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A B S T R A C T

The endocannabinoid (eCB) system has been implicated in a variety of physiological functions due to abundant
expression of its receptors and endogenous ligands in the central nervous system. Substantial progress has been
made in understanding how the eCB system influences the brain norepinephrine (NE) system, an important
neurochemical target in the continued development of new therapies for stress-induced psychiatric disorders.
We, and others, have characterized the neuroanatomical, biochemical and pharmacological effects of cannabi-
noid receptor modulation on brain noradrenergic circuitry and defined how molecular elements of the eCB
system are positioned to directly impact the locus coeruleus (LC)-prefrontal cortex pathway, a neural circuit well
recognized for contributing to symptoms of hyperarousal, a key pathophysiological feature of stress-related
disorders. We also described molecular and electrophysiological properties of LC noradrenergic neurons and NE
release in the medial prefrontal cortex under conditions of cannabinoid type 1 receptor deletion. Finally, we
identified how stress influences cannabinoid modulation of the coeruleo-cortical pathway. A number of sig-
nificant findings emerged from these studies that will be summarized in the present review and have important
implications for clinical studies targeting the eCB system in the treatment of stress-induced psychiatric disorders.

1. Introduction

Chronic stress exposure is associated with the onset and severity of
numerous psychiatric diseases including substance abuse, mood and
anxiety disorders (McEwen, 2008; Carvalho and Van Bockstaele, 2012).
However, not all individuals exposed to the same stress will develop
these impairments and a challenge of modern medicine is to distinguish
the neurobiological substrates underlying differences between vulner-
able and resilient individuals. Thus, identifying cellular mechanisms
that confer stress resilience and vulnerability is critically important to
develop modalities to increase resistance and prevent stress-induced
psychiatric disease. Sex, childhood trauma and genetics are also im-
portant factors that influence vulnerability. While most studies have
used exclusively male subjects, females are more susceptible to many
stress initiated neuropsychiatric disorders (Kendler et al., 1995; Marcus
et al., 2005). Women are about twice as likely as men to suffer from
anxiety disorders, such as panic disorder or from posttraumatic stress
disorder (PTSD) and have higher rates of depression (Marcus et al.,

2005). Delineating sex-dependent interactions between neurochemical
mediators of stress resilience and components of the locus coeruleus
(LC)-norepinephrine (NE) system is critical to our continued under-
standing of cellular mechanisms underlying effective coping to stress.
An approach towards elucidating the link between stress and psychia-
tric disease is to investigate mechanisms by which neurobiological
substrates of the stress response interface with neurotransmitter sys-
tems that have been implicated in these disorders.

Modulation of noradrenergic neurotransmission is an important
mechanism for adapting to stress. While moderate levels of NE release
may enhance working memory and prefrontal cortex function via high
affinity α2 adrenoceptors, high levels of NE impair prefrontal cortical
function via low affinity α1 and perhaps β1 adrenoceptors (Sara, 2009).
The locus coeruleus (LC) provides the sole source of NE in the mam-
malian forebrain thus mediating a variety of brain functions and be-
haviors such as arousal, memory acquisition, attention, vigilance, and
responses to stress (Aston-Jones et al., 1996; Valentino and Van
Bockstaele, 2008; Sara, 2009). It is well recognized that the central
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noradrenergic system, and the LC in particular, plays a key role in the
pathophysiology of stress-related disorders.

The LC-NE system is a major stress response system that is regulated
by the pro-stress neuropeptide, corticotropin-releasing factor (CRF) as
well as the endocannabinoid (eCB) system, an anti-stress modulator.
The eCB system has profound effects on mood and behavior, in part
through their modulation of the stress-integrative LC-NE system.
Cannabinoid type 1 receptor (CB1r) agonists are capable of increasing
noradrenergic activity and anxiety-like behaviors; however, they can
also decrease stress-induced anxiety (Wyrofsky et al., 2015). This re-
view will summarize our current understanding of how the eCB system
modulates LC-NE activity and stress-related afferents to the LC. Speci-
fically, we will review the neuroanatomical, biochemical and pharma-
cological effects of cannabinoid receptor modulation on brain nora-
drenergic circuitry as well as newer neuroanatomical findings
demonstrating the cellular localization of CB1r with respect to CRF
afferents in the LC. We will also describe findings from recent electro-
physiological studies examining eCB modulation of CRF afferents in the
LC and finally, adaptations in eCB signaling in the LC in a resident-
intruder model of social stress that reveals that chronic stress differ-
entially alters eCB system protein expression levels in the LC across
sexes. Taken together, the findings illustrate how targeting CB1r spe-
cifically in the LC-NE circuit, a pathway dysregulated following chronic
stress, could restore homeostasis in noradrenergic activity that could
contribute therapeutic relief for stress-induced anxiety disorders, no-
tably post-traumatic stress disorder. We begin with a brief overview of
the eCB system and stress signaling processes in the mammalian central
nervous system, then explore how the eCB system interfaces specifically
with the LC-NE system in modulating the stress response.

2. The eCB system: an “anti-stress” neuromediator

Cannabis sativa, or marijuana, has been used throughout human
history as a stress-reducing agent, as well as a drug to reduce anxiety,
pain, muscle spasms, and seizures (Zuardi, 2006). Modern research has
confirmed that several compounds found in cannabis, namely Δ9-tetra-
hydrocannabinol (THC) and cannabidiol, are successful at reducing

stress and providing anxiolytic behavioral effects (Green et al., 2003;
Bergamaschi et al., 2011). Though there are many endogenous canna-
binoids, the two most prevalent are N-arachidonoylethanolamine
(anandamide; AEA) and 2-arachidonoylglycerol (2-AG) (Di Marzo et al.,
2004). Traditionally, the eCB system is thought to signal in a retrograde
fashion (Castillo et al., 2012). Postsynaptic depolarization-induced in-
creases in intracellular calcium (Ca2+) and activation of phospholipase
C cause diacylglycerol lipase (DGL) and N-acyl-phosphatidyl-ethano-
lamine-hydrolyzing phospholipase-D (NAPE-PLD) to synthesize 2-AG
and AEA, respectively (Castillo et al., 2012). 2-AG and AEA then cross
the synapse, where they bind to presynaptic Gi-coupled CB1r, thereby
inhibiting subsequent neurotransmitter release. 2-AG and AEA are then
degraded by presynaptic monoacylglycerol lipase (MGL) and post-
synaptic fatty acid amide hydrolase (FAAH), respectively (Fig. 1;
Okamoto et al., 2007; Di Marzo, 2011; Castillo et al., 2012). Post-
synaptic cyclo-oxygenase 2 (COX-2) can terminate eCB signaling by
turning 2-AG and AEA into prostaglandins (Hermanson et al., 2013).
Within the LC, neuroanatomical evidence supports differential locali-
zation of eCB metabolizing enzymes both pre- and post-synaptically.
MGL has been shown to be localized in presynaptic axon terminals
synapsing with LC-NE neurons and FAAH has been localized in post-
synaptic LC-NE somatodendritic processes (Van Bockstaele et al.,
2017). Evidence also suggests that eCB signaling can occur in autocrine
and non-retrograde fashions, via binding to postsynaptic CB1r and
transient receptor potential vanilloid receptor type 1 (TRPV1) receptors
(Ross, 2003; Bacci et al., 2004).

During development, the eCB system plays a critical role in neural
growth and connectivity. CB1r and eCBs are found abundantly in the
white matter of perinatal rodent and human brains, but not in adult
brains (Viveros M-P et al., 2011). Additionally, maximal levels of CB1r
and eCBs have been observed in adolescent rats, decreasing during
adulthood (Rodriguez de Fonseca et al., 1993; Belue et al., 1995;
Harkany et al., 2007). In adults, CB1r is highly expressed in brain re-
gions associated with cognitive functioning, motor control, and emo-
tional processing (Glass et al., 1997). It is well established that the eCB
system plays a role in the regulation of mood and the stress response,
and its dysregulation results in the development of stress-induced
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psychiatric disorders (Parolaro et al., 2010; Wyrofsky et al., 2015). AEA
levels decrease to initiate an acute stress response, while 2-AG levels are
subsequently increased to help terminate the stress response and enable
adaptation to chronic stress (Morena et al., 2016). Additionally, CB1r
levels are decreased in most brain regions following chronic stress
(Morena et al., 2016). CB1r-knock out (KO) mice have hyperactivity of
the hypothalamic-pituitary-adrenal (HPA) axis, and show an increase in
passive behaviors in the forced swim test and an increase in immobility
time in the tail suspension test compared to wild type (WT) mice,
suggesting heightened depressive-like phenotype (Uriguen et al., 2004;
Aso et al., 2008; Cota, 2008; Steiner et al., 2008). Conversely, admin-
istration of CB1r agonists and FAAH inhibitors produce antidepressant-
like effects in the forced swim and tail suspension tests (Gobbi et al.,
2005; Bambico et al., 2007). In the clinic, a CB1r antagonist, rimona-
bant, originally intended as a weight-loss drug, was withdrawn from the
market due to significant psychological side effects, including depres-
sion and anxiety (Nissen et al., 2008). These studies suggest a protective
role of eCB signaling against the development of psychiatric disorders,
which may result from the interplay between the eCB system and stress
circuitry.

3. The mammalian stress response

The ability to recognize and deal with a threat ensures survival in
dangerous situations or environments. When facing a physiological or
psychological stressor, parallel engagement of the HPA axis and
brainstem noradrenergic circuits underlying the cognitive limb of the

stress response contributes to adaptive responses necessary to confront
a perceived threat (Valentino and Van Bockstaele, 2008). CRF, a neu-
rohormone that is a critical orchestrator of the stress response, co-
ordinates both limbs of the stress response, eliciting widespread auto-
nomic and behavioral responses (Vale et al., 1981; Valentino and Van
Bockstaele, 2008).

3.1. The HPA axis activation: endocrine limb of the stress response

Any perceived threat to homeostasis causes activation of the HPA
axis via excitatory and inhibitory inputs to the paraventricular nucleus
of the hypothalamus (PVN) from the amygdala, prefrontal cortex (PFC),
LC, dorsal raphe nucleus, and other limbic and brainstem regions
(Herman et al., 2005; Ulrich-Lai and Herman, 2009). The PVN contains
a large population of CRF-producing neurons, which release CRF upon
activation (Swanson and Sawchenko, 1980). CRF then travels to the
anterior pituitary, causing adrenocorticotropic hormone (ACTH) to be
released into the blood stream (Herman et al., 2005). When ACTH
reaches the adrenal cortex, it stimulates the production and release of
adrenal steroids, such as glucocorticoids, which helps prepare the body
to respond to the stressor by reallocating energy resources (Herman and
Cullinan, 1997; Herman et al., 2005).

3.2. LC-NE system: cognitive limb of the stress response

CRF released from the amygdala and PVN targets the LC (Valentino
and Van Bockstaele, 2008; Valentino et al., 2010). The LC, a dense
region of noradrenergic neurons located off of the fourth ventricle in
the brainstem, innervates many regions of the neuraxis and provides
the sole source of NE to the medial prefrontal cortex (mPFC) (Sara,
2009). CRF fibers have been shown to strongly innervate the peri-LC, a
region where dendritic processes extend from the core of the LC
(Shipley et al., 1996). Tract tracing and immuno-electron microscopy
studies have revealed topographic CRF innervation of the LC, with
limbic regions such as the amygdala and bed nucleus of the stria ter-
minalis (BNST) targeting the peri-LC, and autonomic-related brain
areas such as the PVN, Barrington's nucleus, nucleus para-
gigantocellularis (PGi), and nucleus prepositus hypoglossi (PrH) tar-
geting the LC core (Van Bockstaele et al., 2001). LC-NE neurons express
CRF receptor 1 (CRFr1), and the release of CRF leads to increases in the
firing of these neurons (Curtis et al., 1996; Reyes et al., 2008). This
shifts LC activity to a high tonic state, which is adaptive during acute
stressor exposure as it promotes behavioral flexibility and environ-
mental scanning (Valentino and Van Bockstaele, 2008; Curtis et al.,
2012). Chronic CRF release and stimulation of LC-NE neurons increases
anxiety and depressive-like behaviors (Valentino and Van Bockstaele,
2008). Indeed, studies have found that CRF released from amygdalar
afferents in the LC increases the tonic firing of LC neurons and causes
stress-induced anxiety and aversive behaviors (McCall et al., 2015).

LC projections to both the mPFC and the amygdala play important
and distinct roles in aversion; the LC-amygdala microcircuit is critical in
promoting aversive learning, while the LC-mPFC microcircuit is critical
for extinguishing aversive responses (Uematsu et al., 2017). NE release
in the amygdala modulates aversive memory formation in Pavlovian
fear conditioning models (Díaz-Mataix et al., 2017; Schiff et al., 2017).
This effect of NE is mediated by β-AR activation in both the central
nucleus of the amygdala (CeA) and the basolateral amygdala (BLA)
(Campese et al., 2017; McCall et al., 2017). Similarly, overactivation of
the LC-BLA pathway via β-AR activation plays a critical role in pain-
induced anxiety and enhances aversive learning (Llorca-Torralba et al.,
2019). In addition to its role in extinguishing aversive memories, NE
dysregulation in the mPFC can precipitate the development of psy-
chiatric disorders (Mueller et al., 2008; Mueller and Cahill, 2010).

Fig. 1. The endocannabinoid system.
This schematic illustrates the basic components of the endocannbinoid (eCB)
system. Postsynaptic depolarization and influx of calcium (Ca2+) stimulates
eCB synthesis. N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase-D
(NAPE-PLD) is the main enzyme responsible for synthesizing anandamide
(AEA), while diacylglycerol lipase (DGL) synthesizes 2-arachidonylglycerol (2-
AG). These eCBs can then cross through the membrane, either via passive dif-
fusion or with the help of endocannabinoid membrane transporters (EMTs), and
travel across the synapse, where they retrogradely activate presynaptic can-
nabinoid type 1 receptors (CB1r). Presynaptic monoacylglycerol (MGL) then
metabolizes 2-AG, and fatty acid amide hydrolase (FAAH) breaks down AEA
into arachidonic acid (AA).
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3.3. Dysregulation following chronic stress

While activation of the HPA axis and the cognitive limb of the stress
response are beneficial during exposure to acute stress, continued ex-
posure to chronic stress is maladaptive. Long-term exposure to stress is
known to contribute to the pathophysiology of psychological disorders,
including depression, anxiety, and drug abuse (Kendler et al., 1995,
1999; Breese et al., 2005). Rats exposed to repeated social defeat de-
velop long lasting hyper-activation of stress signaling and HPA axis
activity (Wood et al., 2010; Wood and Bhatnagar, 2015). Chronic glu-
cocorticoid release can lead to maladaptive metabolic, cardiovascular,
and neurological states, and HPA hyperactivity is common in

individuals suffering from PTSD and major depression (McEwen, 2008).
Aberrant monoaminergic signaling also plays a significant role in the
development of psychiatric disorders, and many traditional anti-
depressants target noradrenergic and serotonergic neurotransmission
(Carvalho et al., 2010; Valentino et al., 2010). Dysregulation of NE
release in cortical and limbic brain regions contributes to the debili-
tating symptoms of depression and anxiety (Johnston et al., 1999;
Carvalho and Van Bockstaele, 2012). In addition to NE, the LC also
releases galanin in the ventral tegmental area following stress-induced
hyperactivity, and antidepressants have been shown to reduce galanin
mRNA in the LC (Rovin et al., 2012). Therefore, regulation of the stress
response by the eCB system is of paramount importance, in order to

Fig. 2. Schematic depicting alterations to LC-
mPFC microcircuit in male CB1r-KO mice.A. A
depiction of the LC-medial prefrontal cortex (mPFC)
microcircuit in male wild type (WT) mice. The nu-
cleus paragigantocellularis (PGi) and paraventricular
nucleus of the hypothalamus (PVN) provide ex-
citatory/glutamatergic (green neurons) input and the
nucleus prepositus hypoglossi (PrH) provides in-
hibitory/GABAergic (red neurons) to the locus coer-
uleus (LC) core, while the amygdala (CNA) provides
excitatory/glutamatergic input to the peri-LC. These
afferents can also release corticotropin-releasing
factor (CRF), as indicated by the green arrows.
Additionally, GABAergic interneurons are present in
the LC. Cannabinoid type 1 receptors (CB1r) have
been localized to excitatory and inhibitory synapses
in the core and peri-LC, providing a mechanism for
eCB modulation of limbic and autonomic projections.
B. A depiction of the LC-mPFC microcircuit in male
CB1r-knock out (KO) mice. CB1r localization in the
LC suggests that CB1r deletion could result in dysre-
gulation of neurotransmitter and CRF release in the
LC. Indeed, male CB1r-KO mice have a significant
increase in NE levels in the mPFC compared to WT,
resulting in the desensitization and decreased ex-
pression of α2-adrenoceptors. C. In vitro whole-cell
patch clamp recordings reveal that male CB1r-KO
mice have increased LC-NE excitability compared to
WT, which corresponds with the increase in mPFC NE
levels. Additionally, male CB1r-KO mice have a de-
crease in mPFC cortical neuron excitability, likely
resulting from desensitization of excitatory mPFC α2-
adrenoceptors. Traces are examples of neuronal ex-
citability, as would be measured by counting the
number of action potentials that occur during appli-
cation of increasing current pulses. (For interpreta-
tion of the references to color in this figure legend,
the reader is referred to the Web version of this ar-
ticle.)
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protect against the development of these stress-induced psychiatric
disorders.

4. eCB regulation of stress circuitry

4.1. eCB regulation of the HPA axis

In order to help protect against the damage that excessive gluco-
corticoids can cause, negative feedback mechanisms exist to dampen
HPA axis activity after an adequate stress response has occurred. A
short feedback loop exists, where stress causes the release of gluco-
corticoids into circulation via stimulation of the HPA axis (Hill and
McEwen, 2009). Increases in hypothalamic eCB levels caused by glu-
cocorticoid circulation cause subsequent suppression of glutamatergic
signaling onto the CRF-releasing neurons in the PVN (Patel et al., 2004;
Hill and McEwen, 2009; Hill and Tasker, 2012). Similar to their effect
in the PVN, circulating glucocorticoids stimulate DGL in the mPFC to
increase 2-AG synthesis. 2-AG then binds to presynaptic CB1r localized
to GABAergic interneurons, causing disinhibition of excitatory projec-
tion neurons to GABAergic neurons within the BNST. This time-delayed
feedback leads to an increase in inhibitory output from the BNST to the
PVN, ultimately causing a dampening of PVN activity and decreased
CRF efflux (Hill et al., 2011). In contrast to the mPFC and PVN, where
eCBs appear to be produced on demand, tonic AEA signaling in the
basolateral amygdala (BLA) serves as a gatekeeper of limbic activity by
causing basal inhibition of the HPA axis (Hill and McEwen, 2009).
When an acute stressor occurs, increased FAAH activity degrades AEA,
causing disinhibition of BLA neurons and a subsequent increase in HPA
axis activity via increased amygdalar output to the PVN (Hill and
McEwen, 2009; Hill et al., 2010). While acute stressors alter AEA levels
in the amygdala, 2-AG signaling is upregulated following chronic stress,

suggesting another mechanism for the eCB system to dampen HPA axis
hyperactivity via inhibition of amygdalar output (Patel et al., 2009).

4.2. eCB regulation of LC-NE activity

CB1r mRNA and protein expression have been localized within the
LC (Herkenham et al., 1991; Mailleux and Vanderhaeghen, 1992;
Matsuda et al., 1993; Derbenev et al., 2004). Additionally, electron
microscopy studies have shown that CB1r are found on both glutama-
tergic and GABAergic presynaptic axon terminals that synapse with NE-
producing LC neurons as well as post-synaptically in somatodendritic
processes of LC cells (Scavone et al., 2010). The presence of CB1r on LC-
NE neurons is functional, as indicated by electrophysiological studies
showing that CB1r agonists and FAAH inhibitors increase the basal
firing rate of LC-NE cells, c-Fos expression of LC neurons, and NE efflux
in the mPFC (Gobbi et al., 2005; Oropeza et al., 2005; Mendiguren and
Pineda, 2006; Muntoni et al., 2006; Page et al., 2008). The eCB system
also regulates NE microcircuits in LC target regions. Footshock is known
to enhance hyperarousal and inhibitory avoidance in rodents due to the
LC-BLA microcircuit, and FAAH inhibitors administered in the BLA
decreases the startle response and other anxiety-like behaviors
(Aisenberg et al., 2017; Sabban et al., 2018). Additionally, β1-AR have
been found to play a role in the impaired memory consolidation that
occurs following post-training injections of a CB1r agonist directly into
the CeA (Zarrindast MR et al., 2012). Within the mPFC, CB1r activation
has been shown to inhibit NE release, and it has inversely been sug-
gested that increased NE levels might downregulate CB1r (Richter
et al., 2012).

Additionally, there is tonic eCB production in the LC, as sole ap-
plication of a CB1r antagonist is capable of decreasing LC-NE activity
(Muntoni et al., 2006; Carvalho and Van Bockstaele, 2012).

Fig. 3. Co-localization of CB1r and CRF-amygdalar afferents in the LC. A.
Confocal fluorescence micrographs showing that cannabinoid type 1 receptor (CB1r, red) and corticotropin-releasing factor (CRF, green) are co-localized in the locus
coeruleus (LC). CB1r was detected using a rhodamine isothiocyanate-conjugated secondary antibody and CRF was detected using an Alexafluor 647-conjugated
secondary antibody (pseudocolored in green). Co-localization of CB1r and CRF (yellow) is shown in a merged image. Arrows highlight points of CB1r and CRF co-
localization, while arrowheads point to singly labeled points of CB1r and CRF. B. Confocal fluorescence micrographs showing that CB1r (red), CRF (green), and
phaseolus vulgaris-leucoagglutinin (PHAL, blue) are co-localized in the LC. CB1r was detected using a rhodamine isothiocyanate-conjugated secondary antibody, CRF
was detected using an Alexafluor 647-conjugated secondary antibody (pseudocolored in green), and PHAL was detected using fluorescein isothiocyanate-conjugated
secondary antibody (pseudocolored in blue). Triple co-localization (white) can be observed, and is depicted by arrows. Arrowheads highlight singly labeled points of
CB1r, CRF, and PHAL. This figure represents data previously published in (Wyrofsky et al., 2017). Scale bars= 25 μm. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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Interestingly, the LC appears to be under biphasic regulation of the eCB
system, and both too much and too little CB1r activity can increase LC-
NE firing. For example, other studies have found that systemic ad-
ministration of rimonabant, a CB1r antagonist, increases NE levels in
the mPFC and PVN (Tzavara et al., 2001, 2003), and low levels of THC
can cause a decrease in NE release from synaptosomes (Poddar and
Dewey, 1980). Additionally, various doses of CB1r agonists and an-
tagonists can produce opposite effects, further highlighting the biphasic
nature of the eCB system within the LC (Carvalho et al., 2010).

Studies have found that CB1r in the PFC and hippocampus have
differential sensitivity to CB1r agonists, depending on their neuronal
subpopulations – CB1r on glutamatergic terminals have a higher sen-
sitivity to CB1r agonists compared to CB1r on GABAergic terminals
(Ohno-Shosaku et al., 2002; Aparisi Rey et al., 2012). Tonic eCB activity
has also been shown to differentially affect various populations of CB1r,
with basal tonic CB1r activation having a stronger effect on GABAergic
terminals while glutamatergic CB1r are activated during phasic eCB
release (Marsicano et al., 2003; Slanina and Schweitzer, 2005; Katona
and Freund, 2008; Roberto et al., 2010; Aparisi Rey et al., 2012). It is
possible that this might be the case within the LC, as CB1r have been
localized to both glutamatergic and GABAergic terminals in the LC
(Scavone et al., 2010). It could therefore be hypothesized that within
the LC, tonic eCB release primarily regulates GABAergic synapses.
Following postsynaptic depolarization, phasic release of eCBs help gate
further glutamatergic excitation of LC neurons. However, when large
levels of CB1r agonists are present, GABAergic CB1r also become acti-
vated. This hypothesis might account for the biphasic nature of CB1r
activation within the LC. Taken together, it appears that the eCB system
serves to modulate the LC-NE system to maintain an optimal level of
activity.

In support of this, our laboratory has recently demonstrated a re-
duction in basal mPFC neuronal excitability in CB1r-KO mice, caused
by desensitization of the normally excitatory mPFC α2-adrenoceptors
(ARs) (Reyes et al., 2017). This indicates that without a functioning eCB
system, aberrant LC-NE activity is observed, where CB1r-KO mice have
increased LC-NE activity, resulting in mPFC α2-AR desensitization, and
subsequent decreased mPFC output (Fig. 2). This finding also supports
the hypothesis that tonic eCB signaling primarily affects GABAergic
CB1r within the LC. Additionally, when LC-NE neurons are excited via
potassium chloride (KCl) bath application, CB1r agonist pre-treatment
is capable of attenuating the KCl-induced increases in LC-NE firing
(Mendiguren and Pineda, 2007). These data suggest that the eCB
system might function to prevent over-activation of LC-NE neurons.

Since CRF release in the LC increases LC-NE excitability and ac-
tivity, it is tempting to speculate that the eCB system can serve to at-
tenuate these CRF-induced increases as well (Curtis et al., 1996). In-
deed, recent immunofluorescence studies from our laboratory have
demonstrated that CB1r are co-localized with CRF in the rat LC
(Fig. 3A) (Wyrofsky et al., 2017). Additionally, using Phaseolus Vul-
garis Leucoagglutinin (PHAL) as an anterograde tracer injected into the
amygdala, CB1r are directly positioned to regulate CRF release from
amygdalar limbic afferents (Fig. 3B) (Wyrofsky et al., 2017). Im-
munoelectron quantification has confirmed that CB1r are localized both
pre- and post-synaptically with respect to CRF in both the core and peri-
LC and in both excitatory and inhibitory synapses (Wyrofsky et al.,
2017). Specific quantification values can be found in our previous
manuscript (Wyrofsky et al., 2017). These findings provide an anato-
mical substrate for direct eCB modulation of CRF. Because aberrant NE
release in the mPFC and amygdala contribute to the development of
stress-induced psychiatric disorders, eCB modulation of CRF release in
LC microcircuits during stress could play a role in the anxiolytic effects
of CB1r agonists (see functional implications).

4.3. Dysregulation of eCB system in psychiatric disorders

Chronic stress is known to precipitate psychiatric disorders, and

CB1r-KO mice show increased susceptibility to stress-induced anxiety
and depressive-like phenotypes (Martin et al., 2002; Wyrofsky et al.,
2015). HPA axis hyperactivity, a common trait in depressed patients, is
also observed in CB1r-KO mice (Uriguen et al., 2004). Compared to WT
mice, CB1r-KO mice spend significantly less time in the open arms of
the elevated plus maze and more time around the border in the open
field test, demonstrating an increase in anxiety behaviors (Parolaro
et al., 2010). When exposed to chronic stress, CB1r-KO mice develop
anhedonia faster than WT mice, suggesting that lack of CB1r signaling
leads to increased vulnerability to stress-induced psychiatric disorders
(Martin et al., 2002). In the foot-shock model of PTSD, impaired trau-
matic memory extinction is associated with increased hippocampal and
PFC CB1r levels, and mice with increased CB1r expression in the mPFC
and CB1r-KO mice both exhibit more persistent fear behaviors during
the extinction sessions when compared to WT mice (Marsicano et al.,
2002; Korem and Akirav, 2014). These opposing findings suggest that
CB1r dysregulation affects fear behaviors and memory extinction. Ad-
ditionally, rodents exposed to chronic stress have increased 2-AG levels
and decreased CB1r expression and function throughout the brain
(Patel et al., 2005, 2009; Rademacher and Hillard, 2007; Hill et al.,
2008; Rossi et al., 2010; Wamsteeker et al., 2010; Wang et al., 2010; Hu
et al., 2011; Lee and Hill, 2013; Morena et al., 2016). Importantly, this
effect appears to be mediated by corticosterone, as the effect of stress on
CB1r expression and function is blocked by glucocorticoid receptor
antagonists (Hill et al., 2008; Wamsteeker et al., 2010; Hong et al.,
2011; Bowles et al., 2012; Morena et al., 2016).

Dysregulation of the eCB system is also observed clinically (Ashton
and Moore, 2011). Patients suffering from major depression have de-
creased serum AEA and 2-AG levels that corresponds with the length of
the depressive episodes (Gobbi et al., 2005; Hill and Gorzalka, 2005;
Miller et al., 2005; Serra and Fratta, 2007). Interestingly, depressed
suicide victims have an increase in AEA and 2-AG levels specifically
within the dorsal PFC (Kofalvi and Fritzsche, 2008; Tzavara and Witkin,
2008). Furthermore, increased sensitization of CB1r in the PFC con-
tributes to the pathophysiology of suicide in depressed individuals
(Tzavara and Witkin, 2008). These preclinical and clinical studies show
the importance of a functioning eCB system in protecting against the
development of stress-induced psychiatric disorders.

5. Sex differences in stress-induced psychiatric disorders

There is a known bias in susceptibility to psychiatric disorders be-
tween the sexes. Males are more prone to drug abuse, while females are
about twice as likely to develop stress-induced disorders such as de-
pression and anxiety (Kendler et al., 1995; Marcus et al., 2005,
Bangasser et al., 2016). As stress and eCB system dysregulation are
known to play a role in the development of stress-induced psychiatric
disorders, it is important to consider how both systems are affected
across the sexes in order to fully understand what might be contributing
to the differences in prevalence of depression and anxiety between
males and females.

5.1. Sex differences in stress circuitry

Stress affects both sexes differently; females are more sensitive to
low levels of CRF due to both augmented CRF receptor (CRFr) signaling
and diminished CRFr internalization after exposure to stress when
compared to males (Bangasser et al., 2010). In males, CRF binding to its
receptor shows biased signaling towards the recruitment of β-arrestin
and receptor internalization, but in females, CRF binding causes a
biased response for Gs signaling (Valentino et al., 2013). Additionally,
following stressors, female rats have increased dendritic extension into
the peri-LC, the region surrounding the LC nucleus where a majority of
limbic CRF afferents terminate (Bangasser et al., 2010; Valentino et al.,
2013). Basal sex differences exist in noradrenergic neurons, with fe-
males having an increase in the expression of genes associated with the
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development of major depressive disorder compared to males (Mulvey
et al., 2018). Females have heightened HPA axis activity, coupled with
slower negative feedback of the HPA axis (Handa et al., 1994; Handa
and Weiser, 2014). All of these discoveries lead to the generalized
conclusion that females have heightened stress signaling compared to
males (Bangasser et al., 2016).

5.2. Sex differences in eCB signaling

Differences across sexes are also observed in the eCB system, both
anatomically and behaviorally. Females have a greater sensitivity to
cannabinoid abuse, dependence, withdrawal, and relapse (Craft et al.,
2013). Females also have decreased CB1r density in certain brain re-
gions, including the amygdala and cingulate areas 1 and 3 (Castelli
et al., 2014). Additionally, in human depressed patients, while both
sexes show a rise in serum AEA, only females show a decrease in 2-AG

(Reich et al., 2009). Therefore, it is important to look at both males and
females when designing experiments investigating psychiatric dis-
orders, since sex differences exist in both the stress and eCB systems.

5.3. Sex differences in LC-NE neurons of CB1r-KO mice

Our laboratory has recently found that CB1r deletion differentially
affects male and female LC neurons (Wyrofsky et al., 2018). Using in
vitro slice electrophysiology, Western blotting, and ELISA analysis, we
discovered that CB1r-KO caused a significant increase in noradrenergic
indices in male mice compared to WT: male KO mice had an increase in
LC-NE excitability, input resistance, tyrosine hydroxylase (TH) expres-
sion within the LC, and NE levels in the mPFC (Fig. 3). These nora-
drenergic indices were not altered following CB1r deletion in female
mice. Western blot analyses of LC tissue from male and female CB1r/
CB2r-KO mice also highlighted several sex differences. Male CB1r/

Fig. 4. LC Western blot analysis of rats exposed to social stress.
Unpublished data. A. The resident-intruder paradigm used as a model for social stress was based on the model established originally by Miczek (Miczek, 1979), and
has been previously described (Wood et al., 2010). B. Intruder rats were separated into short or long latency groups based on the average time it took for them to
reach subordination: short latency< 300 s, long latency> 300 s, as described in previous publications (Wood et al., 2010; Wood and Bhatnagar, 2015). C. Western
blot analysis was performed on LC micropunches from each group as previously described (Wyrofsky et al., 2018). For Western blot analysis, data represents the
following number of animals per group: N=6 male control rats, N=7 male long latency rats, N= 5 male short latency rats, N=6 female control rats, N=5 female
long latency rats, N=5 female short latency rats. Differences in protein expression levels were tested using two-way ANOVAs (sex vs. phenotype) followed by post-
hoc Tukey's multiple comparison adjustments. Statistics were performed using GraphPad Prism 7.03 (GraphPad Software, San Diego, CA, USA). Results are presented
as mean± standard error of the mean (SEM). Bands shown are representative of one sample obtained from one animal per group. Relative band density is de-
termined by normalizing each sample to loading control glyceraldehyde 3-phosphate dehydrogenase (GAPDH). D. Western blot analysis for CRFr1 expression in
protein extracts from the locus coeruleus (LC) revealed a significant decrease in levels in male and female long latency groups compared to control (p < 0.05), and
no change between short latency groups and control. Relative protein expression for CRFr1 across sex and phenotype was as follows: male controls – 0.880 ± 0.047,
male long latency – 0.684 ± 0.042, male short latency – 0.817 ± 0.052, female control – 0.888 ± 0.036, female long latency – 0.678 ± 0.018, female short
latency 0.870 ± 0.042. E.Western blot analysis for DGL expression in protein extracts from the LC showed that DGL expression is decreased in male long latency rats
compared to control (p < 0.05), while DGL expression is increased in female short latency rats compared to control (p < 0.05). Additionally, female control rats
showed significantly less DGL expression compared to males (p < 0.05). Relative protein expression for DGL across sex and phenotype was as follows: male controls
– 0.748 ± 0.094, male long latency – 0.457 ± 0.046, male short latency – 0.581 ± 0.033, female control – 0.489 ± 0.092, female long latency – 0.514 ± 0.063,
female short latency 0.807 ± 0.082. Asterisks indicate a significant difference between groups as determined by two-way ANOVA/mixed-effects regression model
(*p < 0.05).
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CB2r-KO mice showed a significant increase in CRF expression and in
NET expression compared to male WT mice, while female CB1r/CB2r-
KO mice showed a significant increase in α2-AR expression compared
to female WT mice, and these adaptations might play a role in the re-
sulting dysregulation of LC-NE activity that occurs in male but not fe-
male CB1r-KO mice. Additionally, we tested LC-NE activity in response
to CRF under conditions of CB1r deletion. While 300 nM CRF was
capable of increasing LC-NE excitability in WT brain slices from both
male and female mice, LC-NE neurons from CB1r-KO mice were not
affected by 300 nM CRF bath application. This could be attributed to
cellular adaptations observed in the CB1r-KO mice, such as increased
α2-AR signaling in female KO mice, saturation of CRFr1 in male KO
mice resulting from their increased endogenous CRF levels, or altera-
tions to CRFr1 trafficking or synthesis. Chronic stress is known to alter
CRFr1 trafficking in the LC. Therefore, it is possible that increased CRF
levels in the LC could lead to CRFr1 desensitization, especially in males
(Bangasser et al., 2010; Valentino et al., 2013). This shows the im-
portance of the eCB system in maintaining normal LC-NE excitability
and responsiveness to stress signaling.

6. Social stress alters eCB system in the LC: novel data

6.1. Social defeat stress as a model of chronic stress

One of the most well - established animal models for social stress is
the resident-intruder paradigm, in which a smaller intruder rat is ex-
posed to a more aggressive resident rat. Rats exposed to repeated social
defeat by the larger resident rat develop increased depressive- and
anxiety-like phenotypes, long-lasting hyperactivation of stress signaling
and the HPA axis, and increased inflammatory processes in vulnerable
subpopulations (Wood et al., 2010; Chen et al., 2015; Wood and
Bhatnagar, 2015; Pearson-Leary et al., 2017). Additionally, an in-
dividual's ability to cope with stressors bears importance on the de-
velopment of psychiatric disorders. Active coping strategies center
around behavioral responses in an attempt to minimize harm and re-
duce stress, and often lead to resilience from the anxiogenic effects of
the social stressor (Veenema et al., 2003; Wood and Bhatnagar, 2015).
Passive coping strategies involve feelings of helplessness and im-
mobility, which are associated with an increased susceptibility to de-
pression and anxiety disorders (Billings and Moos, 1984; Wood and
Bhatnagar, 2015). These two coping strategies can be observed in the
resident-intruder model by separating rats based on their average la-
tency to assume a defeated posture. Rats belonging to the short latency
group exhibit HPA axis dysregulation and depressive-like behaviors,
while those in the long latency group show decreased efficacy of CRF
and appear to be more resilient to the development of depressive-like
behaviors (Wood et al., 2010; Wood and Bhatnagar, 2015).

The LC is sensitive to social stressors (Chaijale et al., 2013), and the
resident-intruder paradigm robustly increases sympathetic activation
acutely compared to non-social stress paradigms (Sgoifo et al., 1999).
Previous studies investigating the effect of social stress on the LC in
male rats have found a decrease in LC-NE activity following repeated
stress, compared to an increase in activity after an acute stressor
(Chaijale et al., 2013). Additionally, differences in neurochemical
adaptations in the LC occur across behavioral phenotypes, with an in-
crease in opioid signaling in long latency rats compared to short latency
and control groups, suggesting one mechanism for combating chronic
stress in the LC (Chaijale et al., 2013; Reyes et al., 2015). Recently, we
have begun to investigate how social stress might affect eCB levels
within the LC, and whether differences in long and short latency groups
exist. We used the resident-intruder paradigm as a model for social
stress (Miczek, 1979; Wood et al., 2010), and performed Western blot
analyses to examine the effects of social stress on the eCB levels within
the LC (Fig. 4A–C). See the supplemental materials for a more detailed
description of the methods performed.

6.2. Effect of social stress on CRFr1 expression in the LC

CRF exerts its effects on LC-NE neurons via CRFr1, which are ex-
pressed throughout the LC and are very prominent in the peri-LC region
(Valentino and Van Bockstaele, 2005; Reyes et al., 2008). Western blot
analysis revealed that, in addition to altering the eCB system, changes
in CRFr1 receptor expression were identified across phenotypes
(Fig. 4D). CRFr1 levels in LC tissue from both long latency males and
females were significantly decreased compared to male and female
controls, and no significant difference between short latency and con-
trol groups was detected. Decreased CRFr1 expression in the LC of long
latency male rats was previously identified (Chaijale et al., 2013). A
similar trend was found in females, confirming that the resilient long
latency rats have decreased responsiveness to CRF following chronic
social stress across both sexes, suggesting one mechanism by which
long latency rats are protecting themselves from social stress and a
resulting increase in CRF levels.

6.3. Effect of social stress on eCB protein expression in the LC

Western blot analysis of LC tissue from various social defeat groups
across sexes revealed differential expression of DGL levels (Fig. 4E).
Analysis of control rats showed that under basal conditions, there is a
sex difference in DGL levels in the LC: females had significantly lower
expression compared to males. Regarding change in expression across
phenotypes, males had a significant reduction in DGL expression in the
long latency group compared to control, while no significant change
between control and short latency groups was observed. In females, no
change between control and long latency groups was found; however,
there was a significant increase in short latency females compared to
control. When examining FAAH (data not shown), no significant
changes in expression levels were detected between sexes or pheno-
types.

DGL is one of the main proteins responsible for the synthesis of eCB
2-AG (Castillo et al., 2012). A decrease in DGL expression would sug-
gest a decrease in 2-AG synthesis while, conversely, an increase in DGL
expression would suggest an increase in 2-AG levels. Based on the data
above, short latency rats have more 2-AG in the LC compared to long
latency, suggesting there is increased eCB signaling in the short latency
groups. In regards to the basal sex difference observed in DGL levels in
control rats, greater expression was observed in males compared to
females. This might suggest that the eCB system is primed and ready to
combat stress in males, and that females have less tonic 2-AG regulation
of LC-NE excitability. Indeed, Krebs-Craft et al. (2010) have discovered
that males have higher levels of AEA and 2-AG in the amygdala com-
pared to females (Krebs-Kraft et al., 2010; Craft et al., 2013), con-
firming region specific sex differences within the eCB system.

One hallmark characteristic of the short latency group is an inability
to attenuate HPA axis hyperactivity, while the rats in the long latency
group have both decreased HPA axis activity as well as a decreased
efficacy of CRF in PVN (Wood et al., 2010). Studies have found that
elevated corticosterone levels are responsible for increasing 2-AG
(Morena et al., 2016), thus HPA axis hyperactivity in short latency rats
could be responsible for the heightened DGL expression. Since short
latency rats have heightened stress signaling, increased DGL and 2-AG
levels could be an attempt to counteract increased CRF levels and
aberrant LC-NE activity. Conversely, long latency rats have developed
adaptations in brain regions such as the PVN to keep HPA axis and
stress levels in balance (Wood et al., 2010); therefore, an increase in
eCB synthesis within the LC is not necessary to maintain normal LC-NE
activity. Another potential explanation might be that the increase in
DGL levels in short latency rats causes an increase in 2-AG levels large
enough to activate the less-sensitive CB1r localized to GABAergic
terminals, leading to decreased inhibition of LC-NE activity.
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7. Functional implications

7.1. Working model of eCB regulation of LC-NE activity

Based on our collective data, we propose the following model for
eCB regulation of LC-NE neuronal activity. Initially, acute stress ex-
posure causes release of CRF into the LC, from a variety of brain re-
gions, but predominantly from amygdalar afferents (Fig. 5A). CRF then
binds to CRFr1 on LC-NE somatodendritic processes, causing post-
synaptic depolarization and an increase in LC-NE activity and NE re-
lease in the mPFC. This depolarization and influx in intracellular cal-
cium levels stimulates an increase in DGL activity, causing the synthesis
and release of the eCB 2-AG (Fig. 5B). 2-AG retrogradely crosses the
synaptic cleft to bind to presynaptic CB1r, which have been localized to
amygdalar-CRF afferents, where its activation leads to a decrease in
CRF release and subsequent attenuation of LC-NE activity. However,
under conditions of chronic stress in vulnerable subpopulations, such as
short latency females in our social stress model, we have found an in-
crease in DGL expression. This could present a problem when stressors
are no longer present, as the increased DGL levels could lead to an
increase in 2-AG synthesis, even when a stressor is not present. While
eCBs are capable of attenuating LC-NE excitability, overexpression of
eCBs have been shown to also increase basal LC-NE activity. Therefore,
hyperactivity of the eCB system following chronic stress might lead to
activation of CB1r at other neighboring synapses in the LC, such as
inhibitory interneurons, where CB1r have also been localized (Fig. 5C).
Additionally, if GABAergic CB1r are indeed less sensitive to phasic CB1r
agonism than glutamatergic CB1r within the LC, the large increase in
eCB levels during chronic stress could be further inhibiting GABAergic
neurotransmission within the LC. This disinhibition onto LC dendrites
would cause an increase in LC-NE activity, and aberrant NE release in
the mPFC could contribute to anxiety and depressive-like behaviors. As
females are known to be more susceptible to stress-induced psychiatric
disorders, it would be intriguing to hypothesize that a significant in-
crease in LC DGL expression following chronic stress in vulnerable fe-
male populations might be contributing to the disparity in prevalence of
PTSD and depression. It should be noted that this proposed model is
based on current literature and our novel data presented above – direct
measurement of eCB levels or MGL were not directly measured in this
study, and future projects should investigate this.

7.2. Implications for eCB-targeted therapies

As the experiments and literature discussed in this review suggest,
the eCB system represents an attractive target for the treatment of
stress-induced psychiatric disorders. Selective serotonin reuptake in-
hibitors, serotonin norepinephrine reuptake inhibitors, and other cur-
rent antidepressants target monoamines, which are dysregulated during
depression and anxiety (Valentino et al., 2010; Carvalho and Van
Bockstaele, 2012); however, the eCB system targets both monoamines
and the HPA axis, which is also dysregulated during stress-induced
psychiatric disorders, making it a more inclusive therapeutic (Wyrofsky
et al., 2015). Repeated re-consolidation of fear memories coupled with
an inability to extinguish aversive memories due to hyperactivation of
the limbic circuity and decreased cognitive flexibility contributes
heavily to the pathophysiology of PTSD and other anxiety disorders
(Lehner et al., 2009; Jovanovic and Ressler, 2010). Both the amygdala
and mPFC are targeted by LC-NE afferents, and pharmacological ma-
nipulation of noradrenergic neurotransmission has provided sympto-
matic relief for individuals suffering from PTSD (Taylor et al., 2008;
Byers et al., 2010). Recent evidence suggests that the eCB and nora-
drenergic systems play a role together in stress-related memory con-
solidation (Campolongo et al., 2009; Hill and McEwen, 2010), and eCB
signaling also modulates the noradrenergic-mPFC microcircuit where
memory extinction occurs (Cathel et al., 2014; McLaughlin et al., 2014;
Bedse et al., 2015; Wyrofsky et al., 2015). CB1r activation-induced

impairment of context-dependent fear memory acquisition is dependent
on α2-AR activation in the BLA {Nasehi et al. (2016). Therefore, tar-
geting eCB-noradrenergic interactions could help improve PTSD and
anxiety-like behaviors associated with chronic stress.

Indeed, several compounds targeting the eCB system are being in-
vestigated in clinical trials for the treatment of anxiety, depression, and
PTSD (Wyrofsky et al., 2015). Also, many individuals suffering from
PTSD and other psychiatric disorders self-medicate with marijuana,
with a strong correlation between use and the severity of PTSD symp-
toms (Cougle et al., 2011; Potter et al., 2011; Passie et al., 2012; Bonn-
Miller et al., 2014; Wyrofsky et al., 2015). One study has found that

(caption on next page)
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nabilone, a synthetic cannabinoid, results in improved sleep quality and
diminished traumatic flashbacks in PTSD treatment-resistant patients,
and can improve chronic pain, nightmares, and insomnia associated
with PTSD (Fraser, 2009; Cameron et al., 2014). Additional studies
discovered THC treatment to effectively reduce nightmares and in-
crease sleep quality in PTSD patients (Shalev et al., 2013; Yarnell,
2015). Specifically, THC causes a decrease in PTSD-associated beha-
viors and hyperarousal symptoms (Roitman et al., 2014), further im-
plicating involvement and dysregulation of eCB signaling in the LC-NE
system. Based on the preclinical and clinical data described in this re-
view, other compounds that increase eCB signaling, such as FAAH in-
hibitors or allosteric CB1r modulators, should be investigated as novel
therapeutics for PTSD and stress-induced psychiatric disorders.

Recent data have revealed important sex differences in the eCB
system within the LC. Electrophysiology results suggest that CB1r de-
letion has less of an effect in female rodents compared to males, as male
CB1r-KO mice showed a significant increase in LC-NE excitability
compared to WT, but no change was observed in females (Wyrofsky
et al., 2018). Coupled with the new data presented here, showing a
significant reduction in basal DGL levels in female rats compared to
males, indeed it seems that females have less tonic eCB signaling than
males. Therefore, removal of eCB signaling might have less profound of
an effect on female LC-NE activity, and eCB-targeting therapeutics
might affect males and females differently. This is in line with analyses
performed on the adverse effects of CB1r antagonist rimonabant, which
suggested that the odds ratio for developing anxiety and depression
following treatment was the largest in males aged 35–38 (Pi-Sunyer
et al., 2006; Nissen et al., 2008).

The therapeutic benefits of cannabis have long been known (Zuardi,
2006). In 1996, California became the first state in the United States to
legalize medical marijuana (Freisthler and Gruenewald, 2014). As of
now, 28 states and the District of Colombia have legalized medical
cannabis use (Sarvet et al., 2018); however, there are challenges to its
therapeutic development. Marijuana is still classified as a Schedule I
drug under the federal Controlled Substance Act (CSA) (Mead, 2017). In
order to perform research on cannabinoids, investigators need to obtain
a Schedule I research registration/license, which can be an arduous
process (Mead, 2017). Additionally, as a Schedule I drug, the federal
government currently does not accept medicinal use of marijuana
(Mead, 2017).

Future studies should continue to discern the reciprocal interaction
between NE and the eCB system during stress. Electron microscopy can
be used to determine basal sex differences in CB1r expression and
trafficking following exposure to chronic stress. Additionally, micro-
dialysis should be used to observe actual changes in eCB levels within

the LC, amygdala, and mPFC in different models of stress, as differences
in FAAH and DGL expression only suggest changes to AEA and 2-AG.
Using conditional knockout mice to delete CB1r selectively from NE-
producing neurons and assessing them in models of PTSD and anxiety
would help further elucidate the role of eCB-NE interactions in psy-
chiatric disorders. Continuing to investigate the role of the eCB system
in LC-mPFC and -amygdala microcircuit regulation is very important.
The field should continue to research the effectiveness of eCB-targeting
compounds at treating stress-induced psychiatric disorders across sexes,
in hopes of finding better therapeutic interventions for those suffering
from anxiety, depression, and PTSD.
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stressor, CRF is released in the LC, where it binds to corticotropin-releasing
factor receptor type 1 (CRFr1). This causes postsynaptic depolarization of LC-
norepinephrine (NE) neurons, leading to an increase in activity and NE efflux in
the medial prefrontal cortex (mPFC). B. CRF-induced depolarization and influx
in intracellular calcium (Ca2+) stimulates diacylglycerol lipase (DGL) to syn-
thesize and release 2-arachidonlyglycerol (2-AG) into the synaptic cleft. 2-AG
then crosses the synapse and binds to CB1r. This inhibits the continued release
of CRF, attenuating the CRF-induced increases in LC-NE activity and NE efflux,
and helping to diminish the stress response. C. Chronic stress, especially in
vulnerable female subpopulations, results in high DGL expression. Increased
DGL would suggest greater production of 2-AG, which could bind to CB1r on
neighboring synapses, causing inhibition of GABAergic interneurons and non-
CRF releasing afferents. This dysregulation synaptic activity and disinhibition
could further excite LC-NE neurons can cause aberrant NE release in the mPFC,
and could contribute to the increased propensity for females to develop stress-
induced psychiatric disorders.
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