these mice, both HPA-axis activity and risk

assessment behavior were unaltered, whereas social

and novel object investigations were significantly

reduced (Steiner et al. 2008b; Jacob et al. 2009).

A recent paper demonstrates that acute restraint

stress leads to increased anxiety behavior on the

elevated plus-maze 24 h later, independently of CB1

signaling within the ventral HPC (Campos et al.

2010). However, it also found that enhancement of

eCB signaling via blockade of anandamide uptake

attenuated stress-induced anxiety on the elevated

plus-maze and reduced anxiety in the Vogel conflict

test, if drug treatment was administered before testing.

Remarkably, the same treatment promoted anxiety on

the elevated plus-maze in unstressed rats. Another

group found that treatment with a CB1 agonist

increased anxiety in rats previously exposed to CMS

even though the same treatment attenuated anxiety in

the nonstressed group (Hill and Gorzalka 2004).

There are evidently differential effects of cannabinoid

treatment on anxiety-like behaviors in animals with

and without previous stressor exposure. Prior stressor

exposure may prime eCB signaling and/or alter the

neuronal subpopulations activated by subsequent

stressor exposure (Karst et al. 2010), which, in turn,

could modify the effect of cannabinoid treatment on

anxiety-related responses. In addition, differences in

eCB signaling following acute vs. chronic stressor

exposure may account for the divergent effects of

cannabinoid treatment on anxiety seen in these two

examples.

Rossi et al. (2008) demonstrated in a number of

elegant experiments that repeated social defeat stress

(3–7 days) causes transient changes in eCB signa-

ling within the dorsal striatum which revert within

3–5 days after the last defeat. These changes are

characterized by a reduced sensitivity of GABAergic

signaling to CB1 agonists in vitro as well as decreased

exploration and increased anxiety in an open field

(Rossi et al. 2008; De Chiara et al. 2010). These stress

effects could be mimicked by corticosterone treatment

and blocked by treatment with a GR antagonist, wheel

running, or sucrose consumption (Rossi et al. 2008;

De Chiara et al. 2010). Indeed, wheel running or

sucrose consumption also enhances CB1-mediated

control of inhibitory transmission in unstressed mice

(De Chiara et al. 2010). Such functional changes in

eCB signaling that occur following stress may relate

to the previous contrasting effects of drug treatment

on anxiety behaviors before and after stress exposure.

Stress and depression

The role of eCB system functioning in depression has

been thoroughly considered in previous publications
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(Hill and Gorzalka 2005; Bambico and Gobbi 2008;

Gorzalka et al. 2008; Hill et al. 2009a); however, we

focus here on this relationship specifically in the

context of stressor exposure. Anhedonia is a promi-

nent symptom of major depression and is often

measured as a decrease in sucrose preference in

rodents. Restraint stress increases anhedonia in mice,

which could be attenuated by treatment with CB1

receptor agonist or FAAH inhibitor, and intensified

with CB1 antagonism (Rademacher and Hillard

2007). Interestingly, the effects of CB1 receptor

blockade on sucrose preference increased with the

number of restraint episodes, indicating an increased

recruitment of eCB signaling with increased stressor

exposure (Rademacher and Hillard 2007). Attenu-

ation of anhedonia by treatment with an FAAH

inhibitor has also been seen following CMS (Bortolato

et al. 2007). In line with this, CMS leads to enhanced

anhedonia in CB1 knockout vs. wild type mice

(Martin et al. 2002). So far, results regarding eCB

regulation of depression-like symptoms following

chronic stress have been quite consistent, which

indicates the therapeutic value of enhancing eCB

signaling in the treatment of stress-related psychiatric

conditions, such as depression. Vice versa, in clinical

studies pharmacological blockade of CB1 led to a

higher incidence of mood disturbances compared with

placebo-treated controls (Christensen et al. 2007;

Nissen et al. 2008), thus pointing to a preventive

function of the eCB system in the development of

depression and anxiety.

Perspectives

With such an abundance of data concerning the eCB

system and stress, it becomes necessary to attempt to

shape current predictions and guide future investi-

gations with more comprehensive ideas and schemes.

Figure 3 outlines a possible relationship between

homeostatic and allostatic states, as well as how these

states relate to habituation and recovery following

stressor exposure. We will use this model to organize

some of the previously discussed data and to highlight

areas in need of further investigation. An allostatic

state, as seen in Figure 3, is defined as “altered and

sustained activity levels of the primary mediators, e.g.

glucocorticosteroids, that integrate physiology and

associated behaviors in response to changing environ-

ments and challenges,” such as stress (McEwen and

Wingfield 2003). Furthermore, such a state would be

reached through increased allostatic load, being the

“wear and tear on the body and brain resulting from

chronic overactivity or inactivity of physiological

systems” such as the HPA-axis in response to stress

(McEwen 1998).

Upon stressor exposure, but depending on the

stressor, as well as the organism involved, habituation-

like processes may occur together with more complex

associative learning processes (Grissom and Bhatnagar

2009), thereby protecting the organism from

unnecessary stress responses and their detrimental

effects. However, when habituation does not occur,

the incurred allostatic load may advance an individual

toward an allostatic state. Although such a state may

be adaptive under certain circumstances (e.g. ongoing

environmental threat), a sufficiently severe or pro-

longed allostatic state would lead to allostatic overload

in which an organism is susceptible to the deleterious

physiological and/or psychological effects of stress

(McEwen and Wingfield 2003). Although the actual

or relative allostatic load necessary for habituation vs.

recovery processes to occur may differ from those

illustrated in Figure 3, the important defining feature

is that habituation-like processes occur during stressor

exposure and recovery processes occur following

stressor termination. It is possible that an allostatic

state is not reached if the stressor ends and recovery
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Figure 3. A schematic representation of the relationship between

homeostatic and allostatic states. Allostatic load is the relative cost of

the physiological responses to stress, such as HPA-axis activation

(McEwen 1998; McEwen and Wingfield 2003). Prior to stressor

exposure, homeostatic functioning is at a low allostatic load and

eCB signaling helps maintain homeostasis by counteracting HPA-

axis activation (Patel et al. 2004; Steiner and Wotjak 2008; Hill

et al. 2009b; Ginsberg et al. 2010). During some stress protocols

habituation-like processes may occur, which effectively reduce

allostatic load and help reinstate homeostatic functioning. The eCB

system evidently plays a key role in stress-induced habituation-like

processes (Patel et al. 2005; Patel and Hillard 2008; Hill et al.

2010b). In cases where habituation does not occur, a relatively high

incurred allostatic load may result in the development of an

allostatic state. Several studies have investigated the role of eCB

signaling in stress protocols in which habituation does not occur

(Martin et al. 2002; Hill and Gorzalka 2004; Hill et al. 2005;

Bortolato et al. 2007). Upon stressor termination, allostatic states

may prevail leading to allostatic overload and conditions of chronic

stress such as burnout, anxiety, and depression in humans. Evidence

indicates that upregulation of eCB signaling may help prevent

depression-like symptoms in animal models (Hill and Gorzalka

2005; Bambico and Gobbi 2008; Gorzalka et al. 2008; Hill et al.

2009a), but its role in the stress-induced development of these states

is unclear. Recovery processes from allostatic states may occur to

reduce allostatic load and reinstate homeostatic functioning. It has

yet to be investigated what role eCB signaling may play in these

recovery processes.
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ensues before the state can develop. In Addition,

an allostatic state may not develop during stressor

exposure, but still develop after stress discontinuation,

if recovery processes do not take place. Defining an

allostatic state during stressor exposure is difficult;

therefore, stress responses that endure (e.g. at least

24 h) after stressor termination would be of primary

interest. Also, these prolonged allostatic states would

closely relate to chronic stress-related psychological

conditions in humans such as burnout, anxiety,

and depression, in which therapeutic intervention is

most likely.

Affirmation of habituation

The vast majority of investigations regarding the eCB

system and stress are centered around homeostatic

functioning, as deduced by basal measurement in

contrast to those following acute stressor exposure,

and habituation-like processes following homotypic

stressor exposure. A representation of such research

has been outlined in this paper and it is clear that the

finer details of these processes have yet to be worked

out, with close attention paid to the differing roles of

AEA and 2-AG as well as variable functioning of the

eCB system within distinct brain regions and neuronal

populations. Nonetheless, one impediment in deter-

mining the exact functioning of the eCB system in

stress adaptation is the question of whether, with a

given stress protocol, habituation indeed occurs.

It cannot be assumed that any repeated homotypic

stressor protocol will result in habituation in stimulus-

response pathways. This must, therefore, be con-

firmed and opposed to more complex associative

learning mechanisms. We contend that the foremost

evidence of stress habituation is a decline in HPA-axis

functioning throughout a stress protocol, since it is

overactivation of the HPA-axis that has been directly

related to the deleterious effects of chronic stress

(Selye 1950; Chrousos and Gold 1992; Bodnoff et al.

1995; Checkley 1996; de Kloet et al. 2005). Beha-

vioral and biochemical data must be supplemented

with analysis of HPA-axis functioning to evaluate

whether habituation indeed takes place with a given

stress protocol in a given species. Such studies have

to explicitly consider the main criteria of habituation-

like processes, including spontaneous recovery of

the original HPA-axis response (Thompson and

Spencer 1966; Grissom and Bhatnagar 2009).

Importantly, with our current knowledge about the

role of the eCB system (Patel et al. 2005; Kamprath

et al. 2006; Patel and Hillard 2008), we have to

regard habituation as an active (e.g. acute suppression

of excitation by a primed eCB system) rather than

a passive (e.g. deactivation of receptive structures)

process.

Although changes in eCB signaling following

repeated stress have been suggested to be involved

in stress adaptation, some studies still label these

changes as “impairments” without additional ana-

lysis of HPA-axis activity (Rademacher et al. 2007;

Rossi et al. 2008; Hill et al. 2010b; Wamsteeker

et al. 2010). Protocols that do not show signs of

HPA-axis habituation may actually be better models

for assessing eCB system mechanisms in an allo-

static state.

Intensity, predictability, and controllability

Stressors can be described by a trinity of charac-

teristics, namely, intensity, controllability, and pre-

dictability (Koolhaas, et al. 2011). Stressor duration

is intrinsic to the concept of intensity as variations

in stressor duration will accordingly affect stressor

intensity. The eCB system plays a definitive role in

stressor intensity as has been shown by increased

recruitment of the system with increased stressor

intensity/duration (Rademacher and Hillard 2007;

Kamprath et al. 2009). Predictability and controll-

ability also tend to co-vary, but may be distinguishable

by unique physiological profiles before and after

stressor exposure, respectively (Koolhaas et al. 2011).

Controllability is inferred by the speed of recovery of

the HPA-axis response following stressor exposure,

and several lines of evidence have already linked eCBs

with the resetting of the HPA-axis following stress

(Di et al. 2003; Evanson et al. 2010; Koolhaas et al.

2011; Tasker and Herman 2011). Predictability,

however, is the presence of an anticipatory response,

such as an increase in corticosterone or noradrenaline

secretion prior to an expected stressor (Koolhaas et al.

2011). Considering that between-session fear extinc-

tion occurs independently of CB1 receptor signaling,

it is possible that eCBs would not contribute to

stressor predictability; however, this is still an open

question (Plendl and Wotjak 2010).

Acute stressor challenges give insight into eCB

regulation of HPA-axis activity and may contribute

to the long-term consequences of stressor exposure,

but will do so in different ways from chronic stressor

exposure. One of the reasons for this is that acute

stressors do not contain any aspect of predictability or

controllability, both of which depend on previous

stressor exposure (Koolhaas et al. 2011). Investi-

gations of homotypic stressor exposure can shed light

on the relationship between eCB system functioning

and controllability and predictability as well as their

role in habituation and preventing the development of

allostatic states and stress-related disease states.

However, therapeutic intervention for chronic stress-

related conditions, such as burnout, depression, or

anxiety in humans, cannot be administered preven-

tively, but only in response to the development of

these conditions. Therefore, investigations must also

focus on allostatic states and recovery processes.
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Allostatic states and recovery processes

It still remains to be fully investigated what role the

eCB system plays in chronic stress situations, in which

habituation does not occur or does not suffice, namely

in allostatic states and recovery. An understanding

of these states can only be reached through the use

of unpredictable and uncontrollable stressor exposure

and, to date, only a few studies have assessed

functioning of the eCB system following CMS,

which have been outlined above. Although evidence

indicates that enhanced eCB signaling may

help attenuate depressive-like symptoms, there is not

enough evidence to draw any general conclusions

about eCB functioning during unpredictable, un-

controllable stressor exposure and the development

of these depressive phenotypes. However, we would

predict less eCB involvement during heterotypic

stressor exposure in comparison with other chronic

stress paradigms. Owing to the changing nature of

the stressors, eCB-mediated habituation-like processes

would be unable to develop and heterotypic stressors

would, in essence, bypass eCB intervention, thus

contributing to the development of allostatic states.

Once an allostatic state is reached, we propose that

there are essentially two ways in which eCB system

functioning may relate to this state and subsequent

recovery processes. First, we consider the role of

the system as a buffer against acute stress-induced

increases in HPA-axis activity (Patel et al. 2004, 2005;

Ganon-Elazar and Akirav 2009; Ginsberg et al. 2010).

Through these mechanisms the eCB system may

serve to counteract an allostatic state by providing a

constant “pull” back toward homeostatsis and thereby

promoting recovery. Second, some, or possibly all,

allostatic states may be beyond the capabilities of

the eCB system and could even infer a breakdown of

effective functioning or even deterioration of the

system. eCB-mediated habituation-like processes may

not occur within all stress protocols simply because

they lead to an allostatic load beyond the upper limits

of the eCB system (defined e.g. by limited eCB

synthesis and efficient uptake and degradation

processes). In this case, an allostatic state may persist

due, at least partially, to insufficient eCB functio-

ning. This is in line with evidence indicating that

chronic stress-related conditions, such as depression

and cognitive decline, are linked to depreciated

eCB system signaling (Martin et al. 2002; Hill and

Gorzalka 2005; Hill et al. 2005, 2009a; Bambico and

Gobbi 2008; Gorzalka et al. 2008). The boundary

between functioning and nonfunctioning of the eCB

system may occur at different degrees of allostatic

load in various brain regions or neuronal networks

and will likely be susceptible to individual differences.

An especially informative method for determining the

role of the eCB system in allostatic states and recovery

processes is to compare the functioning of the system

in animals that undergo recovery vs. those that do not,

at a given time point following stressor termination.

Individual differences

The above leads us to another interesting aspect that

has yet to be investigated, which is that of individual

differences and how early life experiences affect the

development of the eCB system and its stress-related

functioning later in life. Multiple other parameters of

Figure 3 could be influenced by individual differences

that affect how an organism perceives and responds

to a given stressor, for example, the conditions under

which habituation-like processes or allostatic states

occur or the timing and rate of recovery. Some studies

have already indicated a relationship between early

life stress and eCB system functioning in later life. For

example, adult rats that received cannabinoid treat-

ment in adolescence showed decreased depression-

like behavior, which was reversed by early life stress

exposure (Macrı̀ and Laviola 2004; Marco et al.

2009). However, to our knowledge, there have been

no investigations into how early life stressor exposure

affects eCB system functioning during adulthood

stressor exposure. Furthermore, individual differences

in laboratory animals can arise without the exper-

imental manipulation of early life stress and it should

be noted that individual differences can be seen in

stress responses even within genetically inbred species

(Krishnan et al. 2007; Thoeringer et al. 2010).

Individual variations in stressor-related responses and

the related eCB system functioning can give valuable

insight into possible therapeutic manipulations for

stress-related conditions.

Conclusion

As demonstrated, the eCB system has been shown to

play a role in a wide variety of stress-related processes.

One common theme of eCB action is downregulation

of excitatory (e.g. of glutamatergic) transmission,

which prevents overexcitation in neuronal circuits

responsible for hormonal and behavioral stress

responses (Figure 1). Another common and most

important theme that has emerged is the importance

of the interaction between eCB mechanisms and

HPA-axis activity. Given their pronounced role in

the functioning of the hormonal stress response, it is

unsurprising that eCBs evidently closely interact with

the HPA-axis in the context of most stress-related

behaviors. However, ample contradictory data regard-

ing these interactions still exist. Given that eCB

signaling may have divergent properties within

different brain structures and that AEA and 2-AG

signaling may play quite distinct roles in relation to

HPA-axis activity, it would be advisable to focus

future behavioral research on specific brain areas

or endogenous ligands. Moreover, administration of
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direct receptor agonists tells little about the role of the

endogenous cannabinoid system in comparison with

pharmacological enhancement of the endogenous

cannabinoid signaling. Attention needs to be given

to the relationship between the eCB system and stress

responses involving the sympatho-adrenal medullary

system, especially considering the extensive inter-

actions between this system and the HPA-axis

(Chrousos and Gold 1992).

We have attempted to organize some of our current

knowledge about eCBs and stress within a scheme

relating homeostatic and allostatic states. Although

much research has focused on physiological function-

ing of the eCB system and its role in habituation,

future investigations are advised to test the occurrence

of habituation through measures of HPA-axis activity.

Differences between homotypic and heterotypic

chronic stressors relate to stressor intensity, predict-

ability, and controllability, and eCBs may play a role

in these processes. Important information regarding

the therapeutic value of the eCB system in chronic

stress-related conditions can be obtained through the

study of allostatic states and recovery processes.

Lastly, individual differences in the parameters of any

of these processes or states may occur and could also

provide information of therapeutic value.
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