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Abstract: Depression and anxiety disorders are the two most prevalent psychiatric diseases that affect
hundreds of millions of individuals worldwide. Understanding the etiology and related mechanisms
is of great importance and might yield new therapeutic strategies to treat these diseases effectively.
During the past decades, a growing number of studies have pointed out the importance of the stress-
induced inflammatory response in the amygdala, a kernel region for processing emotional stimuli,
as a potentially critical contributor to the pathophysiology of depression and anxiety disorders. In
this review, we first summarized the recent progress from both animal and human studies toward
understanding the causal link between stress-induced inflammation and depression and anxiety
disorders, with particular emphasis on findings showing the effect of inflammation on the functional
changes in neurons in the amygdala, at levels ranging from molecular signaling, cellular function,
synaptic plasticity, and the neural circuit to behavior, as well as their contributions to the pathology
of inflammation-related depression and anxiety disorders. Finally, we concluded by discussing some
of the difficulties surrounding the current research and propose some issues worth future study in
this field.
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1. Introduction

Depression and anxiety disorder are the most common mental diseases affecting
hundreds of millions of people worldwide [1]. The comorbidity rate of anxiety disorder
and depression is very high, with 74% of depressed patients having anxiety symptoms,
while 61% of anxious patients have depression symptoms [2]. Stress exposure is widely
accepted as a critical contributing factor to psychological and neuropathological disor-
ders [3]. Especially during the COVID-19 pandemic, the high pressure of increasingly
demanding work and life has led to a sharp rise in the incidence of mental diseases [4]. Dys-
function of monoaminergic neurotransmission (monoamine hypothesis) by stress has long
been known as the most prevalent hypothesis in the pathophysiology of depression [5,6].
First-line antidepressant therapy based on the monoamine hypothesis has prevailed for
nearly 70 years, which aims to improve the level of monoamines (such as serotonin and
norepinephrine) in the brain [6]. However, the most severe problem of monoamine-related
therapy is that the therapeutic effect is limited since it usually takes several weeks or
months to reach beneficial effects and up to 30% of patients do not respond to typical
antidepressant medications [6,7], suggesting that the monoamine hypothesis may not fully
represent the pathophysiological mechanism of depression. In this case, novel mechanisms
are needed to clarify the pathogenesis of these mood disorders, which may help to develop
new therapeutic drugs and strategies.
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In recent years, many studies have consistently shown that stress-induced neuroin-
flammation and subsequent changes in the brain regions involved in emotion regulation
play an essential role in the pathological development of neuropsychiatric diseases includ-
ing depression and anxiety disorders [8-11]. The evidence includes: (1) the administration
of inflammatory inducers such as lipopolysaccharide (LPS), interleukin-13 (IL-1/3), TNF-
«, or other cytokines can induce depression-like behavior in rodents [12]; (2) levels of
inflammatory markers such as, IL-1f3, IL-6, C-reactive protein (CRP), toll-like receptor 3
(TLR3), and TLR4 were increased in patients with depression and anxiety [13]; (3) the
prevalence of depression in people with autoimmune diseases is much higher [14,15],
with many patients with chronic inflammatory autoimmune disease, such as rheumatoid
arthritis [16], multiple sclerosis [17], and stroke [18], often exhibiting depressive symp-
toms; and (4) patients who experienced cytokine treatment often have the characteristics of
depression. Interferon-alpha (IFN-o) immunotherapy can cause wide-range psychiatric
side effects, including anorexia, insomnia, anxiety, and other depressive symptoms [19,20],
while anti-inflammatory therapy results in remission of depression [21]. These findings
from rodents and humans have consistently proved that inflammation and cellular immune
activation are the critical factors of depression, laying the foundation for the theory of the
inflammatory response to depression.

Accumulating evidence from the past decades has shown that inflammation induces
psychological and neuropathological disorders by influencing neuronal excitability, neuro-
transmitter release, receptor, and transporter expression through peripheral hormones and
autonomic responses [22,23]. A number of animal and human studies have revealed that
the amygdala, ventral hippocampus, and medial prefrontal cortex (mPFC) are extensively
involved in the occurrence of anxiety, depression, and related behavioral regulation [24,25].
Among them, the amygdala, one of the kernel brain regions mediating stress-coping lo-
cated in the deep temporal lobe, is considered the hub center for processing emotionally
salient stimuli and implementing appropriate behavioral responses [26,27]. Studies from
multiple animal models have suggested that the amygdala is overactivated in response
to stress [28,29]. Human neuroimaging data have also shown that amygdala activity in-
creases in patients with stress or mood disorders [30,31]. In recent years, interest has been
attracted to revealing the mechanisms underlying inflammation in the amygdala. How-
ever, relatively few reviews have focused on summarizing the effects of the stress-induced
inflammatory response on amygdala function and their contribution to the development of
anxiety disorder and depression.

In this review, we first summarized the mechanisms of stress-induced inflammation
(peripheral inflammation and central inflammation) and the crosstalk between peripheral
inflammation and neuroinflammation in the brain. Then, the effects of inflammation
on the functional changes in the amygdala and the relationship between inflammation
and stress-related depression and anxiety disorders were systematically discussed from
the perspectives of molecular signaling, cellular function and neural plasticity, circuit
and behavioral output. Finally, we addressed some of the current issues and thoughts
surrounding the amygdala research on the mechanism of inflammation-induced depression
and anxiety disorders and proposed some research questions worthy of future research in
this field.

2. Stress and Inflammatory Response

All living organisms strive to reach and maintain a dynamic equilibrium state called
homeostasis, which is threatened by real or perceived physical, emotional, or psychological
events, known as “stressors” [3,32]. From a broad perspective, stressors can be divided
into psychological and systemic stressors. Psychological stressors are often defined as an
imagined or existing social threat, e.g., aversive environmental stimuli, predator-related
cues, and failure to meet internal drives, while systemic stressors mainly refer to actual
disturbances to physiological states, such as bleeding, infection, and pain [33]. Notably,
the stress-coping strategies vary depending on the intensity, duration, and timing of the
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stressors. Acute mild stress promotes the variability and adaptation that allow the organism
to cope well with real or perceived threats that are critical for survival. In contrast, severe
and prolonged stress (chronic stress) causes various maladaptive stress responses and
leads to multiple psychiatric diseases, including depression, anxiety disorders, and post-
traumatic stress disorder [34,35].

In recent years, numerous studies have indicated that the stress-induced activation
of macrophages and microglia, which in turn leads to aberrant peripheral and central
inflammation, plays a pivotal in the pathogenesis of mental diseases. Most noteworthy,
inflammation can occur throughout the lifespan, making it a high risk for depression and
anxiety disorders. For example, a recent study showed that exposing mice to LPS during
early developmental stages increases the capacity of microglial engulfment, which induces
long-lasting neuronal maladaptation, thus promoting the development of depression-like
symptoms during adolescence [36].

2.1. Stress and Peripheral Inflammatory Response

During injury, disease, or infection by bacteria and viruses, the immune system
is activated, and plenty of pro-inflammatory cytokines are produced and released by
immune cells such as macrophages and T and B lymphocytes, which act as mediators
of the innate immune response. Notably, a growing body of studies have shown that
psychological or emotional stress can also trigger the activation of the peripheral immune
system, leading to the release of multiple pro-inflammatory cytokines [37] (Figure 1).
Psychological stress might alter immune function via the direct innervation of lymphatic
tissue through the rapid activation of the hypothalamic-pituitary—adrenal (HPA) axis and
the sympathetic-adrenal-medullary (SAM) system, two major components involved in
stress coping [33,37,38]. In response to psychological stress, the hypothalamus secretes
corticotropin-releasing hormone (CRH) to initiate a stress response. Higher levels of
CRH cause the pituitary to release the adrenocorticotropic hormone, which subsequently
triggers the synthesis and release of glucocorticoids (corticosterone in rodents, cortisol in
humans) in the adrenal glands. In addition, neurons in the paraventricular nucleus of the
hypothalamus project heavily to the locus coeruleus (LC), also known as the norepinephrine
centers in the brainstem. The LC sends direct projections to the autonomic nervous system
in the spinal cord, including sympathetic and parasympathetic preganglionic neurons,
which increase sympathetic activity and decrease parasympathetic activity by activating
adrenergic and muscarinic receptors [39]. The sympathetic nervous system is activated
and stimulates adrenal medulla cells to release epinephrine and norepinephrine into the
blood, which modulates the release of cytokines such as TNF-« and IL-6 by acting on
o- and (-adrenergic receptors on immune cells (macrophages) and induces peripheral
immune responses [40]. The activation of the afferent vagus nerve conveys peripheral
inflammatory signals to the brain and then activates the anti-inflammatory efferent vagus
nerve to suppress pro-inflammatory cytokine release and inhibit inflammation, known as
“the cholinergic anti-inflammatory pathway” [41-43].

It should be noted that stress is common throughout life. The level of stress-induced
inflammation and its influence on emotional behavior are closely related to stress intensity.
In the face of acute stress, the body’s immune system will respond quickly in a short
time by releasing inflammatory factors in response to stress. However, pro-inflammatory
cytokines usually disappear after completing their task; when the stress persists (chronic
stress), these cytokines continue to increase. Then, the persistently existing cytokines begin
to have harmful effects on the body and induce changes in the brain regions related to
emotion regulation, which subsequently cause mental illnesses such as depression and
anxiety disorders.
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Figure 1. Stress-induced periphery inflammation and neuroinflammation in stress-related disorders:

‘_‘; Tissue damage

mechanisms and consequences interaction between the immune system, HPA axis, and sympathetic
nervous system. Exposure to traumatic and stressful events in individuals may facilitate increased
immune activity in both the periphery and the central nervous system (CNS) by activating the
HPA axis and the sympathetic nervous system (SNS). HPA axis activation results in the release
of glucocorticoids, which modulate the inflammatory response by suppressing the expression of
pro-inflammatory cytokines by immune cells. However, overactivity of the SNS increases the release
of pro-inflammatory cytokines. These cytokines access the brain via afferent fibers (e.g., vagus
nerve) or through the damaged blood-brain barrier to activate microglia, which in turn contribute to
neuroinflammation via secretion of pro-inflammatory cytokines in the brain.
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2.2. Stress and Central Inflammatory Response

Unlike peripheral inflammation responses mediated by macrophages, central inflam-
mation is mainly caused by microglia activation. Microglia are resident macrophages of the
central nervous system (CNS), which constitute 5-10% of total brain cells and are the brain’s
first line of defense against trauma, pathogens, infection, or brain diseases, a function simi-
lar to peripheral macrophages [44,45]. Microglia have high morphological plasticity. In the
physiological state, microglia are highly branched in the resting state with a short protru-
sion, which can monitor the surrounding microenvironment. After brain injuries such as
trauma, inflammation, infection, or disease, microglia can be rapidly activated and undergo
morphological changes such as cell body enlargement and synaptic shortening, secrete a
variety of pro-inflammatory cytokines, and activate phagocytosis [46,47]. It is widely ac-
cepted that activated microglia exert dual functional states, namely the classical activation
state, which produces a large number of pro-inflammatory cytokines such as TNF«, IL-1f3,
IL-6, reactive oxygen species, and nitric oxide, thus exacerbating the neuroinflammatory
state, and an alternative activation state, which is associated with an anti-inflammatory
function. Notably, appropriate cytokines produced by microglia in the brain are critical
positive regulators of several CNS functions, such as maintaining neuroplasticity [48,49];
however, the excessive or prolonged activity of inflammatory cytokines disrupts multiple
neuronal functions, including impaired neurotransmitter signaling and the blockage of neu-
rotransmitter synthesis, reuptake, and release [50]. This, in turn, results in the dysfunction
of the neural circuits involving emotion and cognition [51].

Accumulating evidence from animal studies has revealed that restraint stress, un-
avoidable footshock stress, and chronic unpredictable stress can lead to the aggregation and
activation of microglia in emotion-related brain regions such as the amygdala, prefrontal
cortex, and hippocampus in rodents [52-54]. On the other hand, in patients with severe
depression, microglia activation was observed in the cerebral cortex, prefrontal cortex, and
the anterior cingulate cortex as well as the insula cortex, and the activation of microglia in
the insula cortex was highly correlated with the severity of depression [55,56]. Studies have
identified several possible ways that participate in the activation of microglia induced by
stress. First, stress activates the HPA axis to release a large number of glucocorticoids, which
results in the activation of microglia due to the abundant glucocorticoid receptors on the cell
surface [57]. Second, stress promotes the expression of pro-inflammatory cytokines such as
IL-13 in the CNS through the release of sympathetic norepinephrine and the activation of
[3-adrenergic receptors, thus leading to the initiation of microglial activation [58-60].

3. From the Peripheral to the Central Inflammatory Response

Numerous animal studies have shown that peripheral inflammatory stimuli can acti-
vate microglia cells in the brain [61]. Due to the blood-brain barrier (BBB), the peripheral
and central immune systems are relatively independent. However, under the continuous
influence of chronic stress, the function of the immune system is downregulated, and
peripheral inflammatory cells and inflammatory mediators can penetrate the CNS. Subse-
quently, microglia and astrocytes are activated to cause secondary neuroinflammation by
producing pro-inflammatory cytokines such as TNF-«, IL-1§3, and IL-6 (Figure 2).

Notably, cytokines cannot be passively diffused across the BBB because of their high
molecular weight and hydrophilic properties, but they can enter the brain parenchyma
through the humoral route (Figure 2). These processes begin in the circumventricular
organs or choroid plexus and subsequently diffuse to other brain regions [62]. In the
circumventricular organs, IL-1p increases prostaglandin 2 expression, which acts as a
second messenger to transmit signals into the brain [63]. In addition, cytokines such as
IL-1p3, IL-1ex, IL-6, and TNF, have been found to enter the brain through an active transport
mechanism mediated by saturable transporters [51]. In addition, cytokines can also activate
glial cells in circumventricular organs, meninges, and choroid plexus to produce cytokines
such as IL-1f [14,62].
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Figure 2. Increased periphery inflammation leads to disruption of the blood-brain barrier (BBB).
(A) In healthy BBB, tight junctions between brain endothelial cells form the primary physical barrier
that prevents the entry of large and potentially toxic molecules into the brain. Endothelial cells are
encompassed by basal lamina, pericytes, and astrocytic endfeet. Pericytes and astrocytic endfeet
interact closely with the endothelial cells and can help maintain BBB integrity. (B) Inflammation,
caused by an infection or virus, can lead to immune cell infiltration. Increased periphery inflammation
has a detrimental effect on the integrity of the BBB at various levels, including endothelial cell
degradation or shrinkage, altered paracellular transport pathways via loss of tight junction proteins,
as well as dysfunction of pericytes and astrocytes. Loss of BBB integrity makes it more permeable,
allowing immune cells and inflammatory cytokines to enter the brain parenchyma, which in turn
leads to microglial activation to induce neuroinflammation. Neurons may experience demyelination
or become damaged.

In addition to the humoral routes, cytokines can also target the autonomic nerve
afferents that innervate the infection site and transmit signals into the brain through the
vagus nerve [64] (Figure 2). The vagus nerve, which includes sensory neurons that innervate
most of the internal organs, can express IL-1 receptors [65], and can be stimulated by local
cytokines to relay peripheral inflammatory signals to relevant brain regions such as the
nucleus of the solitary tract (NTS) and lateral medulla [66]. On the other hand, activation
of the vagus nerve can further activate the parabrachial nucleus and limbic brain regions
through its projection [51], thereby increasing cytokine levels in the brain. For example,
intraperitoneal injection of bacteria-derived lipopolysaccharides (LPS) triggers a robust
inflammatory response and leads to a rapid increase in the expression of c-Fos (a biomarker
of neuronal activity) in the NTS [67]. Once the peripheral cytokine signals enter the brain,
they can activate their receptors and trigger an inflammatory cascade, thus amplifying the
peripheral inflammatory signal and exerting the central effect of cytokines by affecting
neuroimmunity, neuroendocrine, and behavior.

Clinical and animal studies have consistently shown that peripheral inflammation can
disrupt the normal function of the BBB through multiple pathways, leading to secondary
inflammatory responses in the CNS and the developing of neurological diseases [68]. The
BBB is composed of vascular endothelial cells with tight junctions, which limit the body’s
peripheral inflammatory cytokines, inflammatory cells, metabolites, neurotoxic substances,
and pathogens in the blood from entering the CNS [68,69]. However, in the case of brain
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diseases such as infection and neurodegenerative diseases, the BBB can be destroyed, and
then peripheral immune cells can enter the brain to induce a central inflammatory response,
which further aggravates the BBB damage [68]. With the help of chemokines, peripheral
immune cells, including macrophages, lymphocytes, and natural killer cells, could be
recruited to the central inflammatory site, thus aggravating the central inflammatory
response. There is evidence that BBB damage caused by inflammation is correlated to
the integrity of tight junctions (Figure 2). Studies in elderly mice found that peripheral
inflammation induced by LPS challenge can degrade the occludin and caludin-5, two kinds
of tight junction proteins, which subsequently increases BBB permeability and affects its
normal function [70,71]. On the other hand, the damage of cerebrovascular endothelial
cells by peripheral inflammation is another important cause of BBB damage. For example,
it has been reported that LPS inhibited p-glycoprotein activity and induced the secretion of
active matrix metalloproteinases, which disrupt the function of vascular endothelial cells
such as leading to endothelial cell apoptosis or the destruction of the ultra-microstructure,
resulting in abnormal BBB function [71,72]. In addition, LPS can also induce endothelial
cell apoptosis through the MAPK signaling pathway [73]. Therefore, in response to LPS-
induced peripheral inflammation, the integrity of brain endothelial cells is impaired, and
the BBB function is damaged, further exacerbating the entry of inflammatory factors into
the brain to induce a central inflammatory response.

4. Stress and Amygdala

Stress-induced inflammatory processes and microglia-activation-related neuroinflam-
mation have numerous effects on the structure and function of neurons in the brain and are
associated with most pathophysiological diseases in the CNS [23,45]. Increasing evidence
has consistently proved that the amygdala is a kernel brain region in mediating stress
response. Over-activation of the amygdala is widely known as a fundamental process
causing anxiety and depression [28,74]. In the resting state, amygdala activity is highly
inhibited, which can avoid being activated by weak external stimuli and produce inappro-
priate emotional expression and abnormal behavior [75]. On the contrary, in pathological
conditions (such as excessive stress exposure), the highly inhibitory tone of the amygdala is
removed (disinhibition), leading to the hyperactivation of the amygdala, which in turn in-
creases sensitivity to environmental stimulus signals even after long-term recovery [76,77].
The excessive activation of amygdala neurons caused by disinhibition is widely known as
the neural basis of stress-induced neuropsychiatric disorders.

4.1. The Basic Anatomy of the Amygdala: Structure and Connectivity

The amygdala was first identified by Burdach in the early 19th century. Burdach
originally described a group of cells that are now known as the basolateral complex [78].
Subsequently, many structures surrounding the basolateral complex were identified, now
known as the amygdala complex. The amygdala complex contains more than 13 subregions,
which can be distinguished according to their neuronal morphology, unique connectiv-
ity, physiology, and expression of specific molecular markers. It is usually divided into
the basolateral amygdala (BLA), central amygdala (CeA), medial amygdala (MeA), and
intercalated cell clusters [78]. Of note is that the BLA and CeA have attracted the most
interest throughout the history of amygdala research, which are also the focus of this review.
The BLA is constituted by the lateral amygdala (LA) and basal amygdala (BA), while the
CeA is composed of the centrolateral (CeL) and centromedial (CeM) nuclei [79]. Devel-
opmentally, the BLA is a cortical-like structure consisting of 80% glutamatergic principal
neurons and approximately 20% GABAergic inhibitory neurons [80,81]. In contrast, CeA
is a striatum-like structure that primarily comprises GABAergic inhibitory neurons [82].
From a functional perspective, the BLA is widely known to encode the threat value of a
stimulus, while the CeA is responsible for coordinating the behavioral output.

The LA is traditionally known as the primary target of multimodal sensory information
from the thalamus and cortex [83,84]. Upon receiving the information, the LA relays the
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integrated signal to the BA by its multi-axon lateral branches onto both glutamatergic
projection neurons and GABAergic interneurons in the BA. This integrated information
is then relayed to the CeA through dense efferent fibers. Notably, both the BLA and CeA
receive dense projections and also have intensive projections to downstream brain regions,
which are implicated in a host of behavioral and physiological responses, including anxiety,
depression, fear, and other stress responses (Figure 3, refer to the review [76]).

o
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Figure 3. Schematic depicting illustrating the main input and output connections of the amygdala
subnucleis. BLA: basolateral amygdala; BNST: bed nucleus of the stria terminalis; CeA: central
amygdala; DRN: dorsal raphe nucleus; LC: locus coeruleus; mPFC: medial prefrontal cortex; NAc:
nucleus accumbens; NTS: nucleus of the solitary tract; PAG: periaqueductal gray; PBN: parabrachial
nucleus; PVT: paraventricular thalamus; vHPC: ventral hippocampus; VTA: ventral tegmental area.

The amygdala plays an essential role in regulating the activation of the HPA axis and
SAM axis, which are hallmarks of the stress response [33]. It should be noted that unlike
the inhibitory effect of the prefrontal cortex and hippocampus on HPA axis activation,
the amygdala mainly acts as an activator of the HPA axis. In our recent review, we have
described in detail the neural pathways of the amygdala subregions, including the BLA,
CeA, and MeA, regulating the HPA axis [76], which will not be further described here. Of
note is that the amygdala-triggered endocrine and autonomic responses to stress are not
directly regulated by the HPA axis but are mediated by the middle diencephalon, such as
through innervating BNST.

4.2. Effects of Stress on Amygdala Neuronal Function

Emerging evidence suggests that the hyperactivity of amygdala neurons is a funda-
mental cause of chronic stress-induced anxiety disorder and depression. Neuroimaging
studies have shown that amygdala activation in patients with anxiety disorders is sig-
nificantly higher than that in controls in response to the same stimulus [85], which is
decreased after effective cognitive behavioral therapy [86]. In PTSD patients, functional
magnetic resonance imaging (fMRI) showed exaggerated amygdala responses to facial
expressions of fear, and the degree of amygdala activation is positively correlated to the
severity of PTSD symptoms [87]. However, in patients with depression, both baseline
amygdala activity and the amygdala response to emotional stimuli are increased [88,89],
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which is correlated with symptom severity [88]. Amygdala activity returned to normal after
successful drug treatment [88]. In addition, adolescents with depression show increased
amygdala activation [90].

The refined synaptic communication between excitatory and inhibitory synapses
is essential for regulating neural activity and normal brain function [91]. An excita-
tion/inhibition (E/I) imbalance in synaptic transmission and neural circuits leads to the
increased excitability of amygdala neurons, which has been implicated in anxiety disorder,
depression, and many other neuropsychiatric diseases [12,92]. Increased neuronal activity
is mainly regulated by the following factors: The first one is the enhanced excitatory inputs
onto recorded neurons, including the increased release of excitatory transmitters from
presynaptic or the increased expression of postsynaptic excitatory receptors. It has been
reported that chronic stress-induced changes in amygdala activity are associated with alter-
ations in synaptic transmission onto amygdala neurons. For example, a large number of
studies have reported that chronic stress enhances the excitatory synaptic transmission onto
amygdala projection neurons by increasing the probability of excitatory neurotransmitter
release at presynaptic terminals [93,94], which is consistent with the increased dendritic
spine density in BLA neurons caused by chronic stress. The second one is the reduced
presynaptic inhibitory transmitter release or decreased expression of the postsynaptic
inhibitory receptor. A recent study has shown that chronic stress causes a reduction in
excitatory, but not inhibitory, postsynaptic responses on PV-positive neurons in the BLA,
which subsequently reduces GABAergic inhibitory input onto BLA projection neurons
and results in an E/I imbalance in the amygdala [95]. However, our recent studies have
found that chronic stress has no significant effect on inhibitory synaptic transmission onto
BLA projection neurons [93,96]. The exact mechanisms underlying these inconsistent find-
ings are unclear; it may be due to the different stress models and developmental stages
of animals used. In addition to reducing the inhibitory effect mediated by the synaptic
transmission form of BLA PN, chronic stress also markedly weakens the inhibitory effect
mediated by non-synaptic transmission, which significantly reduces the tonic inhibitory
current recorded on BLA PNs, and then weakens the GABAergic suppression of the neu-
ronal activity of BLA PNs [75]. The third one is the increased intrinsic neuronal excitability
of neurons. Chronic stress significantly increases the intrinsic excitability of BLA PNs, and
this effect is mainly due to the decreased expression and function of calcium-activated
small conductance potassium channels and hyperpolarization-activated cyclic nucleotide-
gated ion channels [28]. Taken together, the increased excitatory synaptic transmission,
decreased inhibitory synaptic transmission, and increased intrinsic neuronal excitability
together contribute to the overactivation of the amygdala, which is then implicated in
anxiety disorder and depression induced by chronic stress.

5. Amygdala Neuroinflammation and Psychiatric Disorders

Increasing evidence indicates that elevated pro-inflammatory cytokine levels caused by
the recruitment of peripheral cytokines to the brain and microglia activation play an essen-
tial role in the development of stress-induced anxiety disorder and depression. The possible
mechanisms may involve the regulation of neurotransmitter metabolism, the influence of
neuroendocrine function, synaptic plasticity, and the neural circuitry of emotion [97,98].
For example, chronic unpredictable stress induces both anxiety-like and depressive-like
behaviors while increasing the expression of amygdala inflammatory cytokines, including
IL-13, IL-6, and TNF-o [99] (Table 1). The increased cytokines can regulate the activity of
amygdala neurons. After 21 consecutive days of chronic restraint stress, NLRP3 and IL-13
expressions in the BLA region of rats were significantly up-regulated, and c-Fos expression
was also significantly increased [100]. Neuroimaging data collected from humans show
that inflammation increases amygdala activity, and the increased amygdala stress response
is related to the increase in inflammatory cytokines [101,102]. Participants who received
low-dose endotoxin had increased IL-6 and TNF-« levels and led to greater amygdala
activity in response to socially threatening images, which are associated with an enhanced
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feeling of social disconnection [101]. A double-blind randomized crossover study showed
that volunteers who received a typhoid vaccination injection increased circulating IL-6 and
induced mood deterioration; it also increased amygdala activation upon stimulation [102].
Studies have shown that restraint stress upregulates the expression of NLRP3, cleaved
caspase-1, and IL-1f3 in the amygdala and the expression levels of these proteins are more
significantly increased by stress in female mice [103], which is consistent with the higher
incidence of anxiety disorder and depression in females than males. These results suggest
that stress-related inflammation may be an important contributor to mental illness.

Table 1. Effects of stress on inflammatory cytokines in the amygdala.

Stress Type Inflammatory in Amygdala Species Reference
Chronic unpredictable mild stress IL-11 1, IL-61, TNF-at Mouse [99]
Chronic unpredictable mild stress IL-1B7, IL-107 Hamsters [104]
Chronic restrain stress BLA: NLRP37, IL-131 Rat [100]
Cumulative mild stress TGF-31, IL-1p1, IL-177, IL-181, IL-6T Mouse [105]
Chronic social defeat stress BLA: IL-131, IL-61, TNF-« T, IL-127 Mouse [106]
Modified social defeat stress IL-6 -2 Rat [107]
Foot-shock stress IL-4 —, IL-10 —, IL-1B —, TNF-& —, INF-y —, IL-6], 3 Mouse [108]
Forced swim stress TNF-«f, IL-6—, IL-1p3 — Rats [109]
Physical restraint stress with brief underwater
submersion, and predator odor stress IL-6T, IL-1BT, Caspase 11, NLRP3T Mouse [103]
Chronic prostatitis /chronic pelvic pain BLA: IL-1R |, IL-4R |, IL-13R |, TNFR], Rats [110]
syndrome
LPS BLA: TGF-B1], TNF-«f, IL-137; IL-337 Mouse [111,112]
IL-61, IL-131, TNF-oct, IL-107; IL-61, IL-13 T, B
LPS vWET; IL-61, IL-1p1, TNF-f; IL-61, IL-1p+ Mouse [115-117]
LPS + oxazolone (Ox)-induced AD model IL-61 Mouse [118]
Central LPS infusion IL-131, TNF-oct Rats [119]
Intracerebroventricular(i.c.v.) injection of IL-13 IL-67, TNF-oct Mouse [120]
Injection of complete Freund’s adjuvant (CFA) BLA: TNF-«1IL-131, IL-67, TNF-oct Mouse [121,122]
High-fat diet IL-131, TNF-oct; TNF-oct Mouse [123,124]
High-fat diet IL-67, CD11b —; IL-1Rat; IL-6 —, CD11b —, Rats [125,126]

IL-1Re

! 4 indicates up-regulated expression level; 2 - indicates no change; ® | indicates down-regulated expression level.

5.1. Amygdala Inflammation and Anxiety Disorders

Numerous studies have implicated that inflammation-related anxiety disorders are
associated with the aberrant activation of amygdala neurons. For example, studies have
shown that in an inflammatory pain mouse model induced by complete Freund’s adju-
vant (CFA) injection, the anxiety-like behavior in mice was markedly increased, which is
associated with the upregulation of the excitatory postsynaptic receptors NMDA receptor
and AMPA receptor in the BLA, as well as the postsynaptic dense protein PSD95, while
the expression of inhibitory receptors GABA, «2 and GABA, y2 was significantly de-
creased [127]. However, opposite findings were reported, in that the levels of GABA 5
a2 and GABA4 y2 were dramatically increased in the BLA of CFA-treated mice [128]. In
terms of synaptic transmission, CFA injection has been found to increase BLA excitatory
synaptic transmission and decrease inhibitory synaptic transmission, as reflected by the
increased frequency of spontaneous excitatory postsynaptic currents and the decreased
frequency of spontaneous inhibitory postsynaptic currents [127]. While considering the
neurotransmitters, CFA increased glutamate levels in the BLA and decreased GABA lev-
els [122]. These findings suggest that the inflammation-induced disruption of the amygdala
E/I balance is manifested by enhanced excitatory presynaptic release and upregulated exci-
tatory postsynaptic receptors, together with the decreased inhibitory presynaptic release
and reduced expression of inhibitory receptors, which may contribute to the hyperactivity
of the amygdala and finally result in the occurrence of anxiety disorders [35]. However,
in our recent study, we found that LPS challenge mainly increases the excitatory synaptic
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transmission on BLA projection neurons but has no effect on inhibitory synaptic trans-
mission [12]. The AMPA/NMDA ratio (a measure of postsynaptic changes in synaptic
strength) also remained unaltered [12]. The exact reasons for these inconsistent results
are not fully understood. One possible explanation is that the difference may be due to
various factors, such as different models, experimental procedures, and the processing time
involved. It should be noted that plantar injection of CFA induces not only an inflamma-
tory response but also chronic pain, which is widely used as an animal model of chronic
inflammatory pain. In contrast, i.p. injection of LPS mainly induces an inflammatory
response. Interestingly, similar to the LPS-induced effects on the BLA, chronic stress also
increased the excitatory synaptic transmission onto BLA PNs but had no obvious effect
on the inhibitory synaptic transmission or NMDA /AMPA current ratio [92,94]. Given
the concept that chronic stress induces amygdala inflammation, it is likely that amygdala
inflammation may play a critical role in the chronic stress-induced functional remodeling
of BLA PNs and anxiety-like behavior.

The specific mechanisms of how inflammation affects the BLA neuronal function and
the occurrence of anxiety disorders are still vague. Such an effect may likely be related to
the effect of cytokines on monoamine and glutamate. For example, studies showed that
neonatal LPS treatment reduced TGF-31 expression in the BLA during adulthood, which
lead to the down-regulation of GABA ARx2 subunit expression and GABA-induced current
density, and ultimately caused the disruption of the E/I balance and the shift toward
excitation, resulting in anxiety disorder [111]. Therefore, it is expected that anxiety-like
behavior and the hyperactivity of the HPA axis induced by inflammation may be due to the
increased neuron excitability caused by the decrease in the GABAergic inhibitory current
in the BLA. Another study found that in LPS-induced anxiety models, IL33 expression was
significantly upregulated in the BLA, while overexpression of IL33 in astrocytes inhibited
BDNF expression through the NF-«B signaling pathway, affecting the synaptic transmission
of GABA and causing anxiety disorders [112]. In addition, feeding on a chronic high-fat
diet can promote anxiety-like behavior by increasing the expression of amygdala dopamine
and pro-inflammatory cytokines TNF-oc and IL-13 [124], while the local infusion of TNF-«-
neutralizing antibody infliximab in the BLA reversed anxiety-like behavior in mice with
persistent inflammatory pain [121]. In vitro patch-clamp recordings showed that TNF-o
significantly enhanced AMPA receptor-mediated glutamate excitatory synaptic transmis-
sion and inhibited GABAA receptor-mediated BLA inhibitory synaptic transmission [121].
Furthermore, chemokine CXCL12, which has been considered a standard pro-inflammatory
molecule for a long time, may also contribute to inflammatory-related anxiety as supported
by the evidence that an LPS challenge induced chemokine CXCL12 production in the
amygdala through astrocyte activation, while microinjection of CXCL12 into the amyg-
dala is sufficient to induce anxious-like behavior in mice. In addition, CXCL12 enhances
glutamatergic transmission by increasing the frequency of sEPSC in the BLA [129]. These
findings provide direct evidence showing that pro-inflammatory molecules in the BLA
contribute to the development of anxiety by systemic inflammatory stress, which also may
be a potential therapeutic target for inflammatory anxiety.

The CeA also plays a vital role in regulating the immune stress response. The CeA
was activated in male and female rats after LPS injection 14 days after birth [130]. CeA
lesion significantly reduced the systemic injection of IL-13-induced ACTH secretion, CRH
in the hypothalamus, and c-Fos gene expression in oxytocin cells [131]. Similarly, bilateral
CeA damage also attenuated the HPA axis response caused by HSV-1 infection, as well as
fever, hyperactivity, and aggression [132]. It should be noted that different stress modes
have distinct effects on CeA activation. For example, homeostasis disruption and systemic
stressors (such as inflammatory stimulation and bleeding) activate the CeA [133,134], while
psychological stressors such as restrain stress do not activate the CeA [131,135,136]. In con-
trast, the MeA is preferentially activated by psychological stressors. MeA damage reduced
the IL1f3 response to restraint stress but not to homeostasis and systemic stressors [135].
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5.2. Amygdala Inflammation and Depression

Although the vast majority of studies revealing the role of the amygdala in modulating
emotional function have been focused on fear and anxiety, recent studies have shown that
amygdala inflammation has an undoubtful function in depression. For example, intra-
venous or subcutaneous IL-1{ injection increased depression-like behavior in mice and
enhanced the expression of pro-inflammatory cytokines TNF-oc and IL-6 in the amygdala,
which is regulated by the CORT/GR system. Furthermore, serum corticosterone levels were
markedly increased with IL-1f injection, while GR inhibitor RU486 reduced IL-13-induced
depression-like behavior and TNF-a and IL-6 expression [120]. In addition, chronic social
stress (a combination of mild prenatal stress, mild maternal separation stress, and mild
social frustration stress) induced depressive-like behavior, which is accompanied by the
activation of amygdala microglia and increased expression of inflammatory factors IL-17,
TNEF-o, IL-1f3, IL18, and IL-6. Interestingly, peripheral intraperitoneal injection of IL-17
antibody to block IL-17 activity inhibited stress-induced BLA microglia activation and
alleviated depression-like behavior [105]. In addition, LPS-induced inflammation increases
CeA activity in animals [137], which is associated with an increase in depressive-like behav-
ior [137] and a reduction in certain social behaviors, such as grooming, sniffing, and close
following with an interaction partner [138]. Blocking the activity in the amygdala by using
a reversible lesion eliminates this inflammation-induced social withdrawal behavior [138].

In mammals, the downregulation of serotonin (5-HT) levels in the CNS has been
implicated in the pathophysiology of depression. With the development of the cytokine
theory of depression, it has been well documented that pro-inflammatory cytokines, in-
cluding IL-1, IFN, and TNF can reduce the bioavailability of neurotransmitters such as
serotonin (5-HT) [139]. The synthetic precursor of 5-HT, tryptophan, is metabolized by the
kynurenine pathway (KP) and 5-HT pathway [140]. Indeed, over 90% of tryptophan has
been metabolized via the KP in mammals [141]. In the KP, indoleamine-2,3-dioxygenase
(IDO) is a rate-limiting enzyme that catalyzes the decomposition and metabolism of tryp-
tophan [140]. It should be noted that IDO is an inflammatory-inducible enzyme, which
can be induced by a variety of inflammatory factors, such as IFNy and TNF«x [142,143].
Activation of the body’s immune system causes excessive secretion of cytokines, induces
the activation of IDO, and increases the metabolism of tryptophan along the KP pathway,
thereby competitively antagonizing the biosynthesis process of 5-HT and reducing the
central 5-HT neurotransmission. Therefore, IDO plays an essential role in the cytokine
theory of depression.

A large amount of evidence has shown that inflammatory response is accompanied by
IDO dysfunction in depression [143,144]. Early-life stress from allergic dermatitis increases
susceptibility to depression induced by systemic inflammation, which is accompanied
by increased activation of microglia and cytokine expression in the amygdala, as well as
upregulated expressions of IDO [118]. High IDO levels indicate that 5-HT metabolism may
be accelerated, thus reducing the 5-HT level. The exact mechanism by which inflammation
induces upregulation of IDO expression in the amygdala remains unclear. However, it
should be noted that pro-inflammatory cytokines, such as IL-13, can cross the BBB and
trigger neuroinflammation by activating microglia. It has been reported that activated
microglia release pro-inflammatory cytokines that reduce the synthesis of 5-HT, dopamine,
and norepinephrine in the limbic system by activating IDO and mitogen-activated protein
kinase (MAPK) in the inflammatory signaling pathway [98,145,146]. Interestingly, numer-
ous studies have shown that inflammatory responses increase amygdala IL-13 expression
and activate MAPK pathways (increased phosphorylation of JNK, ERK1/2, and P38).

5.3. Inflammation and the Amygdala Neural Circuit

The structural and functional connectivity between the amygdala and other emotion-
related brain regions, such as the mPFC, hippocampus, and anterior cingulate cortex,
play crucial roles in stress-induced anxiety and depressive behaviors [147-149]. Among
them, the enhanced dmPFC-amygdala circuit has been widely shown to be implicated in
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inflammatory-related psychiatric disorders. For example, increased amygdala activity is as-
sociated with inflammation when exposed to social stress. Individuals who exhibit stronger
coupling between the amygdala and dmPFC display higher inflammatory responses when
faced with stressors [150]. Our recent study demonstrated that LPS causes anxiety and
depression-like behaviors accompanied by an enhanced activity of the dmPFC-BLA cir-
cuits [12]. In addition, allergic inflammation leads to enhanced functional connectivity
within the mPFC-amygdala circuit, while disrupting the dynamic interactions of the mPFC-
amygdala circuit may promote anxiety-related behaviors with asthma [151]. Furthermore,
a recent study from the same lab showed that allergic inflammation induced an increase in
neuronal activity, and functional connectivity of the ACC-BLA circuit was correlated with
the level of anxiety [152]. Inflammation-associated mood change reduced the connectivity
of sACC to the amygdala, which was modulated by peripheral IL-6 [102].

It is worth noting that many studies have shown that the abnormal activation of
the mPFC-BLA-vHPC circuit contributes to chronic stress-induced anxiety [77,92,96,153],
and depressive-like behavior [154]. Specifically, chronic stress increases the glutamate
release from dmPFC presynaptic terminals in the BLA, which enhances the excitatory
synaptic transmission efficiency of BLA neurons [92]. Interestingly, chronic stress-induced
abnormal increase in BLA neuron activity only occurred in BLA neurons projected to
the vHPC [96,153]. The specific mechanism of stress-induced changes in the amygdala
circuit function remains unclear. Considering the effects of inflammatory cytokines on BLA
neuronal function and connectivity, it is expected that chronic stress-induced functional
remodeling of the BLA circuit may be due to the neuroinflammation caused by stress.

There is also evidence showing that changes within CeA circuit are implicated in
inflammatory-related mental disease. For example, a recent study showed that in a mouse
model of sepsis induced by intraperitoneal infection, the mice exhibited anxiety-like behav-
ior and exaggerated fear memories, which are similar to anxiety and PTSD-like symptoms
seen in human sepsis survivors [155]. It was found that sepsis induces the acute pathologi-
cal activation of CeA-specific neuron types that project to the ventral BNST and transient
and targeted silencing of this subpopulation using chemogenetic methods during the
acute phase of sepsis can prevent the subsequent development of anxiety-related behav-
iors [155]. Considering inflammatory chronic pain increases the risk of depression, Zhou
and colleagues identified a novel pathway involving 5-HT projections from the dorsal
raphe nucleus to somatostatin-expressing interneurons in the CeA, and then to the lateral
habenula for comorbid depressive symptoms in chronic pain [156]. In addition to the
evidence that microglia-mediated synaptic engulfment in the CeA contributes to visceral
pain [157], it is suggested that the CeA may act as a probable convergent point of chronic
pain and depression. Interestingly, in addition to the well-established neuroendocrine-
mediated pathway, by which stress regulates immune responses via the systemic release of
neuroendocrine systemic mediators (CRH/ACTH/ corticosterone), a recent study identified
a direct descending neuronal circuit from the CeA and paraventricular CRH neurons into
the spleen, which is activated in response to stress. Pharmacogenetic activation of this
pathway increases plasma cell abundance after immunization [158]. This finding suggested
a novel role of the amygdala in regulating the immune system.

6. Conclusions and Prospects

A growing body of evidence shows that stress-mediated immune response and neu-
roinflammation contribute to anxiety disorder and depression upon stress exposure, which
is closely related to the structural and functional remodeling of the amygdala. Nevertheless,
there are still a series of unsolved questions that need further investigation. Foremost, a
critical question that needs to be addressed is how amygdala inflammation is incorporated
into the development of depression and anxiety disorders. Although numerous studies
have indicated that inflammation-induced anxiety and depression are accompanied by
microglia activation and inflammatory gene expression in the amygdala, the causal relation-
ship between amygdala inflammation and the development of psychiatric disorders is still
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vague. Second, there is still conflicting evidence of stress in the inflammatory response and
neuronal function in the amygdala. For example, footshock stress has been shown to change
the activity of BLA neurons in the amygdala to mediate the occurrence of anxiety disorder,
while a recent study found that footshock did not induce inflammation in the amygdala,
thus raising an intriguing question that the inflammation-induced functional remodeling
and behavioral changes in the amygdala caused by psychogenic stress are associated with
the stress type. More comprehensive studies are needed in the future to help better under-
stand the immune-neuro-psychological role of the amygdala. Third, since it has been widely
documented that communication between neurons and microglia is highly coordinated,
the possible interaction between these cells in the amygdala and the potential mechanism
in the pathology of depression and anxiety disorder is a venue meriting further exploration.
Fourth, the distinct neural circuits in the amygdala are implicated in different emotional
behavior outputs; whether those circuits are differentially affected by inflammation remains
an open question, which adds another layer of complexity toward understanding the exact
role that amygdala inflammation plays in stress-induced depression and anxiety disorder.
Further exploration of these questions will improve our understanding of the pathogenesis
of mental diseases and help to develop better treatments to improve the quality of life of
individuals suffering from anxiety disorders and depression.
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