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The Endocannabinoid System, Stress, 3
and Mental Health

Introduction

The term “stress” and its meaning has evolved over time since Selye first popular-
ized it in a paper in Nature in 1936 where he defined stress as “non-specific responses
of the body to any demand upon it” [1, 2]. The definition of stress has evolved from
one primarily related to an effect to include the concept of stress as a cause of illness
[2], including stress in the psychosocial sense.

Hill et al. [3] define stress as anything that presents as a challenge to homeostasis
and is typically something that threatens our well-being. It may be a real threat, or
a perceived one, but people exposed to the same stress are not necessarily affected
in the same manner [4]. Emotions cannot be divorced from stress since they drive
the creation and interpretation of factors or events that are causes of stress, and the
physiological responses that occur while experiencing stress become encoded as
part of the interpreted emotion [2].

Stress is one of the most important and often overlooked etiological and patho-
logical factors in many illnesses, particularly those of chronic nature. While stress
is difficult to quantify and sometimes to even describe, it has become a feature of
modern, westernized life, and as humans, we are becoming sicker. The element of
stress, as a cause, an effect, an exacerbating factor, and/or an enabling factor, is
likely to be involved in many illnesses, including mental health conditions. In par-
ticular, stress in the sense of a psychosocial stressor appears a feature of modern life.

While some level of stress in our lives may be useful, and indeed serves an
important function in survival, it is when stress becomes chronic, unrelenting, pro-
longed, overwhelming, or extreme that it can start to become unhealthy and affect
our mental and physical health. Inadequate control of stress responses contributes to
the risk of mental health disorders and increases mortality [5, 6].

Stress can increase the risk of many illnesses including cancer, hypertension,
cardiovascular disease, stroke, gastrointestinal problems (including inflammatory
bowel disease), a weakened immune system, and others [7, 8]. Long-term stress
increases the risk of mental health problems including anxiety and depression, sleep
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problems, substance abuse, and pain [7]. Psychosocial stress plays a clear role in the
development and continuance of symptoms of major mental health illnesses includ-
ing depression and schizophrenia [9]. Stress also alters our responses to emotional
stimuli [10].

Chronic stress is a risk factor for development and exacerbation of mental ill-
nesses including depression, anxiety, and post-traumatic stress disorder (PTSD)
[11-13]. Thus, by understanding the biochemical adaptations that occur with
chronic stress, it might be possible to discover targets and treatments for many dif-
ferent mental health conditions [14].

There is evidence that the endocannabinoid system (ECS) is involved in our
stress response (both acute and chronic) and in stress regulation. It is altered when
stress is chronic and when there is early life stress. The gut microbiome also has a
role to play in stress regulation, and the two (ECS and gut microbiome) form a close
relationship.

This Chapter

In this chapter, we will examine the brain regions involved in stress regulation, what
happens to the autonomic nervous system stress response and the neuroendocrine
stress response, how inflammation is involved in stress, and how stress impacts on
the ECS as well as how the ECS is involved in stress regulation. We will also look
at the impact of early life stress on mental health and the ECS functioning, the gut
microbiome’s involvement in stress, and how the “endocannabinoidome,” a term
referring to the extended ECS, is involved in mental health.

Key Brain Structures Involved in the Regulation of Stress

There are several key brain regions involved in the processing and regulation of
stress. Sensory information is processed by the thalamus and primary sensory corti-
cal centers and then transmitted to the amygdala via corticothalamic afferent nerves.
Two important structures associated with the regulation of stress and emotions are
the corticolimbic system (prefrontal cortex, amygdala, hippocampus) and the
hypothalamic-pituitary-adrenal (HPA) axis [15].

Corticolimbic System
The corticolimbic system is made up of:
¢ Prefrontal cortex (PFC)

e Amygdala (especially the basolateral amygdala, BLA)
e Hippocampus
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The corticolimbic system processes a wide range of cognitive and behavioral
responses including emotional regulation, decision-making, mnemonic function,
and motor programming and control [16]. The corticolimbic system integrates emo-
tion with cognition and also is involved in pain modulation [17]. As clinicians know,
pain is known to have a strong emotional component. Chronic pain is a disorder
with anxio-depressive symptoms as well as cognitive deficits, and the corticolimbic
system is implicated in pathophysiology of maladaptive pain [17, 18].

The brain areas that make up the corticolimbic system are all involved in the
stress response, as well as in processing and regulation of emotions, fear, reward,
emotional memory, anxiety-related behaviors, and drug abuse, and the ECS is
widely distributed throughout these regions [3, 19, 20]. These brain regions regulate
normal emotional and cognitive development and behavior [21].

The structures of the corticolimbic system are all connected to each other with
both feedforward and feedback processes occurring, where stimulation of the ven-
tral hippocampus and mPFC activates principal cells and interneurons in the basal
amygdala and innervated principal cells project back from the basal amygdala to the
mPFC [22]. There are also connections between the corticolimbic system and other
parts of the brain, and some of these will be explored throughout various chapters.
For example, the medial PFC (mPFC) projects to several brain regions involved in
control of motivated behavior, anxiety, and depression [22].

Roles of the Components of the Corticolimbic System
The roles of the basolateral amygdala (BLA) are believed to include modulating
learning after stress, memory consolidation, and hippocampus activity during
learning and stress [23]. Activation of the BLA involved several aspects of the
stress response including pain and anxiety, HPA axis activation, and alterations in
cognitive processes through connections with other parts of the amygdala and
hypothalamus [24]. It is understood that stress-induced release of corticotropin-
releasing hormone in the amygdala contributes to emotional responses to exposure
to stress (e.g., anxiety) [6]. Reference to past experience and retrieval of spatial
memory are mediated via cross-talk between the mPFC and the hippocampus, and
the amygdala is also involved in retrieval of fear associations, something clearly
relevant in post-traumatic stress disorder [22]. There is also thalamic input to the
mPFC that projects information in relation to affective-motivational behaviors [22].
The amygdaloid complex regulates anxiety and fear, providing valence to mem-
ories via its connections to the hippocampus which is where memory consolidation
occurs. The hippocampus is involved in feedback regulation of the HPA axis [6].
The prefrontal cortex regulates activity of the amygdala and hippocampus, con-
trolling emotional stress responses and facilitating active coping, and contributes to
resilience to stress [6], meanwhile excitatory outputs from the medial PFC and the
hippocampus control activity and output of the amygdala [22].
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Hypothalamic-Pituitary-Adrenal (HPA) Axis

The hypothalamic-pituitary-adrenal (HPA) axis, believed to be responsible for our
main endocrine response to stress, is made up of:

e Hypothalamus (including the paraventricular nucleus, PVN)
 Pituitary
e Adrenal glands

Anxiety and mood disorders have been found to be associated with a dysfunc-
tional stress response by the HPA axis [25]. Physiological stressors (which disturb
internal homeostasis) utilize a bottom-up circuit to activate the HPA axis, via direct
recruitment of the HPA axis by brainstem nuclei, while in contrast, psychological
stressors utilize top-down processes to activate the HPA axis and produce a neuro-
endocrine response [26-28]. The hypothalamus, involved in the HPA axis stress
response, integrates input from limbic and sensory brain areas to regulate HPA axis
activation [6].

The paraventricular nucleus (PVN) of the hypothalamus is a key structure in the
physiological stress response and integrates pre-autonomic and neuroendocrine
control of energy homeostasis, fluid balance, and our stress response [29].

Other Areas

There are other brain regions that connect with these regions that are involved in
emotional processing, regulation, and responses. For example, here are some
of them:

Nucleus Accumbens It is located in the rostral and ventral forebrain; receives
input from the amygdala, hippocampus, and from cells of the stria terminalis; is
believed to be the primary site mediating reward behavior and and to play a role in
addictive behaviors associated with drug use [15].

Anterior Cingulate Cortex (ACC) It has extensive connections to brain areas
involved in emotional processing (including the amygdala), autonomic functions
(e.g., lateral hypothalamus, brainstem centers), memory (e.g., hippocampus), and
reward (e.g., orbitofrontal cortex, ventral striatum) [30]; integrates neuronal cir-
cuitry for “affect regulation” (ability to manage uncomfortable emotions) via con-
nections to both the “emotional” limbic system and the “cognitive” prefrontal cortex
[30]; and is involved in assessing emotions, emotional learning, and autonomic
regulation, with the posterior portion involved in emotional regulation, autonomic
regulation, and pain-related affect [30].
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Medial Cingulate Cortex It is “cognitive” in nature and is involved in several
functions such as emotional appraisal, monitoring of conflict, selection and execu-
tion of responses, and others [30].

The Stress Response

Several stress response systems come into play following exposure to stress includ-
ing the autonomic nervous system (in particular the sympathetic nervous system),
the HPA axis, increased negative emotions and behavioral responses such as
increased vigilance that help us avoid a threat [6].

Our central nervous system (CNS) is in communication with all other vital organ
systems in our body in two ways: direct transmission of neural signals through the
autonomic nervous system and via the neuroendocrine system through hormone
release into the circulation affecting downstream organs [31]. The stress response
thus has two components: an autonomic response and a neuroendocrine response [24].

The stress response to acute stressors or agents is considered adaptive; it mobi-
lizes necessary resources in response to a threat, real or perceived. However, chronic
activation of the stress pathways can be etiological factors in illness and/or exacer-
bate existing pathologies through alterations in metabolic processes, immune dys-
regulation, and prolonged systemic drive [2].

The Autonomic Stress Response

In the autonomic stress response, there is stimulation of sympathetic motor and
hormonal outputs via descending neural circuits originating in hypothalamic pre-
autonomic control centers. This leads to release of catecholamines in the brain and
in the circulation [24].

The central nervous system (CNS) involves the brain and spinal cord, and the
peripheral nervous system involves the autonomic nervous system and somatic ner-
vous systems. There are two divisions of the autonomic nervous system (ANS):

e The sympathetic nervous system (SNS)
* The parasympathetic nervous system (PNS)

In terms of evolution, the SNS has evolved to keep us safe from predators in the
past. In more recent times, our threats are not wild animals (unless you work in a
game reserve possibly) but have become other immediate environmental threats.
Think about what happens if you step out onto a busy road and suddenly there’s a
car you didn’t see bearing down on you. It’s an immediate threat, and you want your
SNS response to become activated fast—it is an appropriate response to an
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immediate threat to existence. However, we also know that there are other forms of
existential threat, perhaps not as immediate but more insidious, psychosocial in
nature, that we might experience under more chronic conditions. It is when our
physiological stress responses become disproportionate and chronic that is danger-
ous to our well-being.

Under a threat, perceived or real, the SNS response (also called the “fight or
flight” response) mobilizes the body’s energy resources such as glucose and oxygen
and reallocates these quickly to those systems which must be activated (fast) to help
us fight or get away (e.g., our skeletal muscles, heart, and vasculature). Our heart
rate, blood pressure, and respiration rate and skin conductance all increase in
response to a threat, and meanwhile, energy is diverted away from those areas of the
body that are not important at that point in time for our survival (e.g., digestive sys-
tem, reproductive system) [31]. The SNS is paired with the PNS, much like an
accelerator (SNS) and a brake (PNS) on the car [32]: once the threat has passed, the
PNS reduces the activation of the SNS and energy and blood flow once more
resumes being supplied to areas requiring it for normal physiological function-
ing [31].

Sympathetic Nervous System Mechanisms of Action

The SNS is linked neuroanatomically to the limbic system and brainstem and
reaches various areas of the body peripherally through the sympathetic ganglia
(located bilateral to the spinal cord, extending from the neck to coccyx). There are
two neural networks that constitute the SNS and use norepinephrine as a
neurotransmitter:

e Alpha-adrenergic fibers: in the cardiovascular system, these constrict blood
vessels.

e Beta-adrenergic fibers: in the cardiovascular system, these dilate blood vessels,
and importantly, these fibers alone innervate the heart and cause increased heart
rate and contractility [31]

Parasympathetic Nervous System Neuroanatomical Connections

In contrast, the PNS connects directly to peripheral organs via several of the cranial
nerves, including the vagal nerve (ninth cranial nerve) and the pelvic splanchnic
nerves that provide afferent as well as efferent channels. The PNS uses acetylcho-
line in particular as its neurotransmitter. The vagal nerve transmits signals to the
heart which leads to reduced heart rate and reduced cardiac contractility, but it does
not have any direct influence on arterial vasoconstriction or vasodilation (unlike the
SNS). Thus, in terms of heart functioning, both heart rate and blood pressure are
influenced by the SNS and PNS (since both innervate the heart) [31].

Measurement of ANS Activity
Popular outcome variables for measuring ANS functioning include heart rate, blood
pressure, and heart rate variability (HRV) [31].
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Neuroendocrine Stress Response

In contrast to the fast action of the ANS which utilizes nerve impulses, the neuroen-
docrine response to stress utilizes hormones traveling via the bloodstream, and for
this reason, the neuroendocrine response is slower than the ANS responses to stress-
ors [31].

The adrenal glands release two key stress hormones which impact on cardiovas-
cular and other systems’ functions: cortisol from the adrenal cortex and adrenalin
(epinephrine) from the adrenal medulla. The CNS constantly monitors the levels of
these stress-responsive hormones, and there are negative feedback loops in opera-
tion to adjust their levels [31].

Both cortisol and epinephrine influence the SNS:

e Cortisol: influences the sensitivity of the SNS beta-adrenergic receptors;
enhances the sensitivity of SNS alpha-adrenergic receptors, catecholamine syn-
thesis, and glucose production; release is mediated by the HPA axis.

e Epinephrine: influences the sensitivity of the SNS beta-adrenergic receptors;
release is mediated by the sympathoadrenomedullary axis (epinephrine is
released from the adrenal medulla into the circulation following direct SNS
transmission from the brainstem) [2, 31].

Herman et al. [2] argue in that the case of the two “stress systems,” the sympatho-
adrenomedullary axis and the HPA axis, their relationship with stressors is only one
of their functions and in fact, both systems are mainly concerned with metabolism on
a day-to-day basis, in that both mobilize energy in the liver to provide resources
needed to respond to a challenge (glucocorticoids involved in gluconeogenesis, prote-
olysis, and lipolysis and epinephrine involved in glycogenolysis and glycolysis).

The HPA Axis in Stress

Continuing from above, Herman et al. [2] make an important point that the HPA
axis is not a “stress system” per se, but rather a normal metabolic system that gets
co-opted or recruited by stressors (causal agents of stress). There are several areas
of the brain which are involved in its regulation and which play a role when there is
a perceived or real threat. The functioning of the HPA axis in stress is described well
by Herman et al. [2], and the following summary draws heavily from them.

The HPA Axis as a Metabolic System

The control of the functioning of the HPA axis is complex. The HPA axis is under
circadian control, and peak activity corresponds to when we wake up, logical as we
need to mobilize energy necessary for the activities of our day. The processes which
result in the release of glucocorticoids are simply part of the normal metabolic role
of the HPA axis which includes facilitation of glyconeogenesis, lipolysis, and pro-
teolysis [2]. It is not just on waking that our glucocorticoid levels increase—levels
of glucocorticoids also increase when we anticipate a meal. However, as Herman
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et al. [2] explain, under a condition of stress, this process essentially gets diverted to
produce the glucocorticoids needed to deal with a stressor, some kind of threat to
homeostasis (and of course, this could be psychosocial in nature). They make an
important point relevant to research and the clinic: in attempting to quantify HPA
axis activation in the context of investigating the body’s response to stress and/or in
illness (i.e., by measuring changes in baseline glucocorticoid levels), one needs to
take into account both stressor-elicited secretion and endogenous release patterns
(e.g., circadian rhythms) [2].

Regulation of the HPA Axis

There are many factors that can activate the HPA axis which might be consistent
with the need to provide energy quickly, and this includes disruptions to metabo-
lism, thermoregulation, and fluid balance which are under the homeostatic control
of the hypothalamus [2].

The paraventricular nucleus (PVN) of the hypothalamus is a central player in the
HPA axis response. The classic understanding of the chain of events occurring in
HPA axis activation is that PVN releases corticotropin-releasing hormone (CRH)
into the portal vessels. The CRH travels to the anterior pituitary gland and binds
with CRH receptors, and this stimulates the anterior pituitary to produce adrenocor-
ticotropic hormone (ACTH) which is released into the systemic circulation. ACTH
stimulates the release of glucocorticoid hormones (in humans this is mainly corti-
sol) from the adrenal cortex [3]. The glucocorticoids mobilize energy stores and
produce several different effects on the cardiovascular, immune, metabolic, and
neural systems [3]. There is then feedback mechanisms which serve to shut off the
HPA axis response and restore homeostasis (discussed later).

As with anything in the body, there is a great deal more complexity involved. A
key role of the PVN is integration of pre-autonomic and neuroendocrine control of
energy homeostasis, fluid balance, and our stress response [29]. If a stressor that
could pose a threat to homeostasis is encountered, information from the stressor is
integrated across various different brain circuits prior to reaching the PVN. For
example, the PVN is stimulated by afferents from the brainstem and hypothalamus
which transmit information. The bed nucleus of the stria terminalis (BST) may be
involved in the relay of contextual information [2]. Meanwhile, the subnuclei of the
amygdala indirectly drive the HPA axis response via disinhibition mediated by
GABAergic connections to PVN-projecting neurons in the hypothalamus and
BST [2].

Very importantly, emotions must be considered within the context of stressors
and HPA axis activation, since emotions can drive generation and interpretation of
stressors [2]. When we look at post-traumatic stress disorder (PTSD) in a later chap-
ter, we can also see how memory (in particular fear memories or memories of a
traumatic event) can feed into the HPA axis and how the HPA axis “‘stress response”
becomes dysfunctional [33].

Herman et al. [2] point out that there is a three-step amplification process that
occurs as we move from the CRH to ACTH to glucocorticoids, i.e., fg/ml for CRH,
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pg/ml for ACTH, and then ng/ml for glucocorticoids, and this amplification process
can be altered by the anterior pituitary and adrenals via various mechanisms. For
example, sympathetic activation can increase glucocorticoid production by the
adrenals, and negative glucocorticoid feedback can block release of ACTH from the
pituitary [2].

Glucocorticoid signaling affects many systems. Glucocorticoids bind with glu-
cocorticoid receptors and the mineralocorticoid receptors, and these act via many
different mechanisms including acting as membrane receptors or transcription fac-
tors to effect changes in genes, and their effects on their targets can be fast (minutes)
or can last weeks [2]. Glucocorticoid receptors are widely distributed in the CNS,
and mineralocorticoid receptors are also present in several brain regions, including
some areas such as the hippocampus where they co-localize with glucocorticoid
receptors [2, 34].

Turning Off the HPA Axis

Under normal circumstances, the body tries to restore homeostasis since elevated
glucocorticoids, if sustained, cause detrimental effects on health. There are complex
and distributed negative feedback processes in the brain and periphery that serve to
inhibit the PVN neurons and thereby turn off the HPA axis response [2, 3].
Glucocorticoid receptors in various brain regions including the hippocampus and
PFC inhibit the HPA axis through glucocorticoid-mediated negative feedback [2, 3].
The corticolimbic system (i.e., PFC, amygdala, hippocampus) which communicates
with the PVN and is involved in positive regulation of the HPA axis is also involved
in its inhibition [35]. For example, neurons in the PFC and hippocampus inhibit the
HPA axis via hypothalamic and BST GABAergic relays to the PVN [2]. There are
also peripheral mechanisms of feedback, for example, from adipocytes [2].

Under normal circumstances, all works well, and following a stressful situation
and activation of the HPA axis, negative feedback processes occur, and homeostasis
is restored. However, under chronic stress conditions, HPA axis dysregulation can
occur, and at the neurological level, this is probably due to inappropriate balance
between the excitatory and inhibitory inputs impacting on the output of the PVN
[2]. In early stages, this HPA axis dysfunction may be characterized by oversecre-
tion of cortisol, but as time goes by, this can turn into what has been termed “adrenal
exhaustion” where not enough cortisol is produced (with consequent low energy
levels experienced by the patient) [36].

As you can see, the regulation of the stress response is quite complex. To take a
deep dive, please read Herman et al.’s [2] paper.

Measurement of Neuroendocrine Activity

Commonly, measurements of neuroendocrine activity involve analysis of urine,
blood, or saliva samples. Cortisol measurements need to take into account its nor-
mal diurnal fluctuations in secretion when investigating neuroendocrine responses
to stress [31].
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Sex Differences in the Stress Response System Along the HPA Axis
Substantial research has shown that there are sex differences in the stress response,
in numerous components of the HPA axis, and these might explain at least partly
why certain diseases are more prevalent in males and females [37]. This includes
sex differences in basal cortisol levels, stress responsivity, and glucocorticoid recep-
tors [37].

There are some differences in what has been found with animal data in compari-
son to human data. Animal data has demonstrated that the glucocorticoid levels
generated are higher in females than males after HPA axis stimulation, but human
research data has not been quite as clear-cut. Some studies have found no difference
for HPA axis response to physical activity, and others have found either no differ-
ence in cortisol or higher cortisol in young men compared with young women under
various psychological stress situations (real-life stress or laboratory stress tests) [37].

In general, it seems that adult men generate greater increases in cortisol in
response to psychological stress than women [37]. This lower cortisol response
found in women may be related to hypoactivity of the HPA axis, and it possibly
might explain the greater prevalence of autoimmune conditions in women, while the
greater stress reactivity and higher cortisol levels might possibly explain the higher
prevalence of cardiovascular disease in men [37]. It is not clear yet if such differ-
ences between male and female humans in adrenocortical responses to stress are
present at birth—there are some studies that suggest there is no difference and at
least one study that suggests there may be [37, 38].

When the Stress Response Becomes Pathological

Allostasis is the body’s attempt to stabilize physiological functioning by modifying
energy distribution to our vital organs, and the size and duration of the response will
vary depending on the threat and the health status of the individual [31]. Allostatic
load was defined as “the cost of chronic exposure to fluctuating or heightened neural
or neuroendocrine response resulting from repeated or chronic environmental chal-
lenge” [39]. Another way of thinking about allostatic load is that it represents the
“wear and tear” on the brain and body due to persistent and sustained activations of
the stress response systems and the loss of the systems that normally buffer stress
responses [6].

The ANS and neuroendocrine stress responses function to help us survive, as we
have seen, but the activation of these systems is not always proportional to the
nature of the threat. Stress responses can become dysfunctional and consequently
negatively impact on health. Larkin et al. [31] explain that failure to maintain allo-
stasis (dynamic homeostasis) in response to an acute environmental stress can lead
to patterns of dysfunction of the ANS and/or neuroendocrine responses during
chronic stress, and these can be quite different to what is seen in acute stress (e.g.,
hyperarousal in acute stress may lead to hypo-arousal in chronic stress).

As explained by Larkin et al. [31], dysfunctional ANS and neuroendocrine stress
responses include (1) exaggerated reactivity to stress (characterized by increased



Stress and Inflammation 67

heart rate, blood pressure, and levels of stress hormones such as cortisol), (2) blunted
reactivity to stress, and (3) prolonged recovery from stress (e.g., prolonged recovery
of blood pressure and heart rate associated with mental stress), which represent
three patterns of “allostatic load,” and all of which can place a camulative burden on
body functioning that leads to increased disease risk (including CVD) [31, 40, 41].
Meanwhile, low stress reactivity (blunted reactivity) has been found to be associ-
ated with lower immune function, obesity, depression, and addictive behaviors
including smoking and alcoholism (but not CVD) [31, 42].

There has been some interesting research investigating stress reactivity and cardio-
vascular disease (described in Larkin et al. [31]). Exaggerated cardiovascular reactiv-
ity to laboratory challenge can predict future cardiovascular morbidity and mortality
[41]. Increased ANS reactivity, demonstrated, for example, by magnitude of heart rate
and blood pressure reactivity, has been found to be associated with various stressful
life situations such as being employed in stressful occupations or being a caregiver for
a dementia sufferer [31, 43, 44]. In one study, chronic and momentary work stress
(significantly) independently predicted greater heart rate reactivity after adjusting for
heart rate, age, smoking, caffeine, and momentary physical activity levels [43].

In another study, caregivers with high levels of social support showed a typical
age-related decrease in heart rate reactivity, but those with low levels of social sup-
port showed an age-related increase in heart rate reactivity [44] which underscores
not only the stressful nature of being a caregiver but also the power of social sup-
port. Human beings are social beings, and research shows clearly that social con-
nections and social therapy can have tremendous benefits on reducing mortality and
morbidity, including in relation to serious illnesses such as cancer [8].

Stress and Inflammation

The relationship between stress and inflammation is well-known: stress can be pro-
inflammatory [45]. There is increasing evidence that excessive inflammation plays
a key role in the pathophysiology of stress-related diseases and that chronic, mild
inflammation provides a common pathway of stress-related diseases [46]. In fact, it
has been estimated that 75-90% of diseases are related to activation of the stress
system. Common stress-related diseases include cardiovascular disease, metabolic
disease (e.g., diabetes), mental health conditions (depression, Alzheimer’s disease),
neurodegenerative diseases, and cancer [46].

Stressful events trigger multiple neurochemical, neurotransmitter, and hormonal
changes mainly through activation of the sympathetic nervous system (SNS) and
the HPA axis. While traditionally, the link between stress and disease focused on the
SNS and HPA axis, inflammation has more recently emerged as a promising bio-
logical mechanism linking stress and disease [46]. Chronic stress can lead to inflam-
mation through production of proinflammatory cytokines such as IFNy and TNFa
[47-51]. Increased levels of inflammatory cytokines have been found in people with
major depression [50, 52] , and we will look at that in more detail in a later chapter.
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While inflammation can induce changes in the brain and body functioning which
can contribute to a range of psychiatric conditions [45], it has been argued by sev-
eral authors that even though for an individual patient, inflammation may be a or
even the cause of depression, depression and other psychiatric conditions are not
inflammatory conditions per se [45, 53]. The argument is that not every patient with
depression has increased inflammation [53] and that inflammation may be one of
several causes [45]. Psychological stress and inflammation can also underpin other
conditions in the body such as coronary heart disease (CHD) [54] and cancer [8].

How Does Stress Activate Inflammatory Changes?

Stress can activate an inflammatory response both centrally and peripherally. When
the HPA axis is activated, glucocorticoids are released, and these are immunosup-
pressive and anti-inflammatory, and indeed research indicates that glucocorticoids
can reduce many types of proinflammatory cytokines including IL-6 and TNF-« as
well as increasingly anti-inflammatory cytokines (e.g., IL-10, TNF-f). However,
despite this, glucocorticoids have also been found to have a proinflammatory effect
on the immune system. Pro- and anti- inflammatory mechanisms depend on both the
type and intensity of the stressor involved. For example, acute stressors tend to
enhance immune function, chronic stressors suppress immune function, and intense
stressors overactivate the immune system, resulting in an imbalance between pro-
and anti-inflammation effects [46]. To bring things back to the basics, there is a lack
of balance and illness. We see this departure from balance in many different ways in
the body when there is illness, something that ancient medical systems such as
Chinese medicine recognized and sought then and seek now to identify and address
as part of its fundamental approach to both diagnosis and treatment.

Centrally, neuroinflammation can occur under conditions of stress, with increased
microglia activation, increased proinflammatory cytokines, and increased peripher-
ally derived monocytes and macrophages occurring. It is thought that a triad of an
overactivated immune system, increased activity via sympathetic nervous system
pathways, and reduced glucocorticoid responsiveness may jointly activate the
inflammatory responses associated with stress and that glucocorticoids, catechol-
amines, cytokines, and other chemicals released as a result of stress, in the main,
mediate the proinflammatory effect induced by stress [46].

As we will see in later chapters, the theme of inflammation appears again and
again in the pathophysiology of various mental health conditions, and while it is not
the only pathological factor involved in such conditions, it appears to be a relatively
consistent one. When we discuss the therapeutic attributes of medicinal cannabis,
one of the key ones is its effect on inflammation.
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Endocannabinoid System and Stress Regulation

The endocannabinoid system (ECS) regulates our responsivity to stress and emo-
tional behavior, including the neuroendocrine and behavioral aspects of stress, seek-
ing to inhibit stress and reduce its negative impacts [21, 24]. The ECS is also
involved in the regulation of mood, anxiety, reward, and extinction of fear learning
(which becomes dysregulated in post-traumatic stress disorder) [20]. When there is
disruption of endocannabinoid signaling, it recapitulates many of the effects of
stress such as HPA axis activation [24].

Animal research indicates that endocannabinoid signaling is altered by stress as
well as mediating or modulating stress responses [55], with mobilization of 2-AG
occurring downstream of glucocorticoid receptor activation [56] and AEA increases
occurring in response to corticotropin-releasing hormone receptor activation, sec-
ondary to FAAH inhibition [57, 58]. The endocannabinoid/CB1 receptor signaling
can inhibit the activation of the HPA axis by stress and also enhance recovery fol-
lowing termination of the stress response [58].

Several Lines of Evidence that the ECS Is a Regulator
of the Stress Response

Several lines of evidence provide support for contention that the ECS is an impor-
tant regulator of the stress response, including the following:

e Cannabis consumption in humans is associated with reduced anxiety and percep-
tions of stress and greater relaxation [24].

* Animal studies indicate that disruption of endocannabinoid signaling produces a
neurobehavioral phenotype which displays characteristics of the stress response
including increased anxiety, activation of the HPA axis, hypervigilance, and
impaired cognitive flexibility [24].

e Components of the ECS (AEA, 2-AG, their degradative enzymes, and CBI
receptors) are structures found in the corticolimbic system and HPA axis [24].

» Evidence of presence of the CB1 receptors in sympathetic neuron terminals and
cells of the adrenal medulla [6].

Research suggests that both the sympathetic nervous system stress response and
the neuroendocrine stress response (mediated by the HPA axis) are regulated by the
ECS [6, 58].
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Bidirectional Relationship Between Stress and the ECS

However, the relationship between the ECS and stress is not unidirectional. In addi-
tion to mediating and modulating the effects of stress on the brain, the ECS is altered
by exposure to stress, and there is much animal research evidencing the roles of the
endocannabinoids and CB1 receptor in brain adaptations as a result of exposure to
repeated stress. Chronic stress exposure can increase an individual’s vulnerability to
mental illness, and because of the association of the ECS to our stress systems, it
may be an important therapeutic target for prevention and treatment of mental ill-
nesses associated with stress [6].

ECS and the Autonomic Nervous System Stress Response

There is evidence that the ECS is involved in modulation of the sympathetic nervous
system (SNS) stress response, as CB1 receptors have been found on sympathetic
neuron terminals and cells of the adrenal medulla and CB1 receptor agonists have
been shown to inhibit the release of the norepinephrine and epinephrine from these,
as well as inhibit vasoconstriction and inflammation, both mediated by the SNS [6].
As yet though, the source and trigger for endocannabinoids innervating CB1 recep-
tors on SNS terminals are not yet known [6]. Circulating levels of AEA and 2-AG
in the peripheral circulation are increased with stress exposure [58]. As occurs in the
CNS, the ECS in the periphery is activated by exposure to a stressor and serves to
buffer the response through inhibition of release of catecholamines epinephrine and
norepinephrine [6].

ECS, the Corticolimbic System, and the HPA Axis

The ECS is involved in the homeostasis of the corticolimbic system, and signaling
in corticolimbic structures is critical for regulating emotional behaviors like anxiety
and stress in adults [19]. ECS involvement is evidenced by the fact that CB1 recep-
tors are widely expressed and the two key endocannabinoids, anandamide (AEA)
and 2-arachidonylglycerol (2-AG), are synthesized in particular in the BLA (and
also in the central nucleus), as well as in the hippocampus, medial PFC, and nucleus
accumbens [24, 59, 60].

The basolateral amygdala (BLA) is believed to be an important site for ECS
regulation of the HPA axis, acting as a “gatekeeper,” though there may be other sites
also involved [24]. When experiments injecting CB1 receptor antagonists into the
PVN or the mPFC were performed, no effect on basal corticosterone levels was
found, but when injected into the BLA, an increase in HPA axis activity was dem-
onstrated, supporting the BLA’s important role in HPA axis regulation [24].

The ECS does play an important role within the PFC, maintaining top-down
regulatory mechanisms that serve to dampen stress and thereby cultivate resilience
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to effects associated with exposure to stress [6]. The ECS is also a negative regulator
of amygdalar reactivity through CB1 receptors located in the amygdala [6].

We also find that CB1 receptors are expressed and AEA and 2-AG are synthe-
sized in the hypothalamus, including in the PVN portion which, as we saw earlier,
plays a central role in the neuroendocrine stress response via the HPA axis [29]. On
a related note, research in rats also suggests that CB1 receptors in the ventromedial
hypothalamus play a role in modulating the unconditioned fear-related defensive
behavioral reactions [61].

ECS and Regulation of the HPA Axis
The ECS regulates the HPA axis in the maintenance of basal and stress-induced
responses [25]. The ECS regulates basal and circadian HPA axis activation: for
example, AEA levels in the hypothalamus are highest between 7.00 am and 11.00 am
and low between 15.00 and 3.00 am [62].

There is a bidirectional relationship between the ECS and the HPA axis.
Endocannabinoid signaling contributes to the regulation of the HPA axis, and con-
versely, the HPA axis helps regulate endocannabinoid signaling [3]. AEA is believed
to represent the “tonic” signal, while 2-AG represents the “phasic” signal of the
ECS [24]. Endocannabinoid tone, specifically AEA tone in the BLA in particular,
provides a steady-state inhibition of the HPA axis, mediated via glutaminergic neu-
rons, contributing to maintenance of low basal glucocorticoid levels during basal
conditions and limiting HPA axis activity, and if this is disrupted, the HPA axis is
activated [3, 25, 63].

The postulated mechanism by which AEA regulates the HPA axis is that a tonic
level of AEA/CBI receptor signaling in the BLA “gates” glutaminergic inputs to
key neurons in the BLA, suppressing activation of the HPA axis [3]. Disruption of
this AEA tone by stress activates the HPA axis with the resultant secretion of gluco-
corticoids [24]. Once the HPA axis is activated, the negative feedback mechanism
comes into play to reduce the amounts of circulating glucocorticoids and reduce the
HPA axis activity, thereby bringing the body back into balance.

The potential mechanism for glucocorticoid-mediated “fast feedback” inhibition
of the HPA axis (this can occur in minutes) involves glucocorticoids inducing endo-
cannabinoid signaling through a rapid process in CRH neurons of the PVN [3].
Glucocorticoids induce G-protein-dependent release of endocannabinoids and nitric
oxide which inhibit glutaminergic inputs and enhance GABAergic inputs to CRH
neurons in the PVN [2, 64]. In this way, they decrease the excitatory drive to the
HPA axis [3].

Interestingly, there may be hormonal cross-talk occurring in PVN cells (in the
hypothalamus) between glucocorticoids (which stimulate endocannabinoid synthe-
sis and release) and leptin (which blocks glucocorticoid-induced endocannabinoid
synthesis and suppression of excitation in the PVN) which may modulate synaptic
excitation via endocannabinoid release in the hypothalamus. This could represent a
mechanism for integration of the neuroendocrine regulation of energy homeostasis,
fluid balance, and the stress response [29].
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Let’s now look in more detail at what happens to the components of the ECS
under conditions of acute and chronic stress.

How Is the ECS Involved in Acute and Chronic Stress?

In general, stress reduces levels of AEA and increases levels of 2-AG in most corti-
colimbic brain regions that have been studied. Current evidence suggests that AEA
contributes to a tonic-like mechanism, regulating the basal synaptic transmission,
while 2-AG acts as a phasic signal, activating CB1 receptors in a burst-like manner
[24]. The purpose of the increase in 2-AG is to buffer and limit the detrimental
effects of stress on the brain, and it plays a role in terminating the stress-induced
HPA axis activation. It also contributes to habituation to stress [24].

However, as we saw in Chap. 2, the concept of the ECS has been extended
to include the extended ECS, termed the “endocannabinoidome” which refers
to bioactive derivatives, enzymes, transporters, and a plethora of receptor tar-
gets modulated by ECS components [65, 66]. We also find evidence that sev-
eral components of theendocannabinoidome come into play in stress. We will
now look at how the key components of the ECS are involved in acute and
chronic stress.

Acute Stress

Stress regulates both AEA and 2-AG levels. Glucocorticoids rapidly increase syn-
aptic concentrations of 2-AG via membrane glucocorticoid receptors that are cou-
pled to 2-AG synthesis, and in this way, activation of the HPA axis is directly linked
to increased 2-AG levels [6].

Acute stress triggers a delayed increase in 2-AG levels: a moderate increase in
2-AG content in the medial PFC and a greater increase in 2-AG content in the hypo-
thalamus [24]. However, some animal experiments using restraint stress have found
there is no change in 2-AG levels in the amygdala, at least immediately after a cer-
tain time period of such stress [24, 67]. Differences in findings of such studies may
reflect differences in stress models used. Elevated levels of corticosterone levels
(corticosterone in animals is the correlate of cortisol in humans) are understood to
mediate the increase in 2-AG in response to stress, but how it elevates AEA is still
not understood [24].

In contrast, stress decreases AEA levels via its catabolic enzyme FAAH [6]. In
response to acute stress, CRH is released, and this binds with the G-protein-coupled
receptor CRH receptor 1, resulting in a fast increase in fatty acid amide hydrolase
(FAAH, the enzyme responsible for AEA degradation) activity following activation
of receptors on glutaminergic neurons in the BLA [6, 57]. Since FAAH degrades
AEA, levels of AEA drop, leading to disinhibition of BLA neurons and increased
output from neurons in the amygdala, which then impacts downstream, activating
the HPA axis [3, 25]. Since AEA synthesis is constitutive and probably exerts tonic
activation of CB1 receptors (i.e., maintaining low levels of neurotransmitter release
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at synapses that are regulated in this way), the removal of the AEA-induced tone
(i.e., the decrease in AEA signaling) leads to reduced CB1 receptor signaling and
increased neurotransmitter release (remember that the principal way in which endo-
cannabinoids work is to inhibit the release of neurotransmitters), which then facili-
tates activation of the HPA axis and increases emotional and anxiety-like behavior,
impairment of fear extinction, and suppression of cell proliferation in the neuro-
genic region of the hippocampus [6, 24, 25].

Animal studies indicate that acute stress reduces AEA content in the BLA
and the hippocampus; however, its effect on the medial PFC is more complex
and evidence is less consistent in the literature, with some experimentally
induced stress experiences reducing AEA content and others not altering it or in
the case of a mechanical stress like foot-shock (often used in mice experiments),
elevating it [24].

There have been few investigations of the effect of acute stress on CB1 receptors
in those regions of the brain associated with stress regulation. One study found that
there was no effect of acute stress on density of CB1 receptors in the amygdala [27].

Chronic Stress

Chronic stress can downregulate the ECS, with resultant excessive stress responses
and poor adaptation [6]. The sequela of chronic stress, in particular prolonged expo-
sure to stress hormones (e.g., cortisol), is often illness, including depression, cardio-
vascular disease, and cancer [8, 68].

Various animal experiments suggest that under conditions of chronic stress, the
endocannabinoid signaling in the paraventricular nucleus (PVN, of the hypothalamus)
is impaired, resulting in impaired “fast-feedback™ inhibition of the HPA axis, some-
thing that may help explain the elevated glucocorticoid levels in chronic stress [3, 69].

Under chronic stress, the following changes in the ECS occur:

e (Bl receptors are downregulated: Generally, a downregulation of CB1 recep-
tor expression in most parts of the brain involved in the stress response occurs,
with the exception of the medial prefrontal cortex (where research indicates
homotypic and heterotypic stressors increase CB1 receptor expression at the
level of mRNA, protein, and receptor binding).

* AEA is decreased: Sustained exposure to glucocorticoids upregulates CRH signal-
ing which consequently maintains increased FAAH and therefore decreased AEA
levels. This contributes to the activation of the HPA axis, manifestation of anxiety,
impairment of fear extinction, suppression of cell proliferation in the neurogenic
region of the hippocampus, and development of anhedonia and hyperalgesia.

e 2-AG isincreased: Increases in 2-AG levels (found in acute stress) are amplified
under conditions of chronic (repeated) stress, possibly mediated by reductions in
MAGL (which degrades 2-AG) [13], leading to habituation of corticosterone
responses (in animals, the equivalent of cortisol in humans). Increased 2-AG
levels help terminate the stress-induced activation of the HPA axis as well as
contribute to habituation to stress [24].
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In animal experiments which are where much of our knowledge of mechanisms
of action are gleaned, the effects of chronic stress on AEA, 2-AG, and CB1 recep-
tors depend on the nature of the stress experienced, including whether it is homo-
typic (repeated exposure to the same stressor, e.g., restraint stress, social defeat
stress) or heterotypic stress (exposure to different types of stress) [24]. Table 3.1
sets out the different effects of chronic homotypic stress and heterotypic stress on
the endocannabinoids and CB1 receptors.

Mice experiments have demonstrated that stress-induced development of
anxiety-like behavior is accompanied by the transient appearance of 2-AG-mediated
long-term depression at GABAergic synapses in the basolateral amygdala (BLA,
involved in motivation, affective regulation, and emotional learning) which is medi-
ated partly by downregulation of MAGL. It appears that endocannabinoid synaptic
plasticity at inhibitory synapses within the amygdala and increases in 2-AG levels
prevent the behavioral and synaptic adaptations to chronic stress and suggests the
possibility that pharmacological enhancement of 2-AG levels might be a useful
approach to treating stress-induced mental health disorders [13].

Table 3.1 Effect of chronic homotypic and heterotypic stress on the ECS (from [24])

Type of chronic

stress

Endocannabinoid Chronic homotypic stress Chronic heterotypic stress

Level of 2-AG Levels increased; may be mediated by Effects on 2-AG in various
reduced levels of MAGL (the enzyme that corticolimbic structures not
degrades 2-AG) [24, 25] consistent [24]

Progressively enhanced levels in forebrain 2-AG levels reduced in the
circuits which may mediate adaptation to  hippocampus [70]
stress and habituation of HPA axis [24]

Level of AEA Levels reduced in the amygdala, Effects on AEA and FAAH not
hippocampus, medial prefrontal cortex, consistent across animal
and hypothalamus (Hill et al. [3] in studies
Morena), in response to increased FAAH  General sense that AEA
(at least within the amygdala) [24] signaling, especially in the
Changes in AEA and FAAH probably amygdala and hippocampus, is
mediated by chronic exposure to compromised [24]
corticosterone, mediated through a CRH
mechanism [24]

CB1 receptors  Downregulation of CB1 receptor Downregulation of CB1
expression in the hippocampus, receptor expression in the
hypothalamus, striatum, and dorsal root hippocampus, hypothalamus,
ganglion [24] striatum, and dorsal root
Increased CB1 expression in medial ganglion
prefrontal cortex [59, 71] Increased CB1 expression in
Desensitization of CB1 receptors on medial prefrontal cortex [59,
GABAergic terminals in BLA [72]. 71]

Effects mediated by corticosterone [24]



Endocannabinoid System and Stress Regulation 75

The Endocannabinoidome (Extended ECS) and Stress

As mentioned previously, the extended ECS has been termed the “endocannabi-
noidome” (be careful of the spelling; it is not —‘diome” as in gut microbiome). The
endocannabinoidome refers to bioactive derivatives, enzymes, transporters, and a
plethora of receptor targets modulated by ECS components [65, 66]. Members of
the extended ECS are also involved in responses to stress. For example, TRPV1
plays an important role in regulating CNS function in response to stress. There is
evidence that TRPV1 can modulate glial and neuronal activity, mediating several
pathways including glial reactivity, cytokine release, synaptic transmission and plas-
ticity [73]. Another example is that peroxisome proliferator-activated receptor y
(PPARY) is expressed in brain regions involved in regulation of psychological stress
and aging such as the hippocampus, and may play a role in preventing the effects of
aging and stress on the brain. It is also known that PPARYy agonists are able to reduce
the physiological stress response [74]. These are only two examples to simply indi-
cate that the ECS involvement in stress regulation extends beyond the classic can-
nabinoid receptors.

Genes, Stress, and the Endocannabinoid System

Polymorphisms in genes coding for components of the ECS may influence an indi-
vidual’s stress responses. Single nucleotide polymorphisms (SNPs) in CNR1, the
gene that codes for CB1 receptors, have been found to be associated with stress-
induced activation of the ventromedial PFC (the brain region which plays an impor-
tant role in regulation of emotions) as measured using magnetic resonance imaging,
while under non-stress conditions, this genotype was associated with enhanced
cross-talk with the vmPFC and amygdala. Research suggests that there may be a
protective effect of this particular genotype of the CB1 receptor polymorphism
(CNRI1; rs1049353) against stress-related psychopathologies [75].

Social Isolation

Rat experiments in which rats were socially isolated from weaning to adulthood
found that the expression levels of CB1 receptors, DAGL-a, DAGL-, MAGL, and
NAPE-PLD mRNA, were significantly higher in several brain areas particularly the
prefrontal area, cortical layers, and several thalamic regions. DAGL-3 mRNA levels
were significantly higher in the substantia nigra and ventral tegmental area, while
FAAH mRNA expression was significantly lower in several prefrontal areas, corti-
cal layers, and the caudate putamen [76].

Environmental Enrichment

Animal research (in mice) indicates that exposure to environmental enrichment dur-
ing early life stages was associated with differential regulation of genes encoding
for various components of the ECS. An experiment compared expression of CB1,
receptors, FAAH, and MAGL in various brain regions in mice reared under
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conditions of environmental enrichment compared to standard environments, from
weaning to adulthood. They found that environmental enrichment increased CB1
receptor mRNA levels in the hypothalamus and BLA but decreased them in the
basomedial amygdala. They also found that FAAH mRNA levels were higher in the
hypothalamus and BLA in mice reared under environmental enrichment conditions
(no change in the basomedial amygdala), but MAGL mRNA levels were not affected
in any of the brain regions investigated. The researchers surmised that these regional
changes induced by environmental enrichment could indicate that early exposure to
environmental enrichment can induce changes in the ECS that may result in reduced
responses to stress, something they confirmed in findings that environmentally
enriched mice had reduced stress responses (as measured in a novelty-induced sup-
pression of feeding test) [77].

Early Life Stress and the Endocannabinoid System

The endocannabinoid receptors in the corticolimbic structures are critical to normal
development, and if these receptors are altered by early life stress, brain develop-
ment can be altered resulting in emotional and cognitive dysfunction. Animal and
human research indicates that environmental stress during periods of high neural
plasticity (e.g., during pregnancy, childhood, and adolescence) can cause emotional
disturbances [19, 21, 78-81]. The effects of early life stress may emerge later in life,
during adolescence or adulthood [21, 79]. For example, early life stress is associ-
ated with post-traumatic stress disorder (PTSD) and major depression in adult-
hood [78].

Early Life Stress, Corticolimbic System, and HPA
Axis Development

Early life stress influences the development of the corticolimbic system and the
HPA axis [21, 79] and increases vulnerability to adult psychopathology [79]. The
corticolimbic system plays a key role in mediating the effects of early life stress on
brain dysfunction later in life, and early life stress is a long-term risk factor for dys-
functional development of those limbic structures involved in stress and emotion
regulation [79].

Severe early stress produces a chain of events involving stress-induced program-
ming of glucocorticoid, noradrenergic, and vasopressin-oxytocin stress systems
which augment stress responses. These then produce effects on neurogenesis, syn-
aptic over production and pruning, and nerve myelination during sensitive develop-
mental periods, resulting in reductions in size of areas of the brain (mid-portions of
the corpus callosum); attenuated development of areas including the left neocortex,
hippocampus, and amygdala; and abnormal frontotemporal electrical activity and
decreased functional activity of the cerebellar vermis. These changes may be the
mechanism through which early stress increases the risk of developing mental
health conditions including depression, PTSD, ADHD, and others [82].
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Stress Responsivity

The ECS plays a crucial role in regulating stress responsivity and emotional behav-
ior during the child’s development and is sensitive to early life stress in a sex- and
region-dependent way. The effect of early life stress on the ECS is bidirectional, that
is, the ECS can reduce stress through its anxiolytic activity and environmental stress
can alter the ECS anxiolytic capacity [21].

Findings from Animal Models

Animal experiments have demonstrated that maternal deprivation and social isola-
tion in early life affect several parts of the ECS in neonate, adolescent, and adult rat
brains, including altering CB1 mRNA expression and producing changes of can-
nabinoid receptors in corticolimbic and striatal brain areas [19, 21, 81]. In a rat
experiment, using a maternal deprivation as a model for early life stress, researchers
measured the expression of genes coding for CB1 and CB2 receptors, TRPV1 and
GPRS55 receptors, FAAH, MAGL, and enzymes involved in endocannabinoid syn-
thesis (N-acyl phosphatidyl-ethanolamine phospholipase D and diacylglycerol
lipase) in various brain regions: frontal cortex, ventral and dorsal striatum, dorsal
hippocampus, and amygdala. They found that maternal deprivation increased the
expression of all genes measured in the frontal cortex in adolescent male rats, but in
females this increase was in the hippocampus [81].

Since ECS signaling in the amygdala plays an important role in production of
anxiety and excitation of the HPA axis, it is possible that impairment of CB1 recep-
tor signaling may sensitize the person to stress [21, 79].

Early Life Stress and Genetic Patterns in Humans

Early life stress in humans has been associated with specific genetic patterns includ-
ing CACNA1C which encodes for an essential calcium channel that is part of ECS
signaling. This channel relates to neuronal excitability, plasticity, and neurogenesis
and was associated with childhood trauma leading to vulnerability to anxiety and
depression [83]. Single nucleotide polymorphisms (SNPs) in CNR1 (gene coding
for CB1 receptors) and the gene encoding for FAAH (specifically the genetic vari-
ant rs324420) are associated with bipolar disorder and major depression [84]. And
even variants in CNR2 (codes for CB2 receptors) and the FAAH gene (functional
polymorphism C385A) interact with childhood trauma and in anxious and depres-
sive phenotypes [85]. Furthermore, Juhasz et al. [86] found that variants in the
CNRI1 gene are associated with high neuroticism and low agreeableness and inter-
act with recent negative life events to predict current depressive symptoms. It would
therefore appear evident that genes play a significant potential role in defining sus-
ceptibility to life stresses, personality types, and behavioral responses. More
research is needed to define the exact influence of the various endocannabinoidome
permutations on personality and psychopathology.
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Sex Differences in How Early Life Stress Affects the ECS

In a similar way that there are sex differences between the stress response along the
HPA axis, evidence suggests that there are sex differences in the ECS. Greater
CBI1R G-protein has been found in the hippocampus in males than females, but
females showed greater CB1R G-protein activation, implying a more sensitive
response of CB1Rs. It is possible that sex differences in the ECS could explain dif-
ferent responses to stressors [87].

Research indicates that early life stress decreases CB1 receptors in adulthood in
males in the striatum, PFC, and amygdala (findings in females are not as clear) and
increases gene expression for enzymes involved in endocannabinoid degradation in
various brain regions (frontal cortex, striatum, hippocampus, and amygdala). Males
also showed increased dorsal hippocampus prostaglandin products of arachidonic
branch of the ECM.

In a rat experiment, early life stress demonstrated regional and sex-specific
effects including:

e Impairing peripheral basal corticosterone (adult males only)

e Decreasing 2-AG and AEA in the cerebellar interpositus nucleus (males only)
e Decreasing 2-AG in the cerebellar Crus (females only)

¢ Increasing dorsal hippocampus prostaglandins (males only)

e Impairing social preference (females only) [87]

The Gut and Stress

The gut is understood to play a critical role in the functioning of the immune sys-
tem, influencing inflammation and the nervous system [88]. The gut “microbiome”
refers to the microorganisms within the gut which form part of a multidirectional
communication network with the brain, the microbiome-gut-brain axis [89]. The
ECS is an important translational mediator for this communication.

The gut microbiota play a key role in the regulation of the gut-brain axis [90].
Vagal and spinal afferent pathways provide the means of communication between
the gut microbes and the central nervous system [90]. The gut microbiota also mod-
ulate immune signaling from the gut to the brain via the induction of various cyto-
kines [90].

The Gut Microbiome and Stress

The gut microbiome is involved in the stress response. There is increasing evidence
that the gut microbiome and brain and immune and endocrine systems are all in
constant communication, and the gut microbiome is a key player in the stress
response [8]. The microbiome-gut-brain axis is believed to mediate the interaction
between stress, the HPA axis, and the immune system [91] and to regulate moods
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and emotions. Stress can modulate the microbiota, and the microbiota can alter the
set point for stress sensitivity [89].

The gut microbiota regulates the production of many neurotransmitters and their
precursors including GABA, dopamine, acetylcholine, tryptophan, serotonin, and
norepinephrine, and neurotransmitter imbalances or deficiencies are associated with
mental health problems including depression and anxiety [89, 90]. Changes in
GABA receptor expression are implicated in the pathogenesis of anxiety and depres-
sion, both of which are associated with functional bowel problems [92]. The gut
microbiota can also secrete and upregulate essential proteins and metabolites
involved in neuropeptide and gut hormone release, such as short-chain fatty acids
and brain-derived neurotrophic factor [90].

Microbiota Changes and Stress

Several preclinical studies have demonstrated clear links between stress and gut
microbiota changes [8]. For example:

e Germ-free mice have an exaggerated HPA axis response to restraint stress which
was reversed by mono-colonization with Bifidobacterium infantis [93].

e Lack of normal gut microbiota in mice is associated with decreased expression
of BDNF in the hippocampus, a key protein involved in neuronal plasticity and
cognition [94].

e Absence of the gut microbiota in rats has been found to exacerbate behavioral
responses to acute stress and was associated with an altered neurotransmitter
turnover rate in areas of the brain known to regulate reactivity to stress and
anxiety-like behavior [95].

e Treatment of mice with Lactobacillus rhamnosus (JB-1) induced changes in
GABA mRNA expression in areas of the brain and reduced stress-related corti-
costerone and anxiety and depression-related behavior, with the vagus nerve
implicated as the major modulatory pathway between the gut and the brain [92].

Research also indicates that depression is associated with dysregulated gut
microbiota composition [89].

The Gut Regulates the HPA Axis

Evidence indicates that gut microbes may be involved in the development and func-
tioning of the HPA axis [90, 93, 96]. As we have seen, dysregulation of the HPA axis
occurs in stress, as well as in anxiety and depression. The gut microbiota can con-
tribute to increased cortisol and inflammation, and inflammation can also feed into
microbiota alterations through its negative effects on the gastrointestinal system
[90, 97].
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Leaky Gut and Mental Health

The gut has an important role in regulating intestinal permeability and maintaining
the intestinal barrier. Deficits in intestinal permeability may be an etiological factor
in chronic low-grade inflammation that can occur in some individuals suffering
depression [98]. Gastrointestinal disorders, including exacerbations of their symp-
toms/signs, are often associated with stress.

Normally the intestine maintains tight junctions between the cells lining it. If
these are compromised, the intestine lining becomes permeable or “leaky” [88],
the so-called “leaky gut.” When there are high levels of cortisol and inflammatory
mediators, these can increase the intestinal permeability, and Gram-negative bacte-
ria (which have an additional lipopolysaccharide [LPS] exterior membrane) can
move into the bloodstream [90]. This can then induce chronic inflammation in the
CNS [90, 99]. Inflammatory gastrointestinal conditions such as irritable bowel
syndrome, understood to involve compromised intestinal permeability, often co-
exist with high rates of mental health conditions such as depression [100], lending
further credence to the role of the gut in regulation of moods and emotion via the
gut-brain axis [90].

A US study found that the prevalence and median levels of serum IgM and IgA
against LPS of enterobacteria were significantly higher in patients with major
depression than in controls [52]. Their results suggest that increased gastrointestinal
permeability (leaky gut) with increased translocation of Gram-negative bacteria is
involved in the pathophysiology of depression [52]. Systemic LPS and administra-
tion of proinflammatory cytokines can cause chronic central neuroinflammation,
and central neuroinflammation is known to induce a sickness behavior complex that
is similar to the symptoms of major depression (e.g., anorexia, malaise, loss of inter-
est, etc.) [52].

The Endocannabinoidome, the Gut, and Links to Mental Health

There is a growing body of data that suggests that the gut, the brain, and the ECS are
all interlinked when it comes to, at least some, mental health conditions. It is clear
that the ECS plays a critical role in the functioning of the gut, given its wide distri-
bution in the gut where it regulates most gut functions:

e Gastrointestinal motility

e Gastrointestinal inflammation and gut permeability
e Nausea and vomiting

e Visceral sensation

¢ Immune homeostasis in the gut

e Energy balance

e Appetite/ hunger signaling [101-103]
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ECS dysfunction is associated with pathology in the gut including inflammatory
bowel disease (IBD), irritable bowel syndrome, and obesity [102], and of course
these conditions are inflammatory in nature. For example, CB1 receptor activation
in the intestinal epithelium contributes to development of obesity and metabolic
disease [104], and polymorphisms in the CNR1 gene (encodes for CB1 receptors)
have been found to be associated with forms of irritable bowel syndrome [105].
Ulcerative colitis, one of the types of IBD, has been found to induce changes in the
expression of the ECS in human colonic tissue [106].

Patients with visceral (abdominal) pain often find this is exacerbated by stress,
and there is now evidence that the ECS modulates chronic stress-associated visceral
hyperalgesia [103, 107]. CB1 receptors in sensory ganglia (that innervate the gut)
control visceral sensation, and transcription of CNR1 (the gene encoding for CB1
receptors) is modified through epigenetic processes under conditions of chronic
stress. There appears a potential mechanism to explain the link between stress and
abdominal pain: chronic stress induces visceral hyperalgesia through region-spe-
cific changes in endocannabinoid and endovanilloid (endogenous ligand for TRPV 1)
pathways in sensory neurons that innervate the pelvic viscera [103].

Inflammation, the Gut, and the ECS

It appears that the gut, the ECS, and at least some mental health conditions (e.g.,
depression) may be linked, and this may be through inflammation. We have already
seen that the gut microbiome plays a critical role in the functioning of the immune
system, thereby influencing inflammation and the nervous system [88], and we also
know that the gut is involved in the stress response. We also find that depression is
associated with dysregulation of the gut microbiota composition, and in a later
chapter, we will see that the ECS is altered in depression. There is also evidence that
inflammation is involved in the pathogenesis of several other mental health condi-
tions, including anxiety, autism spectrum disorder, and Alzheimer’s disease (dis-
cussed in later chapters). If inflammation is indeed involved in the pathophysiology
of mental health conditions such as depression [52], then since one of the roles of
the ECS is to control inflammation, it stands to reason that the ECS may play a role
in those mental health conditions [50], and where “leaky gut” is part of the patho-
genesis of a mental health condition such as depression, it would not be unreason-
able to posit that the ECS within the gut may be important in the body’s attempts to
bring the gut back into balance.

Understanding the potential or indeed likely link between the gut microbiome,
the ECS, stress, and mental health reminds us that when treating mental health con-
ditions such as depression, we should address any deficiency or dysfunction of the
gut microbiota as part of a holistic treatment approach. This generally includes
examining a patient’s diet and bacterial and possibly parasite exposures carefully.
Of course, this is an area where more research is needed.

The role of the ECS in the gut and how it links with regulation of stress, emo-
tions, and mental health conditions are an area of research that will no doubt expand
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in the future. In Chinese medicine, the link between emotions and dysfunction of
organ systems, including (but not confined to) the digestive system, forms an impor-
tant part of its theoretical model of physiological functioning of the body [108].
Biomedical research is in the process of elucidating the mechanisms of how emo-
tions and the body are interrelated, albeit through the lens of its own (biomedi-
cal) model.

Cannabis Exposure and Stress Responsivity

Research indicates that the use of cannabis (i.e., typically containing high levels of
tetrahydrocannabinol, the exogenous cannabinoid that is associated with dose-
dependent intoxication) during adolescence, a time of maturation of the stress
response system, can cause long-term alterations in stress responsivity, and canna-
bis use in adolescence has been associated with mental health conditions including
depression and substance abuse disorder in adulthood in some preclinical and
human studies [109, 110, 111] (discussed more in other chapters). For this reason,
the recreational use of cannabis in adolescents should be avoided—this is a time of
much neural plasticity and development of the brain and the ECS; therefore, expo-
sure to any environmental toxins that can negatively impact on the synaptic pruning
and refining occurring during this sensitive developmental phase should be
prevented.

Conclusion

Stress is an increasing feature of our westernized lifestyles, and there is evidence
linking it to many diseases including increased risk of cardiovascular disease, can-
cer, and mental health problems including anxiety and depression, sleep problems,
and substance abuse. Stress impacts on the sympathetic nervous system and the
HPA axis, and increasingly evidence implicates inflammation which may provide a
common underlying pathway linking stress and stress-related illnesses. The ECS is
involved in the regulation of stress and emotions, and when there is chronic stress,
we also see changes in the ECS. The gut has gained increased importance within the
scientific community, and it is clear that the ECS is critical in its homeostatic regula-
tion. It is therefore not surprising that there is increasing evidence linking the gut
microbiome, the ECS, and the stress response. Inflammation appears to be one
underlying factor linking some mental health illnesses, stress, the gut microbiome,
and the ECS. In treating mental health conditions, it therefore is prudent to remem-
ber to address any dysfunction in the gut.
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Summary of Changes Associated with Acute and Chronic Stress

Acute and chronic stress: AEA is reduced and 2-AG increased.

Reduction of AEA occurs relatively quickly in response to stress and is
mediated by CRH activating CRHR1 receptors to increase hydrolysis of
AEA by increased FAAH.

Under chronic stress: ongoing exposure to glucocorticoids upregulates
CRH signaling, and the FAAH increases and AEA decreases are maintained.
In acute stress, decreased AEA signaling contributes to anxiety, activation
of the HPA axis, impairment of fear extinction, and suppression of cell
proliferation in the hippocampus, and additionally, under chronic stress
conditions, the more sustained reduction in AEA also contributes to anhe-
donia and hyperalgesia.

Increase in 2-AG is delayed and likely to be mediated by increased corti-
costerone. Amplification of 2-AG responses under conditions of repeated
stress, which also results in habituation of corticosterone responses, may
be mediated by reduced MAGL [24, 25]
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