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Extensive evidence indicates that endocannabinoids modulate cognitive processes in animal models and
human subjects. However, the results of endocannabinoid system manipulations on cognition have been
contradictory. As for anxiety behavior, a duality has indeed emerged with regard to cannabinoid effects
on memory for emotional experiences. Here we summarize findings describing cannabinoid effects on
memory acquisition, consolidation, retrieval and extinction. Additionally, we review findings showing
how the endocannabinoid system modulates memory function differentially, depending on the level of
stress and arousal associated with the experimental context. Based on the evidence reviewed here, we
propose that the endocannabinoid system is an emotional buffer that moderates the effects of environ-
mental context and stress on cognitive processes.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Emerging evidence indicates that cannabinoid drugs can induce
distinct and often opposite effects on anxiety, cognition, and sev-
eral other behaviors, depending on stress level and the aversive-
ness of the context (Campolongo et al., 2012; Haller et al., 2009;
Szuster, Pontius, & Campos, 1988; Zanettini et al., 2011). Although
cannabinoid signaling has been demonstrated to influence mem-
ory processing (Campolongo, Roozendaal, Trezza, Hauer, et al.,
2009; Marsicano et al., 2002), it is difficult to define its exact role
because, regardless of the pharmacodynamic properties of the
drug, both impairing and enhancing effects have been reported
with cannabinoid drug administration. Although such discrepan-
cies are not unusual in memory research, the factors contributing
to these conflicting findings remain poorly understood.

In this review, we begin with a summary of the differing mem-
ory modulatory effects of endocannabinoids reported in the litera-
ture. We then discuss in detail the biphasic/opposite effects
induced by cannabinoid drugs, including evidence that such effects
may be strongly dependent on the aversiveness of environmental
context and on the level of stress at the time of drug administration
and/or training. Finally, with the ultimate aim of developing an
explanation of the apparent discrepancies among studies of can-
nabinoid effects on memory function, we propose hypotheses to
explain the observed dual/opposing effects of cannabinoids on
emotional memory functions.
2. The endocannabinoid system

The discovery of the main psychoactive constituent of mari-
juana, D9-tetrahydrocannabinol (D9-THC), led to the identification
of the endogenous endocannabinoid system (Gaoni & Mechoulam,
1964). The endocannabinoid system is a lipid signaling system in
the brain that begins to exhibit functional activity early in brain
development by way of modulating neurotransmitter release,
pre- and post-natally (Campolongo, Trezza, Palmery, Trabace, &
Cuomo, 2009; Campolongo, Trezza, Ratano, Palmery, & Cuomo,
2011; Fernandez-Ruiz, Berrendero, Hernandez, & Ramos, 2000;
Fride, 2004; Harkany et al., 2007; Trezza et al., 2008, 2012).
Although many molecular targets of the endocannabinoid system
have been described, the primary targets of cannabinoid com-
pounds are the type 1 and type 2 cannabinoid receptors (CB1
and CB2, respectively) (Devane, Dysarz, Johnson, Melvin, & How-
lett, 1988; Herkenham et al., 1990; Matsuda, Lolait, Brownstein,
Young, & Bonner, 1990).

The two major endogenous ligands for the CB1 and CB2 recep-
tors are N-arachidonoyl ethanolamine (anandamide, AEA) (Devane
et al., 1992) and 2-arachidonoyl glycerol (2-AG) (Sugiura et al.,
1995). AEA acts as a partial agonist of CB1 and CB2 receptors
(Pertwee, 2010), whereas 2-AG is full agonist of these receptors (Stella,
Schweitzer, & Piomelli, 1997). Unlike classical neurotransmitters,
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endocannabinoids are not stored in presynaptic vesicles, but rather
are synthesized postsynaptically from lipid membrane precursor
molecules in an activity-dependent manner (Kano, Ohno-Shosaku,
Hashimotodani, Uchigashima, & Watanabe, 2009). Once released
from the postsynaptic membrane into the synaptic cleft, they travel
backward to bind cannabinoid receptors expressed on presynaptic
terminals. Activation of CB1 receptors inhibits neurotransmitter re-
lease by modulating several ion channels and kinases (Kano et al.,
2009; Turu & Hunyady, 2010). Following receptor activation, AEA
and 2-AG are deactivated by a still poorly defined uptake process
involving a transporter mechanism (Fu et al., 2011; Hillard,
Edgemond, Jarrahian, & Campbell, 1997). Subsequently, they are
metabolized mainly by their respective degradative enzymes, fatty
acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL)
(Kano et al., 2009).

CB1 receptors represent the most abundant class of G-protein-
coupled receptors in the central nervous system, and are also pres-
ent in a variety of peripheral tissues. They couple with both Gi and
Go proteins, which inhibit adenylyl cyclase activity, activate potas-
sium channels, and inhibit voltage-gated calcium channels (How-
lett et al., 2002). CB1 receptors are expressed abundantly in
major structures of the limbic system, including the hippocampus
and basolateral complex of the amygdala (BLA), as well as in the
prefrontal cortex (PFC), which is closely linked with limbic struc-
tures (McPartland, Glass, & Pertwee, 2007); low levels of CB1
mRNA have also been detected in the central nucleus of the amyg-
dala (CeA) (Kamprath et al., 2010; Marsicano & Lutz, 1999; Matsu-
da, Bonner, & Lolait, 1993). Within these limbic regions, the CB1
receptor is expressed at very high levels in cholecystokinin-posi-
tive GABAergic interneurons (Azad et al., 2008; Marsicano & Lutz,
1999; Morozov, Torii, & Rakic, 2009) and at moderate levels in
glutamatergic terminals (Kano et al., 2009; Kawamura et al.,
2006; Monory et al., 2006). The CB1 receptor has also been de-
tected on serotonergic, noradrenergic, and dopaminergic terminals
(Haring, Marsicano, Lutz, & Monory, 2007; Hermann, Marsicano, &
Lutz, 2002; Oropeza, Mackie, & Van Bockstaele, 2007).

The CB2 receptor is a Gi/o protein-coupled receptor (Howlett
et al., 2002). CB2 receptors are located mostly in the periphery
on immunological tissues. They were confirmed only recently by
immunohistochemical analyses to be expressed by neurons and
glia in diverse rat brain areas, including the cerebellum and hippo-
campus (Onaivi et al., 2006; Van Sickle et al., 2005).

Studies examining the functions of endocannabinoid signaling
in the limbic system have shown that CB1 receptors play a key role
in modulating synaptic transmission (Katona et al., 2001; Tan et al.,
2011) and neuronal firing (Pistis et al., 2004). Furthermore, grow-
ing evidence indicates that endocannabinoids play a key role in
modulating emotional memory processes (Atsak, Roozendaal, &
Campolongo, 2012; Campolongo, Roozendaal, Trezza, Hauer,
et al., 2009; Ganon-Elazar & Akirav, 2009; Marsicano & Lafenetre,
2009; Marsicano et al., 2002; Tan et al., 2011; Wotjak, 2005). In
the succeeding sections, we provide a review of findings from stud-
ies that examined cannabinoid effects on emotional memory func-
tion, focusing especially on the functional relationship between
endocannabinoids and glucocorticoids in modulating cognitive
processes. Subsequently, we discuss how stress and arousal state
may modulate endocannabinoid effects on memory.
3. Modulation of memory for emotional experiences

Emotional learning is extremely important for the survival of an
individual; indeed life events of positive and negative valence typ-
ically leave lasting and vivid memories due to arousal and stress
hormone effects on memory consolidation (McGaugh, 2000). Emo-
tionality describes a highly complex repertoire of behaviors trig-
gered by various environmental stimuli. The regulation of
emotional responses under different environmental conditions is
essential for mental health and requires fine-tuned neurotransmit-
ter release processes as well as functional neuronal circuits (Gold,
2004; McEwen, 2012; McGaugh, 2000). During emotionally arous-
ing situations, stress hormones are released from the adrenal me-
dulla (epinephrine) and cortex (corticosterone [CORT] in rats,
cortisol in humans) into the bloodstream. These systemic stress
hormones stimulate the vagus nerve in the periphery, thereby acti-
vating the nucleus of tractus solitarius (NTS) in the brainstem,
which releases memory modulatory norepinephrine into limbic
brain structures (McGaugh & Roozendaal, 2002).

Additionally, glucocorticoid hormones, which are highly lipo-
philic, readily enter the brain where they bind mineralocorticoid
receptors (MRs) with high affinity and glucocorticoid receptors
(GRs) with low affinity. Thus, under basal conditions, only MRs
are occupied, but during and immediately after a stressful experi-
ence, both MRs and GRs are bound by glucocorticoids (Reul & de
Kloet, 1985). Extensive evidence indicates that stress hormones,
in concert with several other stress-activated systems, mediate
the selective enhancement of consolidation of memory for emo-
tionally significant experiences (de Kloet, Oitzl, & Joels, 1999; Joels
& Baram, 2009; Oitzl & de Kloet, 1992; Roozendaal, 2000; Sandi &
Rose, 1994). Conversely, glucocorticoids typically impair memory
retrieval and working memory during emotionally arousing test
situations (de Quervain, Aerni, Schelling, & Roozendaal, 2009; de
Quervain, Roozendaal, & McGaugh, 1998; Roozendaal, 2000;
Roozendaal, de Quervain, Schelling, & McGaugh, 2004).

The neural circuitry underlying emotionality is considerably
complex, but broadly consists of subcortical limbic structures, such
as the amygdala, hippocampus, ventral striatum, and thalamus, as
well as cortical structures, including the anterior cingulate cortex
and medial and orbital regions of the PFC (Price & Drevets, 2010).
This corticolimbic circuit interacts with visceral autonomic centers
in the hypothalamus and brain stem to regulate emotional expres-
sion and to modulate the activity of the hypothalamic–pituitary–
adrenal (HPA) axis (Price & Drevets, 2010). In this assembly, the
amygdala represents a key region for the association of environ-
mental information with emotional significance. Although the
acquisition of emotional salience by external stimuli has been
studied most extensively in relation to fear and anxiety responses,
the amygdala has also been shown to be important for the process-
ing of positive emotions, such as in stimulus-reward learning
(Aggleton, 1993; Baxter & Murray, 2002; Davis, Rainnie, & Cassell,
1994; Pape & Pare, 2010).

In particular, considerable evidence indicates not only that
stressors increase neuronal activity in the BLA (Pelletier, Likhtik,
Filali, & Pare, 2005), but also that emotional memory modulation
requires activation of the BLA specifically. For example, lesions of
the BLA, but not the CeA, block the memory enhancing effects of
systemic GR activation on inhibitory avoidance retention
(Roozendaal & McGaugh, 1996). Furthermore, posttraining infu-
sion of norepinephrine or a b-adrenoceptor agonist into the BLA
enhances memory of training on several learning tasks (Ferry &
McGaugh, 1999; Hatfield, Spanis, & McGaugh, 1999; LaLumiere,
Buen, & McGaugh, 2003; Roozendaal, Castello, Vedana, Barsegyan,
& McGaugh, 2008). In contrast, attenuation of noradrenergic sig-
naling by infusion of a b-adrenoceptor antagonist (propranolol or
atenolol) into the BLA, but not into the neighboring CeA, has been
shown to block the memory enhancement induced by systemic or
intra-BLA administration of a GR agonist (Quirarte, Roozendaal, &
McGaugh, 1997; Roozendaal, Quirarte, & McGaugh, 2002). Consid-
erable evidence developed in rodent studies indicates that gluco-
corticoid-induced enhancement of memory consolidation
depends upon an interaction with noradrenergic activation within
the BLA (Roozendaal, McEwen, & Chattarji, 2009). Importantly, a
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recent clinical study corroborated this model by showing that the
amygdala is also an important locus of glucocorticoid–norepineph-
rine interactions in the enhancement of memory for emotionally
salient information in humans (van Stegeren, Roozendaal, Kindt,
Wolf, & Joels, 2010). Indeed, a convergence of five decades of re-
search now points to the amygdala, especially the BLA, as a critical
structure in the acquisition and retention of lasting memories of
emotional experiences (McGaugh, 2000; Roozendaal et al., 2009).
4. Cannabinoid modulation of memory for emotional
experiences

Recent evidence suggests that endocannabinoid signaling may
be a key system in the regulation of synaptic efficacy within and
between amygdaloid subnuclei (Ramikie & Patel, 2012). Notably,
glucocorticoids regulate the endocannabinoid response, which in
turn, modulates glucocorticoid secretion through both local and
distal regulation of HPA axis activity (Hill & McEwen, 2010; Hill,
Patel, et al., 2010; Steiner & Wotjak, 2008). Indeed, endocannabi-
noid activity is necessary for some central effects of glucocorticoids
(Barna, Zelena, Arszovszki, & Ledent, 2004; Campolongo,
Roozendaal, Trezza, Hauer, et al., 2009; Weidenfeld, Feldman, &
Mechoulam, 1994).

It has been demonstrated that an increase in glucocorticoid lev-
els leads to a concomitant increase in endocannabinoid levels in
the hypothalamus (Di, Malcher-Lopes, Halmos, & Tasker, 2003).
Endocannabinoids then act retrogradely to inhibit glutamate re-
lease in the paraventricular nucleus and suppress HPA axis activity
(Di, Malcher-Lopes, Marcheselli, Bazan, & Tasker, 2005; Di et al.,
2003). Conversely, endocannabinoid content in limbic brain re-
gions, which can augment or terminate stress responses, can itself
be modulated by stress or exogenous glucocorticoid administra-
tion (Hill & McEwen, 2010). Additionally, Morrish and colleagues
found that the endocannabinoid system mediates stress responses
and emotional homeostasis by targeting noradrenergic circuits
(Morrish, Hill, Riebe, & Gorzalka, 2009).

The supposition that the endocannabinoid system may mediate
a noradregeneric-modulatory role is supported by anatomic and
physiological evidence. Autoradiography and immunohistochemis-
try experiments have demonstrated moderate CB1 receptor
expression in the principal noradrenergic nuclei, namely the locus
coeruleus (LC) and the NTS, and reverse transcription polymerase
chain reaction experiments have confirmed local CB1 transcription
in these regions (Derbenev, Stuart, & Smith, 2004; Herkenham
et al., 1991; Jelsing, Larsen, & Vrang, 2008; Mailleux & Vanderhaeg-
hen, 1992; Matsuda et al., 1993). Systemic administration of the
synthetic cannabinoid receptor agonist WIN55,212-2 (WIN) in-
creases noradrenergic release in the PFC (Oropeza, Page, & Van
Bockstaele, 2005), and intravenous injection of WIN or D9-THC, in-
creases the firing rate of LC noradrenergic neurons in a manner
that is dose dependent and can be blocked by the cannabinoid
receptor antagonist rimonabant (Muntoni et al., 2006). These find-
ings suggest a role for the cannabinoid system in at least basic
brain activities regulated by norepinephrine, such as arousal and
wakefulness (Berridge, Schmeichel, & Espana, 2012).

More recent evidence suggests that the cannabinoid system
may also play a key role in higher level noradrenergic functions,
such as regulation of emotional states and memory processes
(Akirav, 2011; Campolongo, Roozendaal, Trezza, Hauer, et al.,
2009; Kano et al., 2009; Marsicano & Lafenetre, 2009; Wotjak,
2005). However, the literature regarding cannabinoid effects on
cognition remains contradictory. Human cannabis users have been
reported to show impairments in aspects of executive functioning
such as planning, working memory, and mental flexibility (Verdejo-
Garcia, Bechara, Recknor, & Perez-Garcia, 2006). Cannabis abusers
also show short-term memory deficits (Ranganathan & D’Souza,
2006; Riedel & Davies, 2005). However, Fisk and Montgomery
(2008) found no evidence of cannabis-related deficits in executive
component processes or associative learning. Moreover, the acute
effects of cannabis need to be distinguished from the effects of
chronic use. Acutely, cannabis has well-known psychoactive ef-
fects, can impair coordination, and may produce feelings of anxiety
or paranoia. Meanwhile, chronic use of cannabis has been reported
to induce mood disturbances, exacerbate psychiatric disorders in
vulnerable people, impair cognition, and to increase the risk of car-
diovascular and respiratory diseases (for a detailed review see Kar-
ila et al., 2013). Although new evidence continues to become
available, it would be premature to draw any strong conclusions
from clinical studies of cannabis users/abusers now due to the
widely differing methodologies and participant selection strategies
used, especially in terms of poly-drug abuse and pre-existing cog-
nitive and emotional criteria (Ranganathan & D’Souza, 2006).
Therefore, animal studies remain critical to elucidating the neural
underpinnings of cannabinoid effects on cognition, particularly
with respect to cannabinoid effects on memory for emotional
experiences.

4.1. Cannabinoid effects on different memory phases

As will become clear, even basic research studies in this field are
producing some controversial and difficult to resolve outcomes. In
the following paragraphs, we summarize some basic research find-
ings of cannabinoid effects on different phases of memory pro-
cesses with the intent of disentangling which effects involve
influences on particular stages of memory processing. Cannabinoid
effects on memory acquisition, consolidation, retrieval, and extinc-
tion are summarized in Tables 1–4, respectively.

4.1.1. Cannabinoid effects on memory acquisition
There is general agreement about the observation that activa-

tion of the endocannabinoid system impairs memory acquisition
(Table 1). Notably, systemic administration of a cannabinoid recep-
tor agonist (i.e. D9-THC or WIN) before training impairs acquisition
of water maze, contextual fear, and object recognition tasks in ro-
dents (Da & Takahashi, 2002; Lichtman, Dimen, & Martin, 1995;
Pamplona & Takahashi, 2006). Similarly, indirect cannabinoid
receptor agonism impairs memory acquisition in a recognition
memory task (Campolongo et al., 2012) and in the inhibitory
avoidance task Mazzola et al., 2009). However, as highlighted in
Table 1, systemic administration of the cannabinoid receptor
antagonist rimonabant has also been reported to impair acquisi-
tion in a spatial memory task (Robinson et al., 2008).

Local infusions of cannabinoid compounds within the same
brain region have provided more consistent results, though com-
paring the results across brain areas remains difficult to explain.
For example, pretraining activation of CB1 receptors in the hippo-
campus has consistently been shown to impair spatial learning
(Abush & Akirav, 2010; Egashira, Mishima, Iwasaki, & Fujiwara,
2002; Lichtman et al., 1995; Wegener, Kuhnert, Thuns, Roese, &
Koch, 2008), although pretraining blockade of CB1 receptor trans-
mission in the BLA also impaired olfactory fear conditioning (Tan
et al., 2011). Drawing conclusions from studies involving pretrain-
ing drug administration is extremely challenging given that such
treatments necessarily affect diverse processes (McGaugh, 1966).
Since cannabinoid compounds affect motivational and sensorimo-
tor processes (Economidou et al., 2007; Solinas & Goldberg, 2005;
Steiner, Bonner, Zimmer, Kitai, & Zimmer, 1999; Zimmer, Zimmer,
Hohmann, Herkenham, & Bonner, 1999), it is difficult to discrimi-
nate between purely cognitive effects and confounding variables
(e.g. alteration in pain sensitivity and/or locomotor activity and/
or motivation) following pretraining cannabinoid administration.



Table 1
Cannabinoid effects on memory acquisistion in rodents.

Drug Dose Administration Animals Paradigm Effect References

CB1/CB2 receptor agonists
WIN 2.5–5 mg/kg i.p. Wistar rats CFC Impairing Pamplona and Takahashi (2006)

1.2 mg/kg i.p. Sprague–Dawley
rats

Object recognition Impairing Schneider, Schomig, and Leweke
(2008)

5 lg/side Intra-CA1 Sprague–Dawley
rats

MWM Impairing Abush and Akirav (2010)

D9-THC 10 mg/kg i.p. FAAH �/�, +/+
mice

MWM Impairing Wise et al. (2012)

20 lg/side Intra-DH-VH-
DMT

Wistar rats Eight-arm radial maze Impairing Egashira et al. (2002)

CB1 antagonists (and inverse agonists)
AM251 50–500 ng/

side
Intra-BLA Sprague–Dawley

rats
Olfactory fear
conditioning

Impairing Tan et al. (2011)

Rimonabant 3 mg/kg i.p Sprague–Dawley
rats

Radial arm maze Enhancing Lichtman (2000)

3 mg/kg i.p. Lister Hooded rats MWM Impairing Robinson et al. (2008)
AM281 2.5 mg/kg i.p. C57BL/6J mice CFC Enhancing Lin et al. (2011)

0.05 lg/rat Intra-CA1 C57BL/6J mice CFC Enhancing Lin et al. (2011)

Indirect agonists
AM404 (AEA uptake inhibitor) 0.5–1 mg/kg i.p. Wistar rats Spatial open field Impairing Campolongo et al. (2012)

1 lg/rat Intra-CA1 C57BL/6J mice CFC Impairing Lin et al. (2011)
URB597 (FAAH inhibitor) 0.1–1.0 mg/

kg
i.p. Sprague–Dawley

rats
IA Impairing Mazzola et al. (2009)

JZL195 (FAAH and MAGL
inhibitor)

20 mg/kg i.p. FAAH �/� mice MWM Impairing Wise et al. (2012)
20 mg/kg i.p. FAAH +/+ mice MWM Impairing Wise et al. (2012)

JZL184 (MAGL inhibitor) 20–40 mg/kg i.p. FAAH �/� mice MWM Impairing Wise et al. (2012)
40 mg/kg i.p. FAAH +/+ mice MWM Impairing Wise et al. (2012)

AEA, anandamide; i.p., intraperitoneal; FAAH, fatty acid amide hydrolase; MAGL, monoacylglycerol lipase; CFC, contextual fear conditioning; MWM, Morris water maze; IA,
step-through inhibitory avoidance; BLA, basolateral complex of the amygdala; CeA, central amygdala; DH, dorsal hippocampus; VH, ventral hippocampus; DMT, dorsomedial
thalamus nucleus.

Table 2
Cannabinoid effects on memory consolidation in rodents.

Drug Dose Administration Animals Paradigm Effect References

CB1/CB2 receptor agonists
AEA 0.17 ng/side Intra-CA1 Wistar rats IA Enhancing De Oliveira Alvares et al. (2008)
HU-210 0.1 mg/kg i.p. Wistar rats CFC Impairing Mackowiak et al. (2009)
WIN 1–3 mg/kg i.p. Long-Evans rats MWM Impairing Yim et al. (2008)

0.3 mg/kg i.p. Sprague–Dawley
rats

HA-object
recognition

Enhancing Campolongo et al. (2013)

50 ng/side Intra-BLA Sprague–Dawley
rats

IA Enhancing Campolongo, Roozendaal, Trezza, Hauer, et al.
(2009)

0.1–0.25 lg/
rat

Intra-CeA Wistar rats IA Impairing Zarrindast, Ghiasvand, Rezayof, and Ahmadi (2012)

0.25–0.5 lg/
rat

Intra-CA1 Wistar rats IA Impairing Moshfegh, Babaei, Oryan, Soltani, and Zarrindast
(2011)

0.1–0.5 lg/
rat

Intra-CA1 Wistar rats IA Impairing Nasehi, Sahebgharani, Haeri-Rohani, and Zarrindast
(2009)

0.25–0.5 lg/
rat

Intra-CA1 Wistar rats IA Impairing Jamali-Raeufy et al. (2011)

10 nmol/side Intra-CA1 Wistar rats Object recognition Impairing Clarke et al. (2008)

CB1 antagonists (and inverse agonists)
AM251 0.28 ng/side Intra-BLA Sprague–Dawley

rats
IA Impairing Campolongo, Roozendaal, Trezza, Hauer, et al.

(2009)
0.28 ng/side Intra-BLA Wistar rats CFC Impairing Bucherelli, Baldi, Mariottini, Passani, and Blandina

(2006)
5.5 ng/side Intra-CA1 Wistar rats IA Impairing de Oliveira Alvares et al. (2005)

Rimonabant 1 mg/kg i.p. Sprague–Dawley
rats

Eight-arm radial
maze

Enhancing Wolff and Leander (2003)

1 mg/kg i.p. Swiss albino mice Elevated T-maze Enhancing Takahashi, Pamplona, and Fernandes (2005)
CE 0.1 mg/kg i.p. Sprague–Dawley

rats
Radial-arm maze Enhancing Wise et al. (2008)

Indirect agonist
URB597 (FAAH

inhibitor)
0.3–1 mg/kg i.p. Swiss albino mice Object recognition Impairing Busquets-Garcia et al. (2011)
1 mg/kg i.p. Swiss albino mice Context

recognition
Impairing Busquets-Garcia et al. (2011)

AEA, anandamide; i.p., intraperitoneal; FAAH, fatty acid amide hydrolase; CFC, contextual fear conditioning; MWM, Morris water maze; IA, step-through inhibitory avoid-
ance; HA, high arousal; BLA, basolateral complex of the amygdala; CeA, central amygdala.
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Table 3
Cannabinoid effects on memory retrieval in rodents.

Drug Dose Administration Animals Paradigm Effect References

CB1/CB2 receptor agonists
WIN 0.3 mg/kg i.p. Sprague–Dawley rats HA-object recognition Impairing Campolongo et al. (2013)

0.3 mg/kg i.p. Sprague–Dawley rats LA-object recognition Enhancing Campolongo et al. (2013)
10–30 ng/side Intra-CA1 Sprague–Dawley rats CFC Impairing Atsak, Hauer, et al. (2012)
0.25–0.5 lg/rat Intra-CA1 Wistar rats IA Impairing Piri and Zarrindast (2011)
5 lg/side Intra-VSub Sprague–Dawley rats CFC Impairing Segev and Akirav (2011)

D9-THC 5.6 mg/kg i.p Sprague–Dawley rats Radial arm maze Impairing Wise, Thorpe, and Lichtman (2009)
6 mg/kg i.p. Wistar rats Eight-arm radial maze Impairing Mishima et al. (2001)
10 mg/kg i.p. C57BL/6J mice MWM Impairing Niyuhire, Varvel, et al. (2007)
10 mg/kg i.p. Wistar rats IA Impairing Mishima et al. (2001)

I.p., intraperitoneal; CFC, contextual fear conditioning; MWM, Morris water maze; IA, step-through inhibitory avoidance; VSub, ventral subiculum; HA, highly arousal; LA, low
arousal.

Table 4
Cannabinoid effects on memory extinction in rodents.

Drug Dose Administration Animals Paradigm Effect References

CB1/CB2 receptor agonists
WIN 0.25 mg/kg i.p. Wistar rats CFC Enhancing Pamplona et al. (2006)

5 lg/side Intra-CA1 Sprague–Dawley
rats

IA Enhancing Abush and Akirav (2010)

CB1 antagonists (and inverse agonists)
Rimonabant 1.5–5 mg/

kg
i.p Sprague–Dawley

rats
FPS Impairing Chhatwal et al. (2005)

3 mg/kg i.p. C57BL/6J mice Auditory fear
conditioning

Impairing Marsicano et al. (2002)

3–10 mg/
kg

i.p. C57BL/6J mice CFC Impairing Suzuki et al. (2004)

3 mg/kg i.p. C57BL/6J mice MWM Impairing Varvel et al. (2005)
3 mg/kg i.p. C57BL/6J mice IA Impairing Niyuhire, Varvel, Thorpe, et al. (2007)

Indirect agonists
AM404 (AEA uptake

inhibitor)
10 mg/kg i.p Sprague–Dawley

rats
FPS Enhancing Chhatwal et al. (2005)

1 lg/rat i.c.v. Wistar rats CFC Enhancing Bitencourt, Pamplona, and Takahashi
(2008)

OL-135 (FAAH inhibitor) 30 mg/kg i.p. C57BL/6J mice MWM Enhancing Varvel et al. (2007)

I.p., intraperitoneal; i.c.v., intracerebroventricular; FAAH, fatty acid amide hydrolase; CFC, contextual fear conditioning; MWM, Morris water maze; IA, step-through
inhibitory avoidance; FPS, fear-potentiaed startle.
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Therefore, it remains to be resolved whether cannabinoids affect
cognition per se during learning rather than other non-specific
factors.
4.1.2. Cannabinoid effects on memory consolidation
Conflicting data have been reported regarding cannabinoid ef-

fects on memory consolidation (Table 2). Drugs can be adminis-
tered after a learning event to isolate the consolidation phase of
memory and exclude influences on acquisition or any sensory, mo-
tor, or motivational processes that may influence learning indi-
rectly (McGaugh, 1966). Systemic posttraining administration of
cannabinoid receptor agonists impairs memory consolidation
(Mackowiak, Chocyk, Dudys, & Wedzony, 2009; Yim, Hong, Ejare-
dar, McKenna, & McDonald, 2008), while systemic posttraining
injection of cannabinoid receptor antagonists improves it (Wise,
Iredale, & Lichtman, 2008; Wolff & Leander, 2003). However, there
are concerns related to non-specificity in experiments using sys-
temic agonist manipulations. Drugs that inhibit endocannabinoid
degradation can be employed to avoid such potentially confound-
ing effects. For example, when Busquets-Garcia and colleagues
tested the effects of systemic posttraining administration of the
FAAH inhibitor URB597, which increases AEA levels only in those
brain regions where it is released endogenously, they observed
impaired memory consolidation in an object recognition task
(Busquets-Garcia et al., 2011).
Conflicting data have been reported concerning the effects on
memory consolidation of infusing cannabinoid drugs locally into
discrete brain regions. Posttraining intra-hippocampal administra-
tion of the synthetic cannabinoid receptor agonist WIN
(0.25–10 lg/rat) has been reported to impair memory consolida-
tion of several behavioral tasks (i.e. step-through inhibitory avoid-
ance, Morris water maze) (Jamali-Raeufy, Nasehi, & Zarrindast,
2011; Yim et al., 2008; Zarrindast, Navaeian, & Nasehi, 2011). How-
ever, other authors reported enhancing effects of AEA in the hippo-
campus (0.17 ng/side) (De Oliveira Alvares, Genro, Diehl, &
Quillfeldt, 2008) and of WIN in the BLA (50 ng/side) (Campolongo,
Roozendaal, Trezza, Hauer, et al., 2009). Moreover, cannabinoid
receptor antagonists have been found to yield memory impairing
effects similar to those induced by cannabinoid receptor agonists
described above (Jamali-Raeufy et al., 2011; Yim et al., 2008; Zar-
rindast et al., 2011). In particular, it has been shown that intra-hip-
pocampal (de Oliveira Alvares et al., 2005) administration of the
CB1 receptor antagonist AM251 impairs memory consolidation in
an aversive hippocampus-dependent task (de Oliveira Alvares
et al., 2005). Differences in handling procedures, experimental con-
ditions, behavioral tasks, doses, and the drug administered may ac-
count for the diversity of findings reported (Table 2). Indeed WIN is
less selective than the endogenous ligand AEA (Howlett et al.,
2002) and, when administered at high doses in discrete brain re-
gions, could induce broader effects, complicating interpretation.
However, there are other intriguing possibilities that should be
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explored. In particular, given the robust effects of glucocorticoids,
norepinephrine, and other neurotransmitters including acetylcho-
line and dopamine in limbic structures on memory consolidation
(McGaugh, 2000), it could be that factors related to arousal, stress,
and emotional state at the time of training may influence cannab-
inoid effects on memory. This issue is discussed further in
Section 5.

4.1.3. Cannabinoid effects on memory retrieval
Although the literature related to cannabinoid effects on retrie-

val is fairly limited, no controversy exists with regards to cannab-
inoid effects on memory retrieval (Table 3). Detrimental effects of
cannabinoid receptor agonism on memory retrieval have been doc-
umented when administered either systemically (Mishima et al.,
2001; Niyuhire, Varvel, Martin, & Lichtman, 2007) or in discrete
brain areas (Atsak, Hauer, et al., 2012; Piri & Zarrindast, 2011; Se-
gev & Akirav, 2011). In particular, it has been demonstrated that
systemic administration of D9-THC impairs memory retrieval in a
Morris water maze task (Niyuhire, Varvel, et al., 2007) and a
step-through inhibitory avoidance task (Mishima et al., 2001). In
line with these findings, cannabinoid agonists infused directly into
the hippocampus impair aversive memory retrieval (Atsak, Hauer,
et al., 2012; Piri & Zarrindast, 2011; Segev & Akirav, 2011). Interest-
ingly, intra-BLA infusions of the same drugs did not affect memory
retrieval (Segev & Akirav, 2011). Taken together, the preclinical
evidence reported above, although still sparse, suggests that can-
nabinoids induce impairing effects on memory retrieval, at least
under the experimental conditions investigated thus far (Table 3).

4.1.4. Cannabinoid effects on memory extinction
There is a strong consensus in the memory extinction literature

that the endocannabinoid system is a key modulator in the facili-
tation of memory extinction (Table 4). Inhibition of endocannabi-
noid transmission robustly inhibits extinction of fear
conditioning (Marsicano et al., 2002; Pamplona, Prediger, Pandolfo,
& Takahashi, 2006; Suzuki et al., 2004). Conversely, stimulation of
endocannabinoid signaling accelerates fear extinction (Barad,
Gean, & Lutz, 2006; Chhatwal, Davis, Maguschak, & Ressler,
2005; Pamplona et al., 2006; Suzuki et al., 2004). Similarly, in a
Morris water maze task, Varvel, Anum, Niyuhire, Wise, and Licht-
man (2005), Varvel, Wise, Niyuhire, Cravatt, and Lichtman (2007)
found that the inverse CB1 receptor agonist rimonabant or genetic
CB1 receptor disruption impaired extinction, whereas D9-THC did
not affect extinction (Varvel, Anum, Niyuhire, Wise, & Lichtman,
2005; Varvel, Wise, Niyuhire, Cravatt, & Lichtman, 2007). Interest-
ingly, Niyuhire, Varvel, Thorpe, et al. (2007) reported that rimona-
bant administration disrupted extinction significantly in two
different aversively motivated behavioral tasks (e.g., conditioned
freezing and inhibitory avoidance) but failed to affect extinction
in an appetitively motivated operant conditioning task (Niyuhire,
Varvel, Thorpe, et al., 2007). Thus, the evidence obtained to date
suggests that activation of the cannabinoid system facilitates aver-
sive memory extinction.
5. Role of emotional arousal in influencing cannabinoid effects
on memory

Discrepant findings have been reported concerning the role of
the endocannabinoid system in the modulation of cognitive pro-
cesses, especially with regard to memory acquisition and consoli-
dation. Such reports are very reminiscent of the dual effects on
emotionality reported by cannabis users. That is, although canna-
bis consumption is commonly associated with euphoria and con-
tentment (Velez & Ungemack, 1989), some people report
experiencing anxiety, dysphoria, and a depressive mood with
cannabis consumption (Reilly, Didcott, Swift, & Hall, 1998). Clinical
studies have indicated that the context of cannabinoid consump-
tion—that is, the nature of both one’s physical state and social set-
ting—has a direct influence on emotionality (Del Porto & Masur,
1984; Zinberg, 1984). Biphasic effects of cannabinoid consumption
on anxiety-related behavior have also been reported in preclinical
studies (for a detailed review see Micale, Di Marzo, Sulcova, Wot-
jak, & Drago, 2013). The indirect cannabinoid receptor agonists
URB597 and AM404, which increase AEA levels in the synaptic
cleft, have been reported to exert both anxiolytic- and antidepres-
sant-like effects in rodents (Bortolato et al., 2006; Gobbi et al.,
2005; Kathuria et al., 2003). Haller et al. (2009) showed that
URB597 does not reduce anxiety when a behavioral task (i.e. ele-
vated plus maze) is performed under mildly aversive conditions
(e.g., in a familiar room or under low light) (Haller et al., 2009).
Sciolino, Zhou, and Hohmann (2011) found that an increase in 2-
AG levels, induced by administration of the MAGL inhibitor
JZL184, induced an anxiolytic-like effect in the same behavioral
task under highly aversive conditions (i.e. bright light), but had
no detectable effect on anxiety under low-stress conditions (Scio-
lino et al., 2011). Likewise, Campos, Ferreira, Guimaraes, and Lemos
(2010) reported that the cannabinoid uptake inhibitor AM404 was
anxiolytic in the elevated plus maze test in rats previously exposed
to a 2-h restraint stress, but anxiogenic in rats that were not previ-
ously stressed (Campos et al., 2010). Thus, it may be that stress
conditions during the test, as well as housing and handling proce-
dures prior to the test, influence cannabinoid effects on emotional-
ity. A similar scenario is now emerging with regards to
cannabinoid effects on memory. In the following sections, we de-
scribe evidence demonstrating how cannabinoid effects on mem-
ory may depend on the level of stress associated with an
experimental context (i.e. footshock intensity in the inhibitory
avoidance task), previous stress experiences completely unrelated
to the task, and/or a combination of these two factors.

5.1. Context-induced stress shapes cannabinoid modulation of memory

The cannabinoid system may have a particularly important role
in the control of neuronal responses to environmental challenges.
This notion is consistent with the observation that CB1 receptors
are expressed abundantly in limbic structures (Herkenham et al.,
1991; Tsou, Brown, Sanudo-Pena, Mackie, & Walker, 1998). It is
possible to speculate that the endocannabinoid system may shape
how environmental stimuli affect emotional responses, rather than
producing an overall aspecific effect on memory. This putative con-
text-dependence may help to explain apparently conflicting data
obtained with different training and drug administration paradigms.

To investigate the importance of emotionality in cannabinoid
effects on memory function, we compared the effects of cannabi-
noid receptor activation on novel object recognition in high arousal
(HA) vs. low-arousal (LA) conditions. Briefly, in the HA condition,
the rats were not handled and the task was performed under bright
light in an empty arena. In the LA condition, the rats were habitu-
ated to the experimenter through daily handling (1 min per day for
1 week) and the task was performed under dim red light in an are-
na in which the ground was covered with familiar bedding. Ani-
mals were administered with the endocannabinoid transport
inhibitor AM404 30 min before commencing the novel object rec-
ognition task. The behavioral paradigm consisted of six consecutive
5-min sessions, separated by 3-min intervals, wherein one familiar
object was replaced with a new object in the last session, which
served as the test trial. We found that exogenous enhancement
of endocannabinoid signaling impaired novel object recognition
in rats tested in the HA condition, but had no effect in rats tested
in the LA condition (Campolongo et al., 2012). This study demon-
strated for the first time that acute effects of cannabinoid agonism



Fig. 2. Effects of the CB receptor agonist WIN on short- and long-term retention of
object recognition in rats trained under HA conditions and pretreated with the
CORT synthesis inhibitor metyrapone (Mety). Metyrapone (35 mg/kg, i.p.) admin-
istered to non-habituated rats 40 min before training reverted the impairing effect
of posttraining WIN (0.3 mg/kg, i.p.) on 1-h retention performance (A) and the
enhancing effect of WIN (0.3 mg/kg, i.p.) on 24-h retention performance (B) in such
a way that their performances became similar to that seen in habituated animals
(compare to Fig. 1). Data are expressed as means ± SEM. *p < 0.05; **p < 0.01 vs. the
corresponding vehicle group; ##P < .01 vs. WIN alone group. Adapted from
Campolongo et al. (2013).
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on memory function are influenced by the stress state of the sub-
ject. Because this experiment employed a pretraining drug admin-
istration, we cannot exclude the possibility that the memory
performance effect observed could have been due, even in part,
to confounding variables associated with a pretraining
manipulation.

In a subsequent study, we employed a previously validated,
modified version of the object recognition task that enabled us to
administer the drug immediately after training to isolate the effect
of the drug on memory consolidation. We followed a previously
described procedure to induce two different levels of arousal dur-
ing the object recognition task (Okuda, Roozendaal, & McGaugh,
2004). One group of rats received extensive prior habituation to
the training apparatus (in the absence of any objects), while a sec-
ond group was not exposed to the experimental apparatus until
training. Animals were injected with the cannabinoid receptor ago-
nist WIN immediately after a single 3-min training trial and then
tested for memory retention 1 h or 24 h later. As shown in
Fig. 1A and B, WIN, administered immediately after object recogni-
tion training, impaired short-term (1-h) retention performance in
rats not habituated to the experimental context. The same dose
of WIN enhanced short-term memory in rats that had been habit-
uated to the experimental context (Campolongo et al., 2013).
Meanwhile, WIN enhanced long-term (24-h) retention in non-
habituated rats, but had no effect on long-term memory in habitu-
ated rats (Fig. 1C and D). This experience-dependent cannabinoid
effect on memory is highly comparable to the glucocorticoid ef-
fects described by Okuda et al. (2004), Roozendaal, Hui, et al.
(2006) and Roozendaal, Okuda, Van der Zee, and McGaugh
(2006). That is, glucocorticoid compounds administered after ob-
ject recognition training enhanced memory consolidation in non-
habituated rats (a relatively higher stress condition) but not in
habituated rats (a relatively lower stress condition (Okuda et al.,
2004; Roozendaal, Okuda, et al., 2006). Moreover, posttraining
exposure to an out-of-context stressor (i.e. elevated platform) after
object recognition training has been reported to enhance long-
term memory only in rats not previously habituated to the exper-
imental apparatus (Maroun & Akirav, 2008).

Given the close relationship between the cannabinoid system
and HPA axis activity (Armario, 2010; Atsak, Hauer, et al., 2012;
Barna et al., 2004; Hill, Karatsoreos, Hillard, & McEwen, 2010; Hill
& McEwen, 2010), we proceeded to explore the possibility that the
conditionally divergent effects of systemic WIN on object recogni-
tion memory could be related to differential effects of WIN on
training-induced glucocorticoid levels. We found that WIN ele-
vated plasma CORT levels in non-habituated rats, but decreased
Fig. 1. Effects of the CB receptor agonist WIN on short- and long-term retention of obje
arousal. Rats were either habituated for 7 days (WITH) or not habituated (WITHOUT) to
they could freely explore two identical objects, training was followed by a systemic adm
Data represent discrimination index (%) at the retention trial, expressed as mean ± SEM. T
the novel and the familiar object, expressed as a ratio of the total time spent exploring b
habituated rats (A) but enhanced performance of habituated rats (B). In contrast, posttra
object recognition performance of non-habituated rats (C) but not of habituated rats (D
CORT levels in habituated rats. Most importantly, as shown in
Fig. 2, we demonstrated that adrenocortical suppression with the
CORT-synthesis inhibitor metyrapone altered the effects of post-
training WIN administration on non-habituated rats’ short- and
long-term recognition memory in such a way that their cognitive
performance became similar to that seen in habituated animals
(Campolongo et al., 2013). Thus, our findings suggest that differen-
tial effects of cannabinoid receptor agonism on memory may be re-
lated to the ability of cannabinoids to interact with the HPA axis,
depending on the stress state of the animal in relation to the aver-
siveness of the environmental conditions. A WIN-induced increase
in CORT levels likely affected short-term memory performance (1-
h test) in the HA condition by influencing retrieval. In the long-
term memory experiment (24-h test), however, increased CORT
levels could only have influenced consolidation. Since habituation
attenuates training-induced surges in noradrenergic activity, glu-
cocorticoids might not modulate recognition memory in habitu-
ated rats due to their relatively low levels of norepinephrine
(Roozendaal, Okuda, et al., 2006). Together, these aforementioned
findings provide strong support for the view that cannabinoid-
mediated regulation of glucocorticoid secretion may play an
important role in determining the pattern of cannabinoid effects
on memory.
ct recognition training are influenced by the level of training-associated emotional
the training context. On day 8, they were given a 3-min training trial during which
inistration of WIN (0.1, 0.3 or 1 mg/kg, i.p.). Retention was tested 1 h or 24 h later.
he discrimination index was calculated as the difference in the time spent exploring
oth objects. Posttraining WIN impaired 1-h object recognition performance of non-
ining administration of WIN, at a dose that impaired 1-h retention, enhanced 24-h
). *p < .05 vs. vehicle. Adapted from Campolongo et al. (2013).
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Although the administration of direct cannabinoid receptor
agonists mimics cannabis consumption, the use of indirect agonists
or antagonists can provide more focal specificity and may be par-
ticularly useful for elucidating the physiological role of the endog-
enous ‘‘on-demand’’ endocannabinoid system. Indeed, de Oliveira
Alvares et al. (2010) reported that the hippocampal endocannabi-
noid system is recruited to enhance memory consolidation of con-
textual fear conditioning only under HA conditions. Specifically,
they found that blockade of cannabinoid receptors induced by
immediate posttraining infusion of the cannabinoid receptor
antagonist AM251 into the dorsal hippocampus impaired 24-h
memory retention of conditioning with a 0.7-mA footshock, but
did not affect memory when a less aversive 0.3 mA footshock
was used (de Oliveira Alvares et al., 2010). Hence, the hippocampal
endocannabinoid system may modulate memory consolidation
only when there is some threshold level of aversiveness involved.
Intriguingly however, Jacob, Marsch, Marsicano, Lutz, and Wotjak
(2012) reported that CB1 knockout mice required a higher inten-
sity footshock than wild-type mice to exhibit enhanced fear condi-
tioning memory and generalized contextual fear (Jacob et al.,
2012). However, with mice lacking CB1 receptors, it is not possible
to discriminate which memory phase has been affected. Further-
more when a receptor is genetically deleted, other compensatory
mechanisms may occur (Fraser & Wahlestedt, 1997; Giros, Jaber,
Jones, Wightman, & Caron, 1996).

Interestingly, clinical research has shown that the nature of the
social setting in which a drug is taken has a direct influence on the
probability of particular drug effects occurring (Porto & Masur,
1984; Zinberg, 1984). Researchers have also found that past expe-
riences dictate the content and structure of future drug-taking
experiences (Smith, 1978) and that cannabinoid drugs modulate
memory for emotionally arousing experiences preferentially, with-
out modulating memory for mundane experiences (Ballard, Bedi, &
de Wit, 2012).

Together, the preclinical and clinical findings reviewed above
indicate that some degree of training-associated arousal or stress
is required for glucocorticoids to affect memory consolidation
and that endocannabinoids may act as a buffer system in this re-
gard. This interaction between stress hormones and the cannabi-
noid system provides support for the notion that differential
sensitivity to cannabinoids may be related to the level of activation
of stress pathways (Carvalho & Van Bockstaele, 2012; Oropeza
et al., 2005; Page et al., 2007; Patel & Hillard, 2003). Taken to-
gether, these findings provide evidence in support of the view that
the endocannabinoid system may play a key role in mediating the
effects of arousal and stress on memory.

5.2. Out-of-context stress shapes cannabinoid modulation of memory

Intra-cerebroventricular administration of a CB1 receptor
antagonist has been demonstrated to activate the HPA axis (Man-
zanares, Corchero, & Fuentes, 1999), thus indicating a central site
of action despite the presence of CB1 receptors in the pituitary
and adrenal glands (Cota et al., 2007; Ziegler et al., 2010). Con-
versely, both stress and glucocorticoids alter endocannabinoid lev-
els in healthy volunteers subjected to stressful conditions
(Feuerecker et al., 2012), in patients with stress-related disorders
(Hauer et al., 2012, 2013; Neumeister et al., 2013), and in limbic re-
gions of CORT-injected rats (Hill & McEwen, 2010). This glucocor-
ticoid–cannabinoid interaction may serve to maintain
homeostatic balance. Collectively, these and other data (Hill & Tas-
ker, 2012)—together with the broad expression of cannabinoid
receptors in cortico-limbic and hypothalamic circuitry where they
seem to dampen HPA axis activation (Gonzalez et al., 2004; Hill,
Miller, Carrier, Gorzalka, & Hillard, 2009; Manzanares et al.,
1999; Newsom et al., 2012; Patel, Roelke, Rademacher, Cullinan,
& Hillard, 2004; Steiner et al., 2008)—suggest that the endocannab-
inoid system could play a critical role in mediating response to
stress as well as the effects of stress on memory processes.

Few studies have investigated the effects of out-of-context and
non-pharmacologically induced stress and its interaction with the
endocannabinoid system in modulating cognitive functions. Ga-
non-Elazar and Akirav (2009) have shown that infusion of the can-
nabinoid receptor agonist WIN into the BLA inhibits the increase in
plasma CORT in rats exposed to an elevated platform stress for
30 min. Pretraining intra-BLA infusion of WIN did not induce any
effect by itself, but prevented the enhancing effects of elevated
platform stress on inhibitory avoidance memory and prevented
the impairment of extinction induced by pre-extinction stress
exposure (Ganon-Elazar & Akirav, 2009). Likewise, in a food-re-
ward-reduction straight-alley maze task, intra-BLA WIN (5 lg/
side) infusions had no effect on memory consolidation alone, but
blocked the memory enhancing effects of stress exposure (i.e. ele-
vated platform for 30 min) (Ramot & Akirav, 2012). These findings
appear, at least superficially, to be at odds with our observation
that intra-BLA infusions of WIN (50 ng/side) immediately after
inhibitory avoidance training enhanced memory consolidation
(Campolongo, Roozendaal, Trezza, Hauer, et al., 2009). These differ-
ential outcomes could be due to the different doses used or differ-
ences in the nature of the behavioral tasks employed. The
inhibitory avoidance task is an aversive, fear-motivated task,
whereas the alley-maze task has a strong reward component and
the reduction of a reward has been associated with a state of frus-
tration (Spence, 1956). Interestingly, de Oliveira Alvares et al.
(2010) showed that intra-hippocampal infusions of the cannabi-
noid receptor antagonist AM251 reverted the stress-induced facil-
itatory effect on memory consolidation. In this experiment, rats
were trained in a contextual fear conditioning paradigm (0.3-mA
footshock intensity) and tested 24 h later. AM251 had no effect
per se on memory consolidation, but yielded a reversion to the
memory enhancing effects of a preconditioning stressor (two 0.1-
mA footshocks in a different context) (de Oliveira Alvares et al.,
2010). Although it is possible that preconditioning stress might
have influenced task acquisition, this finding provides further evi-
dence that stress hormones interact with endocannabinoids in
enhancing memory consolidation of aversive experiences. In light
of the findings of these still limited and sometimes seemingly con-
tradictory studies, it is becoming increasingly evident how the
endocannabinoid system, by modulating stress responses (and vice
versa), could affect memory functions differently depending on the
aversiveness of the experimental conditions.
6. The endocannabinoid system as an emotional buffer: a
possible explanation for variable cannabinoid effects on
memory

It is difficult to pinpoint the exact role exerted by cannabinoid
compounds on memory function given that they can induce bipha-
sic behavioral effects that may arise from different factors and may
alter sensorimotor and motivational processes (Economidou et al.,
2007; Solinas & Goldberg, 2005; Steiner et al., 1999; Zimmer et al.,
1999). However, growing evidence suggests that apparently con-
flicting findings with cannabinoid manipulations across studies
may be due, perhaps in large part, to variations in the stressfulness
of experimental conditions. This evidence has led us to hypothesize
that the interaction of cannabinoids with stress hormones is of cru-
cial importance in determining their modulatory effects on mem-
ory processes.

Stress effects on both consolidation and retrieval of emotionally
arousing experiences require concurrent glucocorticoid and norad-
renergic activity (McGaugh & Roozendaal, 2002; Roozendaal, 2002).
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Stress hormone effects on memory typically follow an inverted-U
shaped (rather than linear) dose–response relationship, in which
modulatory effects are seen most prominently with doses in the
mid-range of the inverted-U curve (Mendl, 1999; Yerkes & Dodson,
1908). Although this stress-memory relationship seems not to ap-
ply to all cases with respect to several factors (i.e. stress duration,
intensity, and timing in relation to memory phase) (Sandi & Pinelo-
Nava, 2007), it is plausible that, depending on stress hormone lev-
els, the subsequent interplay between endocannabinoids and glu-
cocorticoids and/or norepinephrine could produce opposing
effects of cannabinoids on memory performance.

Cannabinoid administration can both activate and inhibit the
HPA axis (Cota et al., 2007; Ganon-Elazar & Akirav, 2009); and sys-
temically administered CORT can produce rapid elevation of endo-
cannabinoid levels in the amygdala (Hill, Karatsoreos, et al., 2010).
Noradrenergic signaling within the BLA plays an important role in
the modulation of memory for emotionally arousing experiences, a
process highly dependent on the integrity of the BLA (McGaugh,
2000; Quirarte et al., 1997; Roozendaal, 2002; Roozendaal et al.,
2004, Roozendaal, Hui, et al., 2006). The BLA appears to orchestrate
the use of various memory systems during periods of emotional
arousal, rather than serving as a substrate of long-term memory
storage (Packard & Wingard, 2004). There are multiple ways in
which the BLA may modulate memory processes. First, aversive
tasks can augment autonomic and humoral stress responses and
activate the amygdala (Roozendaal, 2002; Roozendaal, Koolhaas, &
Bohus, 1992). These augmented stress responses may in turn inter-
act differentially with cannabinoids and affect cognitive functions in
other brain regions such as the hippocampus and PFC. Second, the
BLA can modulate cognitive functions through direct or indirect
neural connections to other limbic structures. The BLA has efferents
projecting to the medial PFC, nucleus accumbens, and hippocampus
(Krettek & Price, 1978; Pape & Pare, 2010). Most of the amygdalo-
hippocampal projections reach the ventral hippocampus, which ap-
pears to have limited involvement in learning and memory (Moser,
Moser, & Andersen, 1993). Thus, the BLA may influence dorsal hippo-
campal memory processes indirectly via projections through the nu-
cleus accumbens and entorhinal cortex. Therefore, cannabinoids
could influence memory processes by modulating BLA activity
and, thus, BLA efferents to other brain regions.

Within the BLA, CB1 receptors are expressed abundantly by
GABAergic interneurons (Katona et al., 2001) and activation of
CB1 receptors has consistently been shown to suppress GABA re-
lease (Katona et al., 1999, 2001; Ohno-Shosaku, Maejima, & Kano,
2001) via rapid inhibition of calcium entry into the terminals
(Hoffman & Lupica, 2000; Wilson & Nicoll, 2001). Moreover, the
amygdalar GABAergic system modulates memory storage
(McGaugh, 2000) and inhibition of GABAergic activity within the
BLA enhances memory consolidation by increasing the release of
norepinephrine (Hatfield et al., 1999). We demonstrated recently
that endocannabinoids in the BLA enhance memory consolidation
for an emotionally salient event by interacting with glucocorticoids
(Campolongo, Roozendaal, Trezza, Hauer, et al., 2009). Indeed, we
found that intra-BLA administration of the CB1 receptor antagonist
AM251 blocked the ability of systemically administered CORT to
facilitate memory consolidation of inhibitory avoidance training
(Campolongo, Roozendaal, Trezza, Hauer, et al., 2009). These find-
ings showed, for the first time in vivo, that glucocorticoids recruit
endocannabinoid signaling in the BLA while modulating aversive
memory consolidation (Hill & McEwen, 2009; Hill, Patel, et al.,
2010). Moreover, de Oliveira Alvares and co-workers demonstrated
that intra-hippocampal AM251 infusion impaired memory in rats
that had received a synthetic glucocorticoid (dexamethasone)
injection immediately after, but not 30 min before training. Their
study demonstrated that, in the context of modulation of aversive
memory consolidation, hippocampal endocannabinoid transmis-
sion is activated in a time-dependent manner and interacts with
glucocorticoids (de Oliveira Alvares et al., 2010).

An interaction between glucocorticoids and endocannabinoids
in modulating memory retrieval has also been examined recently.
Infusion of the cannabinoid receptor antagonist AM251 into the
dorsal hippocampus blocked the retrieval impairing effects of sys-
temic CORT, which were dependent upon elevation of hippocampal
2-AG levels (Atsak, Hauer, et al., 2012). Moreover, the b-adrenocep-
tor antagonist propranolol blocked the impairing effect of WIN on
memory retrieval and, conversely, infusion of the CB1 receptor
antagonist AM251 into hippocampus together with an impairing
dose of norepinephrine failed to abolish the impairing effect of nor-
epinephrine on memory retrieval (Atsak, Hauer, et al., 2012). Col-
lectively, these findings indicate that endocannabinoids interact
with glucocorticoids and may modulate memory functions differ-
entially depending on the activation state of the noradrenergic
system.

In view of this evidence, we have proposed a model in which
CORT binds to membrane bound receptors in the BLA that activate
a G-protein signaling cascade to stimulate the synthesis of endo-
cannabinoids. Once in the synaptic cleft, endocannabinoids may
inhibit GABA release from presynaptic terminals, which in turn
may lead to disinhibition of norepinephrine release and increased
noradrenergic activation of postsynaptic b-adrenoceptors, enhanc-
ing the consolidation of emotionally aversive memories (Fig. 3)
(Atsak, Roozendaal, et al., 2012; Campolongo, Roozendaal, Trezza,
Hauer, et al., 2009; Hill & McEwen, 2009).

There are several characteristics of the endocannabinoid system
that should be considered and might be involved in the dual cannab-
inoid effects on memory. First, endocannabinoids are synthesized
and released on-demand and, as a result, they are released only in
those brain regions where and when there is active endocannabi-
noid signaling. Brain endocannabinoid responses, and the relative
activation of the endocannabinoid system in discrete brain areas,
may vary depending on the nature and intensity of environmental
stimuli. Interestingly, pharmacological manipulations with indirect
cannabinoid receptor agonists or antagonists increase and block,
respectively, the endocannabinoid response only in those brain
areas where signaling was concurrently active. Conversely, direct
agonists bind all cannabinoid receptors in the brain and the periph-
ery, regardless of their involvement in a particular process.

Second, CB1 receptors are widely expressed in brain regions
that play key roles in responding to stressful stimuli. It is possible
that CB1 receptors produce opposite behavioral effects, depending
on their anatomical location. Since CB1 receptors are expressed
presynaptically, they can suppress the release of neurotransmitters
such as GABA and glutamate (Azad et al., 2008; Kano et al., 2009;
Marsicano & Lutz, 1999; Monory et al., 2006), which often act in
opposition to each other in the control of neurophysiological pro-
cesses related to memory and emotional responses (Chevaleyre,
Takahashi, & Castillo, 2006; Metna-Laurent et al., 2012; Millan,
2003; Myhrer, 2003). Furthermore, the densities of the molecular
endocannabinoid system components differ between synapse
types in general (i.e. glutamatergic vs. GABAergic) and among the
great variety of individual synapses expressing cannabinoid recep-
tors (Katona & Freund, 2012). For instance, the highest density of
CB1 receptors is found on cholecystokinin-positive GABAergic syn-
apses in the hippocampus (Katona et al., 1999, 2000), and much
lower levels of CB1 receptors are found on glutamatergic synapses
(Katona et al., 2006; Kawamura et al., 2006). Hence, cannabinoid
influences on behavior may differ qualitatively depending on the
synapses activated and neuronal circuits recruited in a particular
situation. CB1 receptors might shape the environmental impact
on memory functions by balancing inhibitory and excitatory neu-
ronal activity. The functional interaction of the endocannabinoid
system with these inhibitory or excitatory neurotransmitters



Fig. 3. Model of endocannabinoid role in the modulation of memory consolidation within the BLA. Stress hormones (i.e. CORT and epinephrine) are released into the
bloodstream during training. CORT binds metabotropic GRs within the BLA, activating the Gs–cAMP/PKA pathway to induce endocannabinoid (eCB) synthesis.
Endocannabinoids are released into the synaptic cleft where they bind CB1 receptors on GABAergic terminals, thereby inhibiting GABA release. Suppression of GABAergic
transmission results in the disinhibition of noradrenergic neurons and increases noradrenergic activation of postsynaptic b-adrenoreceptors, enhancing the consolidation of
emotionally aversive memories. Adapted from Hill and McEwen (2009).
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may consequently be particularly relevant for the dual effects of
cannabinoids in learning and memory processes. A small change
in the environment might recruit new neurons in a different cir-
cuit, changing the location and the neurochemical nature of the
cannabinoid-modulated synapses that were activated. This unique
characteristic makes the endocannabinoid system well suited to
serve as a buffer system to balance emotional reactivity and ensure
an appropriate stress response.

Furthermore, the capacity of endocannabinoids to activate
receptors other than CB1 should be considered. CB2 receptors were
also proposed to be relevant for emotional responses (Onaivi et al.,
2006). Moreover, endocannabinoids also activate the peroxisome
proliferator-activated nuclear receptor (O’Sullivan, 2007), which
modulates both aversive memory consolidation (Campolongo,
Roozendaal, Trezza, Cuomo, et al., 2009) and acquisition (Mazzola
et al., 2009), and the transient receptor potential vanilloid type 1
(Starowicz, Nigam, & Di Marzo, 2007) which has been shown to
mediate opposing effects on emotional responses with respect to
CB1 (Maione et al., 2006).

7. Conclusions

The findings reviewed here shed light on the divergent effects of
cannabinoids on memory processes reported in the literature, indi-
cating that environmental events characterized by different levels
of stress can shape responses to the cognitive effects of cannabi-
noids. Given its modulatory role, we propose that the endocannab-
inoid system may moderate environmental impacts on emotional
memory and attenuate excessive behavioral responses to stress.
As a key modulator of environmental and stress influences on
memory, the endocannabinoid system should be explored as a pos-
sible therapeutic target for neuropsychiatric illness involving
memory dysfunction, such as post-traumatic stress disorder.
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