Chapter 9
Endocannabinoids, Monoamines and Stress

Cecilia J. Hillard

Abstract There is considerable evidence that signaling through cannabinoid
1 receptors (CB1Rs) contributes to the effects of stress on the brain as well as stress-
adaptation. Similarly, serotonin, norepinephrine, and dopamine are important modu-
lators and effectors of stress. The purpose of this review is to present and discuss
the results of studies that have investigated the interactions between endocannabi-
noid-CB1 receptor signaling and each of the biogenic amines in the context of stress.

9.1 Introduction

Chronic exposure to psychological stress is a fact of life in the twenty-first century
society. Chronic stress exposure contributes to neuropsychiatric diseases and disor-
ders; including depression, anxiety, substance abuse, and schizophrenia. In addition,
stress is a risk factor for the development of obesity, cardiovascular disease, gastro-
intestinal disorders, and functional pain disorders. Drugs that target monoamine sig-
naling have efficacy in the treatment of several stress-related diseases, particularly
depression and schizophrenia, but not all affected individuals are responsive and
adverse drug effects can interfere with efficacy. In addition, pharmacotherapies tar-
geting the monoamines can treat disease symptoms but do not reduce the impact of
stress. In fact, there are very few approaches available to reduce the consequences
of stress and thereby reduce the risk of developing stress-related disorders.

It could be argued that Chinese and Indian cultures discovered a stress-reducing
therapeutic, Cannabis sativa, thousands of years ago. Cannabis extracts were used
as medicinals by these cultures to reduce anxiety, pain, seizures, mania, and muscle
spasms; and to stimulate appetite. Modern research confirms some of these benefits;
for example, recreational use of Cannabis can be associated with elevation of mood,
and euphoria along with reduced feelings of stress and anxiety (Tournier et al.
2003). The constituent of Cannabis that is likely responsible for the stress-reducing
effects is A’-tetrahydrocannabinol (THC), though another abundant phytocannabi-
noid, cannabidiol, is also an effective antianxiety agent (Bergamaschi et al. 2011).
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THC is a partial agonist of two G-protein coupled cannabinoid receptors (CBRs),
CBIR (Matsuda et al. 1990) and CB2R (Munro et al. 1993). The effects of THC on
stress, anxiety, and mood are mediated by these receptors, particularly CB1R, which
will be the focus of this review (Pertwee et al. 2010).

Considerable evidence indicates that CBIR are located on presynaptic, axonal
terminals (Herkenham et al. 1991a) and couple to inhibition of calcium influx (Ma-
ckie and Hille 1992), thereby inhibiting neurotransmitter release. CB1R are present
on glutamatergic and GABAergic terminals throughout the central nervous system
(CNS) and, via regulation of release of these primary excitatory and inhibitory
transmitters, exert a profound effect on postsynaptic neuronal activity (Freund
et al. 2003). Through this mechanism, CBIR activity regulates activational drive
on principal, outflow neurons in many brain regions. CB1R found on axon termi-
nals of noradrenergic (Oropeza et al. 2007; Scavone et al. 2010), and serotonergic
(Hermann et al. 2002) neurons can inhibit the release of the biogenic amines under
some circumstances.

The endogenous ligands for CB1R (endocannabinoids (eCBs)) are two arachi-
donic acid derivatives: N-arachidonylethanolamine (AEA) (Devane et al. 1992)
and 2-arachidonoylglycerol (2-AG) (Mechoulam et al. 1995; Sugiura et al. 1995).
Considerable evidence indicates that the eCBs are synthesized and released from
neurons postsynaptic the CB1R-containing axon terminals (Freund et al. 2003).
Multiple stimuli can induce eCB mobilization, including depolarization (Wilson
and Nicoll 2001) and activation of phospholipase C (PLC) by G protein coupled
receptors (GPCRs) that couple to Gq family heterotrimeric G proteins (Kim et al.
2002; Varma et al. 2001). As discussed further below, glucocorticoids also mobilize
eCBs. Although there are likely other functions of endocannabinoid-CB1R signa-
ling (ECS), it is a primary regulator of synaptic plasticity via changes in presynap-
tic release, specifically subserving short-term, activity-driven changes in synaptic
strength as well as other forms of presynaptic plasticity (Patel and Hillard 2009a).

9.2 ECS and Stress: Endocrine Aspects

Considerable evidence has accumulated to support the hypothesis that ECS is alte-
red by stress exposure and modulates stress responses through effects on synaptic
activity. Stress activates the hypothalamic-pituitary-adrenal (HPA) axis and induces
the release of glucocorticoid hormones, which exert widespread effects on the body,
including the brain (McEwen 2008). Exogenous administration of glucocorticoids
to rats results in a rapid (i.e. within 10 min) increase in eCB contents in several
limbic structures (Hill et al. 2010a). Multiple studies indicate that ECS is an effec-
tor of glucocorticoids in the brain (Hill and McEwen 2009). In the hypothalamus,
glucocorticoids act through a membrane receptor to rapidly mobilize eCBs that,
through CBIR on glutamatergic axons, inhibit excitatory drive onto corticotropes
in the paraventricular nucleus (PVN) (Di et al. 2003; Di et al. 2005). Glucocorticoid
infusion into the PVN rapidly inhibits HPA axis activation, an effect that is blocked
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by the CB1R antagonist, AM-251 (Evanson et al. 2010). Collectively, these data
demonstrate that glucocorticoid-mediated fast feedback inhibition of the HPA axis
requires mobilization of ECS in the PVN.

Both the hippocampus (Sapolsky et al. 1985) and medial prefrontal cortex
(mPFC) (Diorio et al. 1993) are responsive to glucocorticoids and participate in
long-loop feedback regulation of the HPA axis. Recent evidence indicates that this
function of glucocorticoids also requires ECS. In the hippocampus, exposure to
acute stress, in vivo glucocorticoid treatment, and direct application of glucocorti-
coids to slices all act through GR to increase eCB-mediated inhibition of gamma-
aminobutyric acid (GABA) release (Wang et al. 2012b). In the PFC, glucocorticoid
treatment of slices produces eCB-mediated inhibition of GABA release and dysin-
hibition of mPFC pyramidal neurons (Hill et al. 2011a). Increased pyramidal neuro-
nal activity contributes to termination of the HPA axis response through activation
of inhibitory projections from the anterior bed nucleus of the stria terminalis to the
PVN (Radley and Sawchenko 2011).

ECS signaling is also involved in the behavioral effects of glucocorticoids. In
these functions, ECS is required for the positive effects of glucocorticoids and
therefore can be considered as a contributor to the stress response. For example,
glucocorticoid-mediated enhancement of memory consolidation (Campolongo
et al. 2009) and stress-induced reinstatement of cocaine seeking behavior in mice
(Vaughn et al. 2012) are both inhibited by antagonism of CB1R.

In sum, these data support a critical role of ECS as a “second messenger” for glu-
cocorticoids in the brain. Our understanding of the mechanisms by which glucocor-
ticoids mobilize ECS is incomplete; however, it is likely that multiple mechanisms
are at play with different time courses that are well matched to the function of the
glucocorticoids in the specific brain region.

In spite of the evidence discussed above that acute stress and glucocorticoid treat-
ment increase eCB-mediated signaling in hypothalamus, hippocampus, and PFC,
acute stress exposure in rodents results in decreased amygdalar and PFC AEA con-
centrations (Hill et al. 2009b; McLaughlin et al. 2012; Patel et al. 2005; Rademacher
et al. 2008). The reduction in AEA content is accompanied by an increase in the
activity of fatty acid amide hydrolase (FAAH, (Hill et al. 2009b; McLaughlin et al.
2012)), the primary catabolic enzyme for AEA in brain (Cravatt et al. 1996). If the
decline in amygdalar AEA is prevented, HPA axis activation by stress is reduced (Hill
et al. 2009b); evidence that tonic CB1R signaling in the amygdala opposes stress-in-
duced HPA axis activation and must be inhibited in order for the HPA stress response
to occur. In other words, AEA functions as a gatekeeper for the stress response (Patel
et al. 2004). The mechanism by which stress increases the activity of FAAH is un-
known, but is likely a very early event in stress response cascade. Although stress
decreases AEA concentrations in the amygdala, glucocorticoid treatment increases
amygdalar AEA concentrations (Hill et al. 2010a). Thus, the sensory perception of
stress decreases AEA, reduces CB1R tone and allows for HPA axis activation while
subsequent elevation of glucocorticoids re-establishes the CBIR “gate” by elevating
AEA. This, glucocorticoid-induced elevation in amygdalar AEA could be another
example of ECS involvement in feedback regulation of HPA axis activity.
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These data have important implications for therapeutic treatment of disorders
in which hyperactive HPA axis activity contributes to disease. Preclinical models
demonstrate that FAAH inhibition inhibits stress-induced increases in circulating
glucocorticoids (Patel et al. 2004), reduces anxiety in adverse environments (Pa-
tel and Hillard 2006), and decreases immobility in rats in the forced swim assay
(Gobbi et al. 2005; McLaughlin et al. 2007). Several authors have suggested that
therapeutic agents that increase AEA (e.g., FAAH inhibitors) should be examined
in humans for treatment of anxiety and depressive disorders that are characterized
by excessive or prolonged HPA axis activation (Hill and Gorzalka 2009; Hill et al.
2009a; Parolaro et al. 2010).

9.3 ECS and Stress: Neural Aspects

Acute stress exposure evokes characteristic physiological and behavioral changes
that are mediated by activation of the neuronal defense pathway. Among the chan-
ges evoked are sympathoexcitation, including an increase in arterial blood pressure.
ECS has been shown to regulate the sympathetic response to stress at multiple sites
in the CNS. First, activation of ECS in the dorsal periaqueductal gray (PAG) enhan-
ces sympathetic nerve activity through inhibition of GABA release (Dean 2011). As
ECS is increased in this region by stress (Hohmann et al. 2005), it could contribute
to the effects of stress to enhance sympathetic outflow via this mechanism. Second,
administration of corticotropin releasing factor (CRF) into the cerebral ventricle
(i.c.v.) activates the sympathetic nervous system in anesthetized rats (Shimizu et al.
2010). This response is inhibited by CB1R direct and indirect agonists and is poten-
tiated by CB1R antagonists administered i.c.v. (Shimizu et al. 2010). The site of this
suppressive CB1R mechanism is unknown. Third, CB1R signaling in the nucleus
tractus solitarius (NTS) enhances baroreceptor sympathoactivation (Seagard et al.
2004) through inhibition of GABA release (Chen et al. 2010). These brain-regional
effects of ECS on regulation of sympathetic outflow illustrate an important point
regarding the ECS: that it is a local modulatory system. As a result, it is not unusual
to find that ECS exerts non-congruent changes at individual sites within a circuit.

CBIR are expressed at the terminals of sympathetic axons innervating blood
vessels and activation of presynaptic CB1R reduces the release of NE in anestheti-
zed (Ishac et al. 1996) and pithed (Pfitzer et al. 2005) rats. While there is evidence
that these receptors are not endogenously active in healthy animals (Pfitzer et al.
2005), they could contribute to blood pressure regulation during inflammation. For
example, treatment of conscious rats with lipopolysaccharide (LPS) induces vaso-
dilation and hypotension that is reversed by both blockade of CB1R and B-adrener-
gic signaling (Gardiner et al. 2005). LPS releases eCBs from circulating platelets
and macrophages (Varga et al. 1998), suggesting that inflammation brings ECS
“on-line” to reduce blood pressure and contribute to inflammation-induced shock.
Indeed, human studies support a role for ECS in hypotension that occurs during
endotoxic shock (Sakamoto et al. 2008; Wang et al. 2001).
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It is hypothesized that chronic inflammation contributes to major depressive ill-
ness in humans (Haroon et al. 2012). It is interesting in this regard that women with
depression exhibit a positive correlation between circulating eCBs and systolic and
diastolic blood pressure while there is no correlation among eCBs and blood pres-
sure measurements in healthy women (Ho et al. 2012). One explanation of these
findings is that chronic inflammation leads to increased eCBs, depression, and
hypertension in a coordinated manner.

9.4 ECS and Chronic Stress

Like most other signaling pathways that utilize GPCRs, CB1R density and cou-
pling to downstream effectors exhibit considerable plasticity in response to increa-
sed agonist availability. In particular, exogenous agonist treatment and excessive
amounts of 2-AG cause desensitization and down-regulation of CBIR signaling
(Schlosburg et al. 2010; Sim et al. 1996). Chronic, non-habituating stress decrea-
ses CBIR density in the hippocampus (Hill et al. 2005) and CB1R function in the
ventral striatum (Wang et al. 2010); possibly as a result of sustained increases in
2-AG. On the other hand, repeated exposure of rodents to the same stress, which
is accompanied by habituation, enhances ECS at the level of the eCB ligand (Patel
and Hillard 2008; Patel et al. 2009). The increase in ECS is required for the dampe-
ned responsivity to stress and fear that occurs during habituation (Hill et al. 2010b;
Kamprath et al. 2011; Patel et al. 2005).

An important point illustrated by these studies is that ECS can be considered a
component of the stress response that provides plasticity and a molecular memory
of prior stress exposures. These features, along with the function of ECS to regulate
neurotransmitter release throughout the neural axis, places ECS in a vital position
to regulate the impact of stress on the body through modulation of neural circuits.

9.5 Monoamine Pathways and Stress

There is considerable evidence that serotonergic, noradrenergic, and dopaminergic
networks are stress-responsive and contribute to the behavioral responses to stress.
In light of the role of ECS to regulate synaptic activity, and the sensitivity of ECS
to stress, it is logical to ask to what extent do ECS and monoamine signaling over-
lap and/or act in series to regulate behavioral and endocrine responses to stress?
The purpose of this review is to examine the evidence regarding the relationships
between ECS and each of the three, CNS active monoamines: serotonin (5-HT),
norepinephrine (NE) and dopamine (DA) to address this question.



178 C.J. Hillard

9.6 Interactions Between ECS and 5-HT Signaling:
Mechanisms

Physiological and behavioral studies demonstrate significant interactions between
cannabinoid and serotonergic signaling. In some cases, ECS and serotonergic sig-
naling produce similar effects and act in series to affect physiological or behavio-
ral change. For example, activation of either 5-HT,, or CB1R profoundly reduces
body temperature (Malone and Taylor 1998) and pharmacological data suggest that
the hypothermic effects of CB1R activation require increased 5-HT release in the
medial raphe nucleus (Malone and Taylor 2001). Similarly, both CB1R (Patel and
Hillard 2006) and 5-HT receptors (Griebel et al. 1997) regulate anxiety in rodents.
Pharmacological blockade of 5-HT, , receptors inhibits both the anxiolytic (Braida
et al. 2007) and anxiogenic (Marco et al. 2004) effects of the cannabinoids. On
the other hand, CBR agonists can produce pharmacological effects via suppression
of 5-HT signaling. For example, THC-induced impairment of spatial memory is
accompanied by a reduction in 5-HT release in the ventral hippocampus and is
attenuated by pharmacological treatments that maintain 5-HT signaling (Egashira
etal. 2002).

Molecular evidence supports the pharmacological data that ECS and serotoner-
gic systems interact functionally in both positive and negative ways. In the fore-
brain, 5-HT,, and CBIR are coexpressed in principal neurons, while 5-HT, and
CBIR are colocalized on GABA interneurons (Hermann et al. 2002). CBIR are
also present on serotonergic neuron cell bodies in the dorsal raphe nucleus (DRN)
and on axon terminals of serotonergic neurons in projection areas, including the
hippocampus and amygdala (Haring et al. 2007; Lau and Schloss 2008). CBI1R
on serotonergic axon terminals inhibit 5-HT release in cortical slice preparations
(Nakazi et al. 2000) and in vivo (Egashira et al. 2002; Merroun et al. 2009; Moranta
et al. 2004; 2009). Blockade of CBIR increases basal extracellular concentrations
of 5-HT in mPFC (Darmani et al. 2003; Tzavara et al. 2003), indicating ECS exerts
tonic inhibition of 5-HT release. Sustained changes in CBIR activity alter the ex-
pression and/or functional coupling of 5-HT receptors in hippocampus and PFC
(Aso et al. 2009; Mato et al. 2007; Moranta et al. 2009). Since 5-HT receptors are
readily up- and down-regulated by changes in 5-HT availability, these findings are
consistent with the hypothesis that ECS is a physiologically important regulator of
5-HT release, and therefore, of 5-HT signaling in the terminal regions of serotoner-
gic projection neurons.

CBI1R activity also affects serotonergic signaling through changes in the firing
of serotonergic neurons. In vitro studies of synaptic activity within the DRN reveal
that CB1R agonists inhibit glutamatergic activation of DRN serotonergic neurons
through presynaptic inhibition of glutamate release (Haj-Dahmane and Shen 2005;
2009). Extracellular recordings provide evidence that ECS also inhibits GABA re-
lease in the DRN (Mendiguren and Pineda 2009). Therefore, the net effect of ECS
on serotonergic neuronal activity will depend on synaptic strength, endogenous
eCB tone, and CB1R density on terminals impinging on DRN serotonergic neurons
(Haj-Dahmane and Shen 2011).
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Previous work has demonstrated that DRN serotonergic neuron activity is re-
gulated by an afferent projection from the mPFC to inhibitory interneurons of the
DRN (Celada et al. 2001). Activation of this important input results in reduced ac-
tivity of DRN serotonergic neurons while its inhibition is associated with decreased
anxiety and depressive behaviors (Celada et al. 2001). CBIR agonist administration
into the ventromedial PFC results in increased firing of serotonergic neurons in the
DRN; an effect abolished by transection of the medial but not lateral PFC (Bambico
et al. 2007). Since ECS also regulates the activity of serotonergic neurons projec-
ting to the frontal cortex (Haj-Dahmane and Shen 2011), it has been suggested that
ECS and 5-HT participate in a reciprocal loop; increased ECS in the PFC leads to
increased 5-HT neuronal activity in the DRN, resulting in increased 5-HT release in
the PFC (McLaughlin et al. 2012).

The cellular localization of CB1Rs in a brain region is one critical determinant
of the effect of changes in ECS on the serotonergic circuit. Another important de-
terminant involves the mechanisms that trigger eCB mobilization. Haj-Dahmane
and Shen have demonstrated that serotonergic neurons in the DRN synthesize and
release eCBs (Haj-Dahmane and Shen 2005, 2009). As has been demonstrated at
other synapses, eCB mobilization can be initiated by membrane depolarization and
increased intracellular calcium in serotonergic neurons (Haj-Dahmane and Shen
2009). Mobilization of eCBs in DRN neurons is also triggered by activation of
GPCRs that couple to Gq proteins, including orexin receptors (Haj-Dahmane and
Shen 2005). Orexin receptor activation results in recruitment of ECS, likely via in-
creased synthesis of 2-AG since it is dependent upon PLC and diacylglycerol lipase
(DGL) activities (Haj-Dahmane and Shen 2005). These studies indicate that orexin-
mediated regulation of serotonergic signaling is likely indirect, through changes in
ECS. The result of eCB synthesis and release from serotonergic cell bodies in the
DRN can be decreased glutamate or GABA release, thus either decreased or increa-
sed excitatory drive, respectively, onto the serotonergic projections.

5-HT, acting through 5-HT, receptors which are known to couple to Gq family
proteins (Barnes and Sharp 1999), activates ECS in the inferior olive, a brain region
that receives extensive serotonergic input (Best and Regehr 2008). As a result, sero-
tonin inhibits glutamate release through ECS and thereby regulates both pre- and
post-synaptic function in this brain region. The authors of this study speculate that
this mechanism could contribute responses to other 5-HT), receptor effects, including
food intake, sexual behavior, and sleep. Studies in rat cerebellar membranes suggest
that, when CBIR and 5-HT, receptors are colocalized, activation of the 5-HT, recep-
tor increases the high affinity binding site for at least one synthetic agonist (Devlin
and Christopoulos 2002), another mechanism by which 5-HT regulates ECS.

Thus, currently available evidence indicates that ECS regulates the serotoner-
gic system via multiple mechanisms, including regulation of DRN neuronal firing
and of 5-HT release from axon terminals. Current data suggest that ECS regulation
of 5-HT signaling occurs in many brain regions and is the primary mechanism of
interaction of these two systems in the healthy, unstressed brain. However, 5-HT
can reciprocally regulate ECS through 5-HT), receptors, and, as is discussed further
below, studies in rodent models of depression suggest that 5-HT regulation of ECS
could contribute to behaviors in these models.
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9.7 Interactions Between ECS and 5-HT Signaling:
Stress Context

9.7.1 HPA Axis Regulation

It is well-documented that stress increases 5-HT turnover and serotonergic signaling
plays an important and complex role in the regulation of autonomic and endocrine
responses to stress (Lanfumey et al. 2008; Lowry 2002). In particular, exposure of
rodents to inescapable stressors increases ¢ fos expression in DRN serotonergic
neurons (Greenwood et al. 2003) and increases 5-HT release in projection areas,
such as the PFC (Bland et al. 2003). Serotonergic inputs contribute to regulation
of HPA axis activity in the PVN, primarily in a positive manner (Lanfumey et al.
2008). For example, activation of either 5-HT, , (Osei-Owusu et al. 2005) or 5-HT,.
(Klaassen et al. 2002) receptors in the PVN increase ACTH secretion. Glucocorti-
coids inhibit DRN neuronal activity, resulting in feedback inhibition on the serot-
onergic drive to increase HPA axis activity (Lanfumey et al. 2008). Recent data
demonstrate that glucocorticoids regulate DRN neuronal activity via recruitment
of ECS in the DRN (Wang et al. 2012a). In particular, glucocorticoids act via acti-
vation of a membrane-localized, GPCR to increase ECS which results in decreased
glutamatergic drive to serotonergic neurons in the DRN (Wang et al. 2012a). ECS
regulation of activity in the DRN is consistent with a general function of the ECS
to inhibit or dampen HPA axis activity through effects in multiple brain regions, in-
cluding hypothalamus (Di et al. 2003), PFC (Hill et al. 2011a), hippocampus (Wang
et al. 2012b), and amygdala (Hill et al. 2009b).

9.7.2 Behavior in the Forced Swim (FST) and Tail Suspension
Tests

A large body of evidence supports the hypothesis that 5-HT, , receptors play a pivo-
tal but complex role in the mechanism of action of anti-depressant drugs (Lanfumey
et al. 2008). A commonly employed rodent assay for efficacy of anti-depressant
drugs involves the examination of behavioral responses to an inescapable and stress-
ful situation, usually either a period of forced swim or suspension by the tail. The re-
ad-out of these assays is a comparison of the time spent using active behaviors that
enhance chances to escape, such as climbing or swimming, and passive behaviors,
such as immobility, which conserve energy. Chronic stress and other manipulations
that are considered pro-depressive increase time spent immobile while treatment
with antidepressants increase active behavioral repertoires (Cryan et al. 2005).
There are multiple reports of antidepressant-like effects in the FST following
treatment of rats with CB1R agonists and indirect agonists (Bambico et al. 2007;
Gobbi et al. 2005; Hill and Gorzalka 2005; McLaughlin et al. 2007) and emerging
evidence indicates that the cannabinoids produce these effects via increased 5-HT
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release. In a seminal study, Bambico et al. (2007) demonstrated that low doses of
the synthetic CB1R agonist, Win 55212-2, elicit antidepressant behavior in the FST
and enhance serotonergic neuronal firing in the DRN through CBI1R mechanism.
The antidepressant efficacy of Win 55212-2 was abolished by depletion of 5-HT,
supporting the hypothesis that CB1R agonists act to increase serotonergic signaling.
Enhancement of DRN neuronal firing by systemic administration of Win 55212-2
was abolished by transection of the mPFC, and both the increased firing and de-
creased FST immobility were mimicked by direct injection mPFC of Win 55212-2.
Taken together, these results support the hypothesis that ECS in the PFC increases
excitatory drive on DRN serotonergic neurons, resulting in antidepressant-like effi-
cacy. As described above, an inhibitory, multi-synaptic projection from mPFC to the
DRN has been described; an untested hypothesis is that ECS decreases activation of
this projection through inhibition of glutamate release in the mPFC.

Mice with a genetic deletion of FAAH (therefore, high AEA tone) exhibit re-
duced responsiveness of mPFC pyramidal cells to a 5-HT,, ,. agonist, which is
consistent with increased firing of serotonergic neurons, enhanced 5-HT release in
the mPFC and subsequent down-regulation of 5-HT, , , . receptors (Bambico et al.
2010). Interestingly, treatment of rats with a single dose of THC does not alter FST
behavior and exerts complex effects on DRN firing while repeated THC exposure
(5 days) decreases immobility in the FST and enhances 5-HT |, receptor activity in
the hippocampus (Bambico et al. 2012). THC is a partial agonist of CBIR (Kearn
et al. 1999), which could contribute to its lower effectiveness.

A recent biochemical study supports the interaction of ECS and serotonergic cir-
cuits in regulating the behavioral response to FST in rats (McLaughlin et al. 2012).
These investigators found that PFC AEA content is decreased and FAAH activity
increased immediately following exposure to FST. When an inhibitor of FAAH was
injected into the mPFC, active coping in the FST was increased, as was firing of
DRN serotonergic neurons (McLaughlin et al. 2012). The effect of FAAH inhibition
to increase active coping was blocked by depletion of 5-HT. These data suggest that
PFC AEA content is a critical determinant of the firing of serotonergic DRN neu-
rons, thus, is a critical determinant of the behavioral coping mechanism employed.

The role of the CBIR in the regulation of FST behavior is less clear in mice. For
example, treatment of mice with moderate doses of THC increases immobility in
the FST, an effect that requires 5-HT, , receptors (Egashira et al. 2008) and CB1R
antagonism can produce antidepressant-like effects (Griebel et al. 2005; Shearman
et al. 2003). A recent study provides some insight into the discrepant data (Haring
et al. 2013). In this study, low doses of THC (0.1 and 0.5 mg/kg) decreased immo-
bility in the FST which was blocked by inhibition of SHT, , receptors and depletion
of 5-HT. High doses (3 and 10 mg/kg) of the CB1R antagonist, rimonabant, also de-
creased immobility but this effect was unaffected by suppression of 5-HT signaling.
Instead, the antidepressant-like effect of CB1R blockade was reversed by inhibition
of catecholamine synthesis and did not occur in mice lacking CB1Rs on forebrain
GABAergic neurons. It is possible that the prevailing ECS tone within serotonergic
circuits differs among animal species.
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9.7.3 Anxiety and Other Emotional Behaviors

Both serotonergic and CBIR signaling are important regulators of anxiety and there
is evidence that changes in serotonergic signaling contribute to the effects of ECS
on anxiety. Acute treatment of rats with low doses of THC or the AEA clearance
inhibitor, AM 404 (Beltramo et al. 1997) results in decreased anxiety-like behaviors
that is significantly reduced by pretreatment with a 5-HT, , antagonist (Braida et al.
2007). Similarly, FAAH null mice exhibit decreased anxiety compared to wild types
(Bambico et al. 2010). FAAH null mice also have a greater than 30 % increase in the
firing of DRN neurons that is inhibited in a subset of neurons by CB1R antagonism.
In addition, these animals have increased basal 5-HT tone in the frontal cortex, but
not in the hippocampus, that is reduced by CB1R antagonist treatment (Cassano
et al. 2011). Taken together, these studies indicate that AEA-mediated CBIR sig-
naling exerts antianxiety effects through interactions with serotonergic signaling
in the PFC.

9.7.4 Impact of Changes in Serotonergic Signaling on ECS

The preceding section indicates that ECS modulates serotonergic signaling. There
are also data consistent with the reciprocal relationship between these two systems;
that is, that serotonergic signaling alters ECS. Although activation of 5-HT, re-
ceptors in the inferior olive induce ECS through PLC-mediated increases in 2-AG
(Best and Regehr 2008), other data indicate that acute alterations in 5-HT tone do
not alter ECS. For example, the behavioral effects of acute exposure to selective
serotonin reuptake inhibitors (SSRIs) are preserved in CBIR™" mice and in the
presence of CB1R antagonists (Gobshtis et al. 2007; Steiner et al. 2008), suggesting
that ECS is not required for SSRI efficacy in the FST.

On the other hand, there is evidence that long-lasting elevation of 5-HT tone,
as occurs with chronic SSRI treatment, does change ECS. Treatment of rats for
21 days with imipramine (which inhibits reuptake of both NE and 5-HT) decreases
CBIR binding site density in hypothalamus, midbrain, and ventral striatum (Hill
et al. 2008a). Similarly, chronic fluoxetine treatment decreases CB1R messenger
ribonucleic acid (mRNA) expression in the caudate-putamen (Oliva et al. 2005)
and decreases CB1R function in cerebellum (Mato et al. 2010). Chronic citalopram
treatment reduces CB1R coupling in hypothalamus and hippocampus (Hesketh
et al. 2008). Chronic treatment with imipramine produces a significant increase in
2-AG contents in the hypothalamus and midbrain (Hill et al. 2008a), which could
result in agonist-induced desensitization and/or down-regulation of the CB1R.

In contrast to the effects of SSRIs to decrease CBIR signaling in subcortical
regions outlined above, CBIR binding site density is increased in the amygdala
by chronic imipramine (Hill et al. 2008a) and in the PFC by chronic fluoxetine
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(Hill et al. 2008b). Similarly, chronic fluoxetine increases CBIR function in the
frontal cortex (Mato et al. 2010). Chronic fluoxetine treatment results in decreased
expression of mRNA for the 5-HT,. receptor in the PFC while increasing its expres-
sion in the hippocampus (Barbon et al. 2011), raising the possibility that region-spe-
cific changes in 5-HT,.. expression by antidepressants underlie the region-specific
changes in ECS.

9.7.5 Models of Depression

Several studies have demonstrated that ECS is dysregulated in animal models of
depression and that the dysregulation can be reversed by SSRI treatment. Chronic,
unpredictable stress (CUS) results in behavioral changes that mirror those seen in
depressed humans. CUS down-regulates ECS in several brain regions, including
the hippocampus, hypothalamus, and ventral striatum (Hill et al. 2008a; Hill et al.
2005). Imipramine reverses the effects of CUS on ECS in all of these brain regions
(Hill et al. 2008a). Similarly, CUS exposure decreases CB1R-mediated inhibition of
glutamate release in accumbens slices which is reversed by in vivo treatment with
fluoxetine (Wang et al. 2010). These results suggest that stress-induced decreases in
5-HT tone contribute to the down-regulation of ECS in these brain regions. These
studies also suggest that decreased ECS contributes to the symptoms of depression,
perhaps through a feed-forward cycle that enhances suppression of 5-HT release.

Further evidence that reduced 5-HT tone affects ECS comes from studies of rats
with bilateral olfactory bulbectomy (OBX), which induces behavioral, neuroche-
mical, and structural abnormalities that are similar to human depression. Adaptive
changes in the serotonergic system play an important role in the OBX syndrome;
for example, serotonergic neurons in the DRN degenerate, resulting in permanent
reductions in 5-HT secretion in the hippocampus and amygdala (van der Stelt et al.
2005). Male rats with bilateral OBX exhibit significant increases in CB1R density
and coupling to GDP/GTP exchange in PFC which is reversed by chronic treat-
ment with fluoxetine (Rodriguez-Gaztelumendi et al. 2009). CUS also produces an
increase in CB1R density in the PFC; however, this change is not altered by imi-
pramine treatment while CUS-induced decreases in CB1R density were normalized
by this antidepressant (Hill et al. 2008a). The PFC of human suicides also exhibit
increased CB1R density and function (Hungund et al. 2004; Vinod et al. 2005),
which provides relevance to these observations.

9.7.6 Summary

There is clear evidence that ECS regulates the release of 5-HT in limbic brain regi-
ons through multiple mechanisms. CB1R signaling regulates a bi-directional circuit
between the mPFC and DRN; this is likely the substrate for the antidepressant ef-
fects of systemic CB1R agonists in rats. Chronic exposure of rats to SSRIs decreases
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CBI1R expression and function in subcortical, limbic regions, but increases CBI1R
expression in PFC and amygdala; the function of these changes in each brain region
are not well understood. Paradoxically, rodents exposed to CUS and OBX, treat-
ments that induce depressive-like behaviors, exhibit the same pattern of changes in
CBI1R density. Perhaps the ECS changes caused by CUS and OBX are an attempt
to recover homeostasis and oppose the depressive symptoms. In any case, it is clear
that ECS and serotonergic signaling are both altered significantly by chronic stress
through mechanisms that are not currently clear.

9.8 Interactions Between ECS and NE Signaling:
Mechanisms

There are two major sources of noradrenergic neurons in the brain: the locus co-
eruleus (LC), which gives rise to the dorsal noradrenergic bundle and the lateral
tegmentum, which gives rise to the ventral noradrenergic bundle (Dahlstrom and
Fuxe 1964; Weinshenker and Schroeder 2007). Noradrenergic neurons from the LC
project widely to all limbic and cortical regions, including the amygdala, hippocam-
pus, neocortex, cingulate, and striatum (Berridge and Waterhouse 2003). The LC
noradrenergic pathway is involved in the regulation of attention, arousal, cognitive
processes, and sleep as a result of NE gating and tuning postsynaptic target neurons
(Aston-Jones and Cohen 2005). LC neurons receive inputs from other neurotrans-
mitter systems, including GABAergic, glutamatergic, and serotonergic (Berridge
and Waterhouse 2003) and are also regulated by negative feedback through collate-
ral noradrenergic terminals within the LC (Aghajanian et al. 1977). Dysregulation
of the LC-NE system is thought to contribute to cognitive, emotional, and attentive
dysfunctions that are associated with neuropsychiatric illnesses (Berridge and Wa-
terhouse 2003). In light of data that Cannabis in humans alters attention and focus
and other aspects of executive function (Pattij et al. 2008; Solowij et al. 1995; Vi-
veros et al. 2005), a “noradrenergic hypothesis” has been put forth which posits that
cannabinoids impair attention and cognition via modulation of central noradrener-
gic transmission (Carvalho and Van Bockstaele 2012). In support of this hypothesis,
pretreatment of healthy humans with the beta-adrenergic antagonist, propranolol,
prevented the acute effects of Cannabis to impair learning (Sulkowski et al. 1977).

CBIR protein and mRNA can be detected in the LC and NTS (Derbenev et al.
2004; Herkenham et al. 1991b; Mailleux and Vanderhaeghen 1992; Matsuda et al.
1993). Analysis of the subcellular distribution of the CBIR protein in the LC re-
veals the presence of the receptors on both axon terminals and cell bodies, with a
majority present in somato-dendritic profiles (Scavone et al. 2010). The presynaptic
CBIR were more likely to be at symmetrical synapses, suggesting that ECS can in-
hibit GABA-mediated suppression of noradrenergic neurons. Indeed, Win 55212-2
suppresses the inhibition of LC firing induced by activation of the major GABAer-
gic afferent to the LC (Muntoni et al. 2006). In further support of this hypothesis,
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systemic administration of CBIR agonists (Muntoni et al. 2006) and FAAH in-
hibitors (Gobbi et al. 2005) increase the firing rate of unstimulated noradrenergic
neurons in the LC in a CB1R-dependent manner. CBIR agonists also increase ¢
fos expression in the LC (Oropeza et al. 2005; Patel and Hillard 2003); enhance
NMDA-induced firing of LC neurons (Mendiguren and Pineda 2004); and increase
NE synthesis (Moranta et al. 2009) and release (Oropeza et al. 2005) in terminal
regions. Taken together, these results are consistent with a mechanism by which ac-
tivation of CB1R on GABA terminals in the LC inhibit GABA release and increase
firing of noradrenergic neurons. However, neither local administration of CBI1R
agonists into the LC nor CBIR treatment of LC-containing brain slice preparations
alter the spontaneous firing of LC neurons (Mendiguren and Pineda 2006). These
findings point to an indirect effect of CB1R agonists on LC firing, perhaps through
increased peripheral afferent activity into the LC. While further studies are required
to elucidate the site of action, studies consistently demonstrate that CB1R agonists
increase activity of noradrenergic, LC neurons.

Interestingly, more than 80 % of the CB1R immunoreactivity in the LC is post-
synaptic, and this pool of CBIR is localized to the cytosol and not plasma mem-
brane (Scavone et al. 2010). The authors of this study speculate that intracellular
CBI1R could function in an autocrine fashion to regulate LC activity (Carvalho et al.
2010a). They argue that since the post-synaptic CBIR in the LC are in close pro-
ximity to asymmetrical synaptic inputs, it is possible that glutamate release could
drive eCB synthesis post-synaptically resulting in activation of CBIR within the
noradrenergic neuron in an autocrine manner.

Cannabinoid-mediated increases in LC noradrenergic neuron activity would be
predicted to increase NE release in terminal fields; and multiple studies confirm this
prediction. Systemic administration of CBIR agonists increase the release of NE
in frontal cortex and nucleus accumbens (Jentsch et al. 1997; Oropeza et al. 2005).
Local administration into the frontal cortex of a high concentration of the CBIR
antagonist, rimonabant, blocked the effect of systemic CB1R agonist to increase NE
release while having no effect alone (Page et al. 2008). Systemic administration of
CBI1R agonists increases the activity of the rate limiting enzyme in NE synthesis,
tyrosine hydroxylase (TH), in several brain regions, including LC, hippocampus,
and cortex (Moranta et al. 2004). Since NE synthesis is tightly coupled to release,
these data support the hypothesis that CB1R activation increases NE release. In an
excellent recent review of this topic, Kirilly et al. 2012 review other mechanisms
that could also contribute to cannabinoid-mediated increases in LC neuronal di-
scharge rate.

On the other hand, there is evidence that ECS suppresses NE release through
direct effects on noradrenergic axon terminals. CB1R have been located on nora-
drenergic axon terminals in the frontal cortex (Oropeza et al. 2007). One-third of
axon terminals positive for CB1R immunoreactivity were also positive for the NE
synthesis enzyme, dopamine-B-hydroxylase (DBH); other arrangements of CB1R
and DBH were also seen that support the hypothesis that NE and eCBs can regulate
each other’s function in the frontal cortex. In the nucleus accumbens, CB1R are pre-
sent on a small fraction (less than 8 %) of axon terminals of noradrenergic neurons



186 C.J. Hillard

(identified by immunoreactivity against DBH and the noradrenergic reuptake trans-
porter, NET) (Carvalho et al. 2010a). The same study also found that approximately
6% of noradrenergic axons were apposed to profiles that were immunoreactive for
CBIR.

Studies have examined whether CB1R on noradrenergic terminals inhibit NE
release. Incubation of synaptosomes with low concentrations of THC results in
small but significant reductions in NE release (Poddar and Dewey 1980). Systemic
administration of rimonabant (a CB1R antagonist) increases microdialysate NE
concentrations in anterior hypothalamus and mPFC but not accumbens in freely
moving, male Wistar rats (Tzavara et al. 2003; Tzavara et al. 2001). Similarly,
rimonabant increases electrically-evoked release of NE from human and guinea
pig hippocampal slices while agonists have the opposite effect, i.e., inhibit release
(Schlicker et al. 1997). These data indicate that CB1R on presynaptic terminals can
inhibit NE release and that they could be tonically active.

The identity of triggers of eCB mobilization that target CB1R of NE axon termi-
nals is unknown. One possibility is that NE induces 2-AG synthesis in postsynaptic
neurons via activation of alphal adrenergic receptors which couple to Gq heterot-
rimeric proteins (Insel and Hammond 1993) and, thereby, could trigger monoacyl-
glycerol synthesis (Kano et al. 2009). In support of this mechanism, activation of
alphal adrenergic receptors activates CB1R signaling in a cell-based system (Turu
et al. 2009). Of course, eCB synthesis and release in these brain regions could also
be triggered by the “usual suspects”, i.e., glutamate, membrane depolarization, and
glucocorticoids.

Further support for the hypothesis that ECS modulates noradrenergic circuits in
the brain comes from studies of chronic cannabinoid agonist treatment. Repeated
dosing of male rats with Win 55212-2 increases TH protein expression in the LC ac-
companied by potentiated NE efflux in response to an acute injection of Win 55212-2
without a change in baseline NE efflux (Page et al. 2007). Chronic treatment with
CBI1R agonists reduces the binding site density of B1 adreno receptors in neocortex
(Hillard and Bloom 1982; Reyes et al. 2009), and both alpha2 and 31 adrenoceptors
in the accumbens (Carvalho et al. 2010a). Chronic Win 55212-2 treatment com-
pletely abolishes the ability of clonidine to induce an increase in excitability of PFC
neurons (Reyes et al. 2012). Taken together, these data indicate that sustained CBIR
activation results in a sustained increase in NE release which induces down-regula-
tion of adrenergic receptors. Tolerance, at the level of the CBIR, could ultimately
develop to the effects of sustained CB1R agonists treatment to stimulate NE synthe-
sis (Moranta et al. 2009); so this process is likely highly time and dose dependent.

In summary, convergent data indicate that CB1R activation increases activity in
LC neurons, resulting in increased release NE in terminal regions. However, there
is also evidence for other paradigms of interaction between ECS and noradrenergic
signaling. In particular, CB1Rs in the terminal regions of LC projections can inhibit
NE release, likely through presynaptic CBIR on axon terminals of noradrenergic
neurons. Since systemic treatment of healthy animals with CB1R antagonists in-
creases NE release, it is possible that ECS has greater ongoing tone at terminal,
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release-inhibitory CB1R. Data from studies using chronic administration of tricy-
clic antidepressants (TCAs) suggest that noradrenergic signaling can also regulate
ECS, at least when noradrenergic signaling is sustained. There is a paucity of data
exploring the effects of acute changes in NE concentrations on ECS in the brain.

9.9 Interactions Between ECS and NE Signaling:
Stress Context

9.9.1 ECS Mediates Contributions of Noradrenergic
Signaling to Stress Effects

Like the ECS, central noradrenergic signaling is significantly and rapidly increased
in response to stress (Cassens et al. 1980). Although the ECS dampens stress respon-
ses through inhibition of HPA axis activity (described above), ECS also contributes
in a positive manner to behavioral changes that result from stress and glucocortico-
ids. Intriguingly, there is accumulating evidence that the stress-promoting effects of
ECS occur through increased noradrenergic signaling. Taken together, the studies
described next support the hypothesis that stress and/or glucocorticoids recruit ECS
which enhances noradrenergic signaling and contributes to stress responses.

High doses of CBIR agonists increase HPA axis responsivity to stress (Murphy
et al. 1998; Patel et al. 2004) and pretreatment of rats with antagonists of either
B-adrenergic or alphal-adrenergic receptors significantly attenuates this response
(McLaughlin et al. 2009). While NE signaling is not the only process involved,
these data are consistent with ECS acting up-stream of noradrenergic signaling to
potentiate stress-induced HPA axis activation.

Cannabinoid agonists exert biphasic effects on anxiety, with low doses of CBIR
agonists generally producing anxiolytic effects and high doses increasing anxiety
(Patel and Hillard 2006, Patel and Hillard 2009b). In addition, high doses of CB1R
agonists induce conditioned place aversion in rodents (Mallet and Beninger 1998;
McGregor et al. 1996; Pandolfo et al. 2009; Sanudo-Pena et al. 1997). A recent
study demonstrated that a relatively high dose of Win 55212-2 (3 mg/kg) produ-
ced aversion in conditioned place preference that was abolished by toxin-induced
depletion of NE in nucleus accumbens but not bed nucleus of the stria terminalis
(BNST) (Carvalho et al. 2010b). The role of NE was specific for aversive behaviors
since toxin treatment did not alter the responses to the same dose of Win 55212-2
in assays of locomotor activity, spatial memory or elevated zero maze (Carvalho
et al. 2010b). Injection of a B-adrenergic antagonist into the accumbens abolished
Win 55212-2-induced conditioned place aversion (Carvalho and Van Bockstacle
2011), further support for noradrenergic signaling acting as a down-stream effector
of exogenous CBIR activation to produce aversion. Since the NTS is a source of
NE innervation of the accumbens (Delfs et al. 1998) and CBIR activate NTS nora-
drenergic neurons (Carvalho et al. 2010a; Chen et al. 2010), increased NTS outflow
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could be the mechanism for this effect. Interestingly, Win 55212-2 place aversion
does not occur in spontaneously hypertensive rats (SHR) (Pandolfo et al. 2009)
which have reduced NTS CBI1R binding site density and attenuated responsiveness
to cannabinoid agonists injected into the NTS (Brozoski et al. 2009). Together, the-
se studies suggest that NTS-accumbens projections are modulated by ECS in the
NTS and contribute to the learning of aversion.

Evidence from both rats and mice indicate that increased noradrenergic signaling
is required for stress-induced reinstatement to cocaine seeking (Erb et al. 2000; Leri
et al. 2002; Mantsch et al. 2010). CBIR antagonism blocked stress-induced but not
cocaine-induced reinstatement of cocaine place preference in mice (Vaughn et al.
2012). Furthermore, the combination of nonreinstating doses of a CB1R agonist and
an alpha2 adrenergic antagonist produced significant reinstatement of cocaine place
preference (Vaughn et al. 2012). These data suggest that ECS and NE are both re-
quired for stress-induced relapse to drug seeking and act synergistically to produce
the behavioral effect.

It has been argued that stress-induced increases in ECS potentiate stress-induced
memory consolidation through increased NE signaling (Campolongo et al. 2009).
Although interactions between ECS and noradrenergic signaling in this context
have not been demonstrated directly, ECS inhibits GABA signaling in the baso-
lateral amygdala (BLA) during stress (Sumislawski et al. 2011) and inhibition of
GABAergic activity in the BLA enhances memory consolidation by increasing NE
signaling (Hatfield et al. 1999). These and other observations (Campolongo et al.
2009) are consistent with a model in which stress produces behavioral changes
through recruitment of both ECS and NE signaling.

As was discussed above, CB1R agonists increase NE release in the PFC in un-
stressed rodents. However, Win 55212-2 suppresses stress-induced NE release and
increases immobility and decreases climbing in the FST (Reyes et al. 2012). The
reduction in immobility and reduced non-swimming active behaviors are consistent
with decreased NE release in the PFC (Detke et al. 1995). Stress also reverses the
effect of chronic Win 55212-2 to block clonidine-induced increases in PFC excita-
bility (Reyes et al. 2012). These studies indicate that ECS regulation of NE signa-
ling is significantly altered by stress and suggest the intriguing possibility that ECS
is a pivot point with regard to the effects of stress on NE signaling.

9.9.2 Sustained CBIR Activation Alters Noradrenergic Signaling

As was described above, serotonergic signaling plays an important role in the re-
gulation of active and passive coping behavioral paradigms employed by rodents
in the FST. In a preceding section, data that CBIR agonists exert antidepressant-
like effects in the FST through increased 5-HT signaling in rats were presented.
Like 5-HT, elevations in NE also produce antidepressant effects in the FST. Acute
treatment of rodents with antidepressants that inhibit NE uptake, such as desipra-
mine, reduce immobility and promote the active coping behavior of struggling and
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climbing rather than swimming in the FST (Detke et al. 1995). Chronic treatment
of rats with a synthetic CB1R agonist, HU210, reduces immobility and increases
struggling without affecting swimming in the FST, consistent with increased NE
signaling (Morrish et al. 2009). In support of this mechanism, the effect of chronic
HU210 was attenuated by a 3-adrenergic receptor antagonist and, to a lesser extent,
by an alpha-adrenergic receptor antagonist. In light of the data that chronic treat-
ment with Win 55212-2 increases TH expression in the LC and increases CB1R-
agonist induced NE release (Page et al. 2007), a possible mechanism is that repea-
ted exposure to CB1R agonists enhances NE synthesis and neurotransmission as a
result. An alternative mechanism is that chronic CB1R agonist treatment results in
down-regulation of CB1R on NE terminals (Hillard and Bloom 1982; Reyes et al.
2009), resulting in dysinhibition of NE release. The second possibility is supported
by data that acute treatment with a CBIR antagonist produces immobility in the
FST through a mechanism that requires catecholamines (Haring et al. 2013). If a
subset of tonically active CBIR inhibit NE release, acute CB1R antagonism could
enhance NE release and thereby increase active coping in FST.

Moranta et al. 2009 investigated the role of enhanced monoaminergic signa-
ling in the aversive effects of withdrawal from chronic cannabinoid agonist treat-
ment. Antagonist-induced withdrawal in rats chronically treated with Win 55212-2
was accompanied by decreased TH activity, likely because of desensitization of
alpha2 autoreceptors regulating the synthesis of NE in cortex, hippocampus, and
cerebellum. Similar adaptations of alpha2 autoreceptors have been demonstrated
in morphine- and ethanol-dependent rats (Esteban et al. 2002; Sastre-Coll et al.
2002) and could contribute to the somatic symptoms of withdrawal. Lesion data
indicate that noradrenergic inputs to the BNST are not involved in these effects
(Carvalho et al. 2010D).

9.9.3 Sustained Changes in NE Signaling Alter ECS

Chronic treatment of rats with the tricyclic antidepressant (TCA) desipramine (Hill
et al. 2006) but not fluoxetine (Hill et al. 2008b) produces significant increases
in the density of CBIR in the hypothalamus and hippocampus. Desipramine is
an antidepressant whose primary mechanism is inhibition of NE reuptake (Frazer
1997). Chronic desipramine treatment also results in reduced HPA axis activa-
tion by stress, evidenced by reductions in both FST-induced ¢ fos expression in
the PVN and circulating corticosterone (Hill et al. 2006). Acute treatment with
rimonabant before FST completely abolished the effect of chronic desipramine
treatment to suppress HPA axis activation. Since decreased ECS in the hypothala-
mus is associated with HPA axis hyperresponsiveness (Cota et al. 2007; Patel et al.
2004), the authors of this study hypothesized that desipramine-induced, increased
CBI1R expression in the hypothalamus has the opposite effect, i.e., decreases HPA
axis responsivity (Hill et al. 2006). It is interesting that TCAs are more effica-
cious than SSRIs in reducing HPA axis reactivity in humans (Connor et al. 2000;
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Duncan et al. 1996). Perhaps this is because of the differential effects of these two
drug classes on ECS in the hypothalamus. The mechanism by which desipramine
increases CBIR expression is not known, but could be related to its effect to de-
crease alphal adrenoceptor expression (Subhash et al. 2003), which could result in
decreased 2-AG synthesis and up-regulation of CBIR. The effect of desipramine
on CBIR expression could oppose the effect of the TCA to increase NE concentra-
tions in the synapse. Up-regulation of CBIR specifically on noradrenergic terminals
could result in reduced NE release, which would normalize NE synaptic concentra-
tions. However, this mechanism is speculative and needs to be tested experimentally.

9.9.4 Summary

The biphasic effects of exogenous CB1R agonists on anxiety, place preference and
HPA axis activation by stress are well appreciated. High doses of exogenously ad-
ministered CB1R agonists produce increased stress-induced activation of the HPA
axis and induce conditioned place aversion rather than preference; these effects
require intact NE signaling to occur. In addition, the effects of stress to induce co-
caine reinstatement require both ECS and NE signaling. Recent data showing that
CBI1R agonist treatment exerts opposite effects on NE concentrations and signaling
in the PFC in the absence and presence of stress indicates that ECS regulation of
NE signaling is context dependent. Chronic treatment with CB1R agonists decre-
ases expression and/or function of most adrenoceptors in the brain, likely as a result
of sustained increases in NE concentrations. On the other hand, chronic treatment
with the TCA desipramine causes increased CB1R density in hypothalamus and
hippocampus but not in the PFC, changes that contribute to the decreased HPA axis
reactivity following chronic desipramine treatment.

9.10 Interactions Between ECS and DA Signaling:
Mechanisms

Dopaminergic cell bodies are present in the substantia nigra (SN) and ventral teg-
mental area (VTA) of the midbrain. Dopaminergic projections from the SN innerva-
te the dorsal striatum via the nigrostriatal circuit while those from the VTA terminate
in ventral striatum (nucleus accumbens) and PFC and form the mesocorticolimbic
dopaminergic circuit. The amygdala also receives dopaminergic innervation from
the ventral mesencephalon via a mesoamygdaloid projection (Fallon et al. 1978;
Ungerstedt 1971). The tuberoinfundibular dopaminergic pathway projects from the
hypothalamus to the pituitary and is relevant for the effects of DA ligands on en-
docrine function. Considerable experimental evidence demonstrates that ECS and
dopaminergic signaling influence each other in a complex and bidirectional man-
ner. | will focus here on the mechanisms of interaction in the mesocorticolimbic
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dopaminergic circuit; recent excellent reviews summarize the interactions of ECS
and DA in the nigrostriatal circuit (El Khoury et al. 2012; Fitzgerald et al. 2012;
Lovinger and Mathur 2012).

Dopaminergic afferents from the VTA play a central role in motivation, reward-
related behaviors and cognition (Schultz 2002), thus the mesocorticolimbic DA
circuit is often considered the “reward circuit”. The mesocorticolimbic dopaminer-
gic circuit provides the brain with information about the emotional valence of all
sensory stimulation, not just rewarding stimuli (Laviolette and Grace 2006). While
the circuit underlies the rewarding effects of drugs, deficits are thought to underlie
the compromised ability of those with schizophrenia or addictions to accurately as-
sign emotional significance to sensory input. There are considerable data to support
the contentions that cannabinoid-induced effects on the mesocorticolimbic circuit
could contribute to several of the consequences of Cannabis intoxication in hu-
mans, including its rewarding effects (Danovitch and Gorelick 2012); impairment
of working memory (Volk and Lewis 2010) and, at high doses, psychosis (Solo-
wij and Michie 2007). In addition, considerable evidence demonstrates that loss of
CBI1R function reduces the rewarding effects of most abused substances and natural
rewards (Serrano and Parsons 2011), suggesting that the regulation of the mesocor-
ticolimbic circuit by ECS has broad implications for abuse and addiction. Indeed,
recent experience with the use of the CBIR antagonist, rimonabant, in humans sug-
gests that ECS is vital for the maintenance of hedonia, particularly in individuals
prone to depression (Nathan et al. 2011).

Although the density is low relative to other brain regions, CB1R are present in
the VTA on presynaptic terminals of both glutamatergic and GABAergic neurons
(Matyas et al. 2008). Excitatory, afferent inputs to VTA dopaminergic neurons from
the PFC and pontine tegmental nuclei and GABAergic projections from the ac-
cumbens have been shown to express CB1R (Marsicano and Lutz 1999; Matsuda
et al. 1993). The axon terminals containing CB1R impinge on VTA neurons ex-
pressing TH, evidence that they are dopaminergic (Fitzgerald et al. 2012; Matyas
et al. 2008). The 2-AG synthesizing enzyme, diacylglycerol lipase (DGL) alpha is
detected in regions adjacent to the postsynaptic areas targeted by CB1R-containing
axons, which provides further support for the hypothesis that ECS regulates syn-
aptic activity at these synapses (Matyas et al. 2008). Although CB1R expression in
TH positive neurons in the VTA has been detected using light microscopy (Wenger
et al. 2003), electron microscopy studies indicate that very few TH-positive neurons
coexpress CBIR (Fitzgerald et al. 2012).

Electrophysiological studies of the synapse between GABAergic interneurons
and presumptive dopaminergic neurons in VTA brain slices demonstrate that CBIR
agonists inhibit GABA release at a subset of synapses (Riegel and Lupica 2004;
Szabo et al. 2002). CB1R-mediated inhibition of excitatory inputs to VTA dopa-
minergic neurons has also been described (Melis et al. 2004b; Riegel and Lupica
2004). Increased postsynaptic activity induces ECS at both GABAergic and glu-
tamatergic synapses onto DA neurons in the VTA (Riegel and Lupica 2004). ECS
in the VTA requires both depolarization and mGluR1 activation and is blocked by
inhibitors of DGL and PLC activity, indicating that 2-AG is the likely eCB involved
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(Melis et al. 2004a). Morphological data that DGL alpha is in close proximity to
CBI1R axon terminals (Matyas et al. 2008) support this hypothesis. In vivo evidence
that stimulation of the PFC recruits ECS in the VTA (Melis et al. 2004a) is consis-
tent with the hypothesis that ECS in the VTA is triggered by glutamate. Thus, the
role of ECS in tuning VTA output likely depends on context: under control condi-
tions, ECS could maintain VTA output through inhibition of GABA release while
during times of stress or high emotional tone when the PFC is active, ECS reduces
the responsiveness of the VTA through inhibition of glutamate release.

CB1R-dependent DSE is significantly reduced by the D2 dopamine receptor
(D2R) antagonist, eticlopride, suggesting that this form of eCB-mediated plasticity
is augmented by depolarization-induced release of DA (Melis et al. 2004b). In addi-
tion, chronic cocaine treatment recruits CB1R-mediated long-term depression of in-
hibition (I-LTD) in the VTA through a mechanism that requires group 1 mGluR and
D2R (Pan et al. 2008a, b). The combination of increased D2R and CB1R activation
produces a long-term suppression of GABA release through inhibition of protein ki-
nase A (Pan et al. 2008a). This effect of chronic cocaine is particularly interesting as
some hypothesize that overactive reward circuits could underlie addictive behaviors
following chronic drug exposure (Vanderschuren and Kalivas 2000).

Exogenous administration of CBIR agonists produces intense burst firing of
VTA dopaminergic neurons (Diana et al. 1998; French 1997; French et al. 1997,
Gessa et al. 1998; Wu and French 2000) and a concomitant increase in DA release
in the accumbens (Cheer et al. 2004; Chen et al. 1990b; Tanda et al. 1997) and the
PFC (Chen et al. 1990a). These pharmacological effects are consistent with canna-
binoid-mediated dysinhibiton of GABAergic interneurons within the VTA. Support
for this mechanism comes from a recent study of the roles of CB1R on GABA and
glutamatergic terminals in the VTA on voluntary wheel running (Dubreucq et al.
2012), a rewarding activity in mice that alters neuronal activity of dopaminergic
neurons in the VTA (Novak et al. 2012). Conditional deletion of CB1R selectively
from GABAergic neurons in brain decreases wheel running performance in mice,
which is consistent with tonic and permissive effect of CB1R activation to increase
DA release in the striatum which promotes reward and/or causes increased loco-
motor activity (Dubreucq et al. 2012).

It is possible that exogenous cannabinoids act in extra-VTA regions of the cir-
cuit to increase VTA-ventral striatum outflow. For example, a c fos study from our
laboratory suggests that activation of excitatory, noradrenergic afferents from the
LC contributes to the effects of exogenous CBIR agonists to activate VTA (Patel
and Hillard 2003). As is discussed further below, CBIR activation in the PFC also
increases the firing rate of PFC neurons projecting to the VTA (Pistis et al. 2001),
providing an additional, indirect mechanism for increased VTA firing.

In sum, available evidence indicates ECS can significantly alter the discharge
pattern of dopaminergic neurons in the VTA. It has been hypothesized that ECS in
the VTA, through regulation of glutamate and GABA release, could fine-tune pha-
sic versus tonic DA release in the mesocorticolimbic circuit (Melis et al. 2004a). As
a result, ECS functions as a modulator of the mesocorticolimbic circuit.
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A primary projection of VTA dopaminergic neurons is the shell of the nucleus
accumbens (NAc). This region of the accumbens also receives glutamatergic input
from the cortex which converges on many of the same medium spiny neurons as the
dopaminergic projections from the VTA (Sesack and Pickel 1990). Glutamatergic
and dopaminergic inputs to the accumbens interact in a bidirectional manner and
together regulate activity of the medium spiny neurons.

CBI1R are abundantly expressed in the accumbens (Herkenham 1992) on both
GABAergic terminals that are likely collaterals of medium spiny neurons and on
glutamatergic afferents from cortex (Pickel et al. 2004; Pickel et al. 2006). CB1R are
not present on dopaminergic projections (Fitzgerald et al. 2012; Julian et al. 2003).
As expected from their localization, CB1R activation suppresses evoked release
of GABA (Centonze et al. 2007; Hoffman and Lupica 2001) and glutamate (Pistis
et al. 2002b; Robbe et al. 2001) in the accumbens. Stimulation of prelimbic cortical
afferents to the accumbens using naturally occurring frequencies induces CBI1R-
dependent long-term depression (LTD) of excitatory synaptic transmission (Robbe
et al. 2002) and LTD is absent in rats chronically treated with THC (Hoffman et al.
2003). OBX reduces glutamatergic inputs to the ventral striatum and also reduces
ECS in this brain region—an effect that could contribute to the reduced responsivity
to novel stimuli observed in animals with OBX (Eisenstein et al. 2010). In contrast
to the dorsal striatum, D2R activation is not required for CB1R-mediated LTD in
the amygdala (Robbe et al. 2002). Thus, current evidence indicates that the role of
presynaptic ECS in the accumbens is to regulate glutamatergic input, which likely
also has an indirect effect on the dopaminergic input to medium spiny neurons.

CBI1R are also expressed by striatal neurons (Ferre et al. 2009; Kearn et al. 2005;
Kofalvi et al. 2005; Pickel et al. 2006), suggesting that CB1R have postsynaptic
effects in this brain region. Interestingly, CBIR can be colocalized with D2R in
striatal neurons (Pickel et al. 2006) and recent electrophysiological data suggests
that postsynaptic CB1R could enhance DR function, particularly when dopamine
concentrations are low (Seif et al. 2011). In addition, there is evidence that D2R and
CBIR can form heterodimers (Kearn et al. 2005) and that dual activation of D2R
and CBI1R results in a stimulatory effect on cAMP, although both CB1R and D2R
signal individually through Gi/o family G proteins (Glass and Felder 1997; Jarrahi-
an et al. 2004; Kearn et al. 2005). Thus, ECS and dopaminergic signaling have the
ability to influence each other at the level of the receptor.

The mesocortical DA system modulates activity of pyramidal neurons of the
PFC. Early studies found a predominant effect of DA to inhibit pyramidal neuron
firing through enhanced release of GABA from inhibitory interneurons (Gellman
and Aghajanian 1993; Pistis et al. 2001) likely through DIR activation (Arnsten
2011). Since CBI1R are present on GABAergic terminals in the PFC and inhibit
GABA release (Hill et al. 2011b), the ECS is in a position to oppose the inhibitory
effect of dopamine in this circuit. Indeed, systemic CB1R agonist treatment rever-
ses the inhibitory effects of VTA activation on PFC activity in rodents (Pistis et al.
2001), however, whether this occurs through CBIR activation in the PFC or in the
VTA is not clear.
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Synergistic effects between ECS and DA have also been demonstrated in PFC.
In particular, CB1R and D2R are colocalized on GABAergic terminals and simul-
taneous activation of both triggers CB1R-mediated LTD of GABA release (I-LTD)
(Chiu et al. 2010). Further evidence in this study argues against D2R-mediated mo-
bilization of eCBs, rather supports synergism between signaling cascades activated
by CBIR and D2R. As was discussed above for the synergistic effects of DA and
ECS in the VTA (Pan et al. 2008a), it is possible that CB1R and D2R activation in
the PFC suppresses PKA below a threshold that allows for induction of I-LTD.

Biochemical data suggest bidirectional interactions between ECS and dopami-
nergic signaling at the level of ligand availability; however, none of the available
data are specific to the mesocorticolimbic DA system. For example, acute treatment
of mice with systemic methylphenidate, GBR 12909 and D1R agonist individu-
ally reduce AEA content in the forebrain (Patel et al. 2003). Similarly, mice that
do not express the dopamine transporter (DAT) have significantly lower striatal
AEA concentrations (Tzavara et al. 2006). On the other hand, forebrain and striatal
AEA concentrations are increased by D2R activation (Centonze et al. 2004; Giuf-
frida et al. 1999; Patel et al. 2003). CBIR activation increases DA release (Pistis
et al. 2002a; Tanda et al. 1997) and genetic deletion of the CBIR results in D2R
overexpression, which is consistent with decreased DA tone in the absence of ECS
(Houchi et al. 2005).

In summary, the interactions between dopaminergic and CBIR signaling are
complex and occur in the VTA, accumbens and PFC. There is little evidence in
rodent models that ECS regulates the release of DA, although the situation could be
different in humans since CB1R are present on DA terminals in human neocortex
and inhibit DA release from human synaptosomes (Steffens et al. 2004). There is
evidence from morphological and electrophysiological studies that ECS regulation
of glutamate release indirectly alters responses to DA in the mesocorticolimbic cir-
cuit. Intriguingly, there is also evidence that postsynaptic CBIR are important in
this circuit and participate in a bidirectional modulation of postreceptor signaling
with D2R. These interactions clearly contribute to the role of ECS in regulation of
reward and could also underlie the propsychotic effects of Cannabis use in humans.

9.11 Interactions Between ECS and DA Signaling:
Stress Context

The VTA is activated by stress and DA concentrations are increased in the mPFC,
accumbens and dorsal striatum in response to restraint stress (Deutch et al. 1991).
Considerable preclinical and clinical data demonstrate that DA, through both D1R
and D2R receptors, is one of the most important neuromodulators of fear and anxiety
(LeDoux 2000). ECS is also activated by stress, and CBIR signaling regulates DA
neuronal activation in the mesencephalon; release of DA in projection sites; and
can affect dopamine receptor signaling (previous section). Therefore, it seems quite



9 Endocannabinoids, Monoamines and Stress 195

probable that ECS modulates and/or contributes to the dopaminergic role in stress
responding. However, there is not much experimental evidence that tests this pro-
position directly.

9.11.1 Dysregulation of Stress Reactivity by Chronic Exposure to
Drugs of Abuse

Dysregulation of stress responses is a major, long-term adverse consequence of drug
addiction and it plays a primary role in relapse to drug use following abstinence
(Sidhpura and Parsons 2011). As is outlined wonderfully in a review by Sidhpura
and Parsons (2011), the characteristics of ECS, particularly its role in both reward
and stress responses, support the hypothesis that chronic drug use causes dysregula-
ted stress responsivity as a result of alterations in ECS-mediated synaptic plasticity.
As was described above, ECS is activated by glucocorticoids and long-term drug
use results in sensitization of responses to HPA axis activation (Koob and Kreek
2007), which suggests the hypothesis that chronic drug exposure could alter glu-
cocorticoid-ECS signaling. To my knowledge, this hypothesis has not been tested.

9.11.2 Anxiety

While systemic administration of CB1R agonists produces a biphasic effect on be-
havior in the elevated plus maze (Patel and Hillard 2006), activation of ECS through
administration of indirect agonists primarily exerts anxiolytic effects in this assay
particularly when stress is high (Patel and Hillard 2006; Sciolino et al. 2011). Simi-
larly, blockade of ECS with CB1R antagonists results in anxiogenic like effects (Pa-
tel and Hillard 2006), implicating ECS as a feedback system that limits the expres-
sion of anxiety under stressful circumstances. Acute exposure to psychostimulants
produces increased anxiety (Lodge and Grace 2011), an effect that is reversed by
prior CB1R activation. In particular, exposure of male mice to a single, high dose of
psychostimulant results in an anxiogenic phenotype in the elevated plus maze that
lasts for at least 5 days (Hayase et al. 2005). Treatment of the mice 1 h prior with
several CB1R agonists reverses the anxiogenic effects, suggesting that suppression
of ECS could contribute to the anxiogenic effects of the psychostimulants. Previous
studies have demonstrated that methylphenidate in particular decreases forebrain
tissue contents of both AEA and 2-AG (Patel et al. 2003), it is possible that a long-
lasting suppression of ECS tone contributes to the sustained anxiogenic effects of
psychostimulant exposure. On the other hand, the ability of amphetamine to induce
long-term depression in the lateral amygdala is dependent upon CB1R and not DA
receptors (Huang et al. 2003). Thus, prior exposure to CB1R agonists could abro-
gate the effect of the psychostimulant to induce plasticity in the amygdala.
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There is substantial evidence that exposure to most drugs of abuse affects synap-
tic plasticity in many brain regions and that in many cases, these changes are sub-
sequent to disruption of ECS-mediated plasticity, particularly at glutamatergic syn-
apses (Wolf et al. 2004). The bed nucleus of the stria terminalis (BNST) is a region
of the extended amygdala that is stress-responsive and a key relay between limbic
cognitive centers and reward, stress, and anxiety nuclei (McElligott and Winder
2009). ECS-mediated LTD occurs in the BNST and is reduced following multiple
exposures of mice to cocaine (Grueter et al. 2006). Since the BNST projects to the
VTA (Dong and Swanson 2006), changes in synaptic plasticity in the BNST will
alter the mesocorticolimbic circuit and alter motivated behavior (Sidhpura and Par-
sons 2011).

On the other hand, there is considerable evidence that hyperactive ECS could
contribute to the anxiogenic effects of withdrawal from addictive drugs. Withdra-
wal from chronic exposure to drugs and alcohol induces anxiety that is mediated
by increases in amygdalar CRF concentrations and can be blocked by antagonism
of CRF receptors in the central nucleus of the amygdala (Koob and Le Moal 2008).
The anxiogenic effects of alcohol withdrawal are reduced in CB1R null mice (Racz
et al. 2003) and are inhibited by CB1R antagonists (Rubio et al. 2008) as are the
anxiogenic effects of withdrawal from diazepam and cocaine (Kupferschmidt et al.
2012; Onaivi 2008). These results suggest that, as a stressor, withdrawal has increa-
sed ECS and that this contributes to the anxiogenic effects. There is a high degree
of co-localization between mRNA for the CBIR and message for both CRF and
CRFRI in stress-regulated brain regions (Hermann and Lutz 2005) and recent data
demonstrate that the effects of i.c.v. CRF to induce anxiogenic responses in the
elevated plus maze are blocked by CB1R antagonism (Kupferschmidt et al. 2012).
CRF1 receptors are expressed in both glutamatergic projection neurons and VTA
dopaminergic neurons and exert a bi-directional influence on anxiety behaviors
(Refojo et al. 2011). ECS modulates these neurons as well, suggesting that they
could be the substrate for interactions between CRF and ECS signaling. Withdrawal
from alcohol in rats is associated with decreased VTA DA concentrations, which is
reversed by rimonabant (Rubio et al. 2008).

9.11.3 Emotional Learning

An important role for the mesolimbic dopamine circuit is to associate emotional
significance to sensory information, called “emotional learning” (Laviolette and
Grace 2006). Most animal studies of emotional learning utilize fear conditioning
approaches in which a neutral stimulus is paired with a painful stimulus, usually
a mild foot shock. Emotional learning is measured as the ability of either the con-
ditioned stimulus (cue) or placing the animal back into the training environment
(context) to provoke a fear response (usually freezing). Emotional learning is
dependent upon the DA activity in mesocorticolimbic circuit and an intact amyg-
dala. A recent study indicates that ECS in DIR expressing neurons is involved



9 Endocannabinoids, Monoamines and Stress 197

in emotional learning (Terzian et al. 2011). In this study, mice with a selective
deletion of the CB1R in neurons expressing the D1R were exposed to foot shock
with an auditory conditioned stimulus. Both cue and context-induced freezing
were significantly increased on the first day after conditioning in the knock out
compared to wild type mice, suggesting that ECS opposes the effect of DIR ac-
tivation to evoke emotional learning. Earlier studies found that CB1R agonists
also functionally oppose the effects of D1R agonists on motor behaviors (Martin
et al. 2008), leading to the hypothesis that CB1R coexpressed in D1R containing
neurons opposes the effects of D1R activation. Infusion of AEA into the accum-
bens before conditioning decreased freezing behavior to the context 24 h later
(Pedroza-Llinas et al. 2013). Taken together, these data suggest that ECS in the
accumbens functions to dampen the magnitude of emotional learning plasticity
perhaps through activation of signaling cascades that oppose those of the D1R.

9.11.4 Chronic Stress and Striatal EC

Exposure to inescapable stress alters synaptic plasticity in many brain regions. In
particular, social defeat stress suppresses CB1R-mediated inhibition of GABA re-
lease in the striatum (Rossi et al. 2008). It is likely that the mechanism involves
decreased CBIR expression or function since exogenous agonists were ineffecti-
ve at inhibition of GABA release as well. CBIR regulation of glutamate release
was unaffected in the striatum. Importantly, the effect of chronic stress to suppress
CBIR signaling was reversed when stressed mice were given access to running
wheels, sucrose, or cocaine (Rossi et al. 2008). These data suggest that reduced ECS
is the result of the anhedonic effects of stress and that reduced ECS contributes to
the reward deficit of chronic stress. These data are consistent with biochemical data
that dopamine increases striatal CB1R expression (Centonze et al. 2004) and that
chronic treatment of unstressed rats with the MAO inhibitor, tranylcypromine in-
creases CB1R density in PFC and hippocampus (Hill et al. 2008b). Taken together,
these data indicate a positive relationship between DA signaling and CB1R density.
Recent data DA-regulation of brain-derived neurotrophic factor (BDNF) could alter
CBI1R expression through a mechanism that involves changes in cholesterol meta-
bolism that alter CBIR distribution to lipid rafts (De Chiara et al. 2010).

9.11.5 Summary

The interactions between ECS and dopaminergic systems are complex, bidirec-
tional, and affected by stress. With regard to regulation of anxiety, both the an-
xiogenic and anxiolytic effects of CB1R activation come into play in the dopami-
nergic circuit. While activation of CBIR opposes the anxiogenic effects of acute
psychostimulant exposure, blockade of CB1R ameliorates the anxiogenic effects
of withdrawal. Since DA signaling is also highly dysregulated during withdrawal,
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it is possible that the state of DA signaling is an important determinant of ECS.
Around 10 years ago, Sachin Patel and I suggested, based on the dose-response
relationship between CB1R agonist and ¢ fos expression in the VTA, that effects of
cannabinoids to activate specific subregions of the VTA could contribute to both the
reward-promoting and stress-promoting effects of CB1R agonists (Patel and Hillard
2003). Activation of dopaminergic neurons within the parabrachial pigmented and
paranigral regions of the VTA exhibits a steep and bell-shaped dose response rela-
tionship that we hypothesized matched well the rewarding effects of cannabinoids
while activation in the caudal linear region exhibited a more classical relationship
with agonist dose and could subserve the aversive and anxiogenic effects of CBIR
activation. Until better tools are developed or applied to study subregional roles of
ECS, it will be impossible to completely understand the interactions of these two
very important systems.

9.12 Concluding Remarks

A recent genetic association study provides strong evidence that CBIR function
plays an important role in stress adaptation in humans (Agrawal et al. 2012). This
study examined a synonymous polymorphism in exon 4 of the gene encoding the
CBI1R in two different cohorts of individuals exposed to childhood physical abuse.
In both samples, individuals reporting physical abuse in childhood were signifi-
cantly more likely to report anhedonia. However, in both cohorts, those with one or
more copies of the minor allele at rs1049353 were nearly 50% less likely to have
anhedonia as an adult. Thus, this study suggests that CB1R genotype can buffer the
effects of childhood physical abuse on major depression. This study, along with
other accumulating data that differences in genes associated with ECS influence
the likelihood for substance use and mood disorders, suggest that ECS function
contributes to human psychiatric illness (Hillard et al. 2012). Thus, enhanced under-
standing of the many roles of ECS in the regulation of mood, emotion, and reward
is an important goal.

The studies described in this review indicate that we are just beginning to un-
derstand the intersection of ECS with monoaminergic systems that are also vital
for mood, reward, and processing of emotions. However, there is much work to be
done. Although we are fortunate to have excellent morphological maps of the subre-
gional and sometimes even subcellular distribution of the CB1R, our understanding
of the roles of individual pools of CBIR in the responses to systemic agonist and
antagonist treatment is primitive in most cases, which, along with the complexity of
the monoamine systems, results in a clouded picture at this stage of our knowledge.
However, the development of selective knock out mouse models, and increased use
of local injections along with the promise of other more precise techniques, such as
optogenetics and live brain imaging, will ultimately improve our focus and allow
for the development and use of ECS-targeted therapeutic approaches in a rationale
manner.
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