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Abstract: Depression is a common neuropsychiatric disorder with long-term recurrent depressed
mood, pain and despair, pessimism and anxiety, and even suicidal tendencies as the main symptoms.
Depression usually induces or aggravates the development of other related diseases, such as sleep
disorders and endocrine disorders. In today’s society, the incidence of depression is increasing
worldwide, and its pathogenesis is complex and generally believed to be related to genetic, psy-
chological, environmental, and biological factors. Current studies have shown the key role of glial
cells in the development of depression, and it is noteworthy that some recent evidence suggests
that the development of depression may be closely related to viral infections, such as SARS-CoV-2,
BoDV-1, ZIKV, HIV, and HHV6, which infect the organism and cause some degree of glial cells, such
as astrocytes, oligodendrocytes, and microglia. This can affect the transmission of related proteins,
neurotransmitters, and cytokines, which in turn leads to neuroinflammation and depression. Based
on the close relationship between viruses and depression, this paper provides an in-depth analysis of
the new mechanism of virus-induced depression, which is expected to provide a new perspective on
the mechanism of depression and a new idea for the diagnosis of depression in the future.

Keywords: depression; virus; microglia; astrocytes; oligodendrocytes

1. Introduction

Depression, or Major Depressive Disorder (MDD), is a major public health problem
that affects both individuals and society as a whole [1]. The World Health Organization
ranks depression as the fourth most common ailment. The prevalence of depression most
commonly impacts younger ages, and the affected groups are now involved in colleges
and primary and secondary schools. Consequently, investigating the causes of depression
is of the utmost importance [2].

Depression is mainly characterized by emotional sadness, slow thinking, slow move-
ments, less voluntary activity, cognitive problems, and physical symptoms such as difficulty
sleeping and fatigue. Depression has a long incubation period and recurrent episodes [3].
Some studies have shown that depressed patients have more negative cognitive biases
than those not suffering from the disorder and more often process information in many
negative ways, such as making arbitrary inferences and overstating them [4]. As a common
mental disorder related to suicidal intention, the etiology of depression is unclear, but the
current understanding is that many factors, such as biological, psychological, and social
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environmental factors, are involved in the pathogenesis of depression. Researchers also
tend to focus on the interaction between genetic and environmental or stress factors and
the effects of this interaction on the development of depression [5].

At present, the mechanism of depression is not clear, but many studies have shown
that it is closely related to glial cells [6]. In addition, recent research found that some viral
infections are inextricably linked to the development of depression. In this paper, we review
and combine the relevant literature to demonstrate this connection. We used severe acute
respiratory syndrome Coronavirus 2 (SARS-CoV-2), Borna disease virus 1 (BoDV-1), human
immunodeficiency virus (HIV), Zika virus (ZIKV), and human herpes virus 6 (HHV-6) to
study the relationship between viruses and depression. We found that all five viruses can
infect and damage astrocytes, oligodendrocytes, and microglia and that damage or changes
to all three types of cells can lead to depression. Therefore, we hypothesized that these five
viruses are capable of damaging the central nervous system or causing neuroinflammation,
ultimately leading to the development of depression by causing damage to three different
types of glial cells. In addition, we found that viral infection can directly influence the onset
and course of depression in other ways, such as promoting the release of pro-inflammatory
factors and regulating hormone release and protein expression. This study’s findings have
the potential to facilitate further investigations into the causes, treatments, and prevention
of depression.

2. The Classical Hypotheses of the Pathogenesis of Depression

The classical hypotheses for the pathogenesis of depression include neurotransmit-
ters, the HPA axis, neuroplasticity, and neuroimmunity. Related studies have shown that
cytokines can affect the metabolism and function of neurotransmitter systems such as
serotonin (5 HT), norepinephrine (NE), dopamine, and glutamate; these effects may un-
derly the pathophysiology of inflammation-induced depression [7,8]. In some depressed
patients, the subcallosal cingulate cortex (SCC), also known as Broadman’s area 25 (BA25)
or subgenus cingulate (Cg25), is abnormally active. Indeed, deep-brain stimulation located
in area 25 of the nerve can reduce depressive symptoms in patients with abnormal neu-
ral activity [9]. Moreover, the release of inflammatory factors can alter neuroendocrine
function, neurotransmitter systems, and neuroplasticity, which can, in turn, contribute to
the course of depression. It was shown that increased IL-6 concentrations are significantly
associated with hypothalamic–pituitary–adrenal (HPA) axis disorders and that depressed
patients usually show elevated cortisol. In depression, the hyperactivation of the HPA
axis leads to glucocorticoid receptor feedback insensitivity and the overproduction of
other pro-adrenocorticotropic secretory hormones [10]. In addition, chronic promethazine
(antidepressant) treatment significantly downregulates the plasma levels of the adreno-
corticotropic hormone and corticosterone [11], suggesting that the HPA axis may be an
important regulatory target in depression. In addition, brain changes associated with major
depression have been reported in different areas, such as the hippocampus, amygdala,
caudate nucleus, and nucleus accumbens [12]. In addition, the onset of depression is
accompanied by inflammation, which also makes the body’s immune functions change,
thereby affecting the normal physiological function of neuroimmunity, which is another
important cause of depression [13].

Nerve cells can play various roles in the pathogenesis of depression. For example,
neurons can regulate the release of neurotransmitters, and glial cells can both release
neurotransmitters and activate neurons [14]. In addition, the microglia in glial cells, as neu-
roimmune effector cells, can affect neuroimmunity and release mediators after activation,
stimulating the HPA axis and leading to dysregulation of the HPA axis. Microglia also play
an important role in the destruction of neuroplasticity, which leads to the pathogenesis
of depression [15,16]. Neuronal plasticity is another important factor in depression that
affects neuroimmunity, thus further affecting depression. All of these factors suggest that
nerve cells play an important role in the pathogenesis of depression.
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3. The Role of Neurons and Glial Cells in Depression
3.1. The Association between Neuronal Cells and Depression

Neurons, or neuronal cells, are the most basic structural and functional units of the
nervous system and are divided into two parts: the cell body and the protrusion. In recent
years, the mechanisms by which neurons regulate relevant physiological functions and
thus produce depression have been elucidated.

Extensive studies have shown that inflammation negatively affects mitochondrial
health, leading to excitotoxicity; oxidative stress; energy deficiency; and, ultimately, neu-
ronal death. In addition, damaged mitochondria can release multiple molecular patterns
associated with damage, which can lead to a cycle including oxidative stress, mitochon-
drial damage, etc. This vicious cycle can be involved in regulating the mechanisms of
inflammation-related depression, indicating that inflammation-induced neuronal death
may be an important factor in the pathogenesis of depression [17]. Related studies sug-
gested that although impaired dopaminergic neurotransmission is not considered a core
neurochemical alteration in depression [18,19], there is now significant evidence that in-
flammation preferentially affects midbrain dopaminergic neurons such as by reducing
dopamine synthesis and release and increasing dopamine reuptake [20]. Related studies
have found that the antidepressant effects of amantadine may be due to an increase in
extracellular DA concentration in the striatum and/or the indirect neuroprotective effect
on dopaminergic neurons in the substantia nigra. Another possible cause of depression
is a decrease in the reuptake and release of dopaminergic neurons [21]. Moreover, it was
experimentally demonstrated that glutamate and hippocampal neuronal apoptosis are,
respectively, key signals for and direct contributors to diabetes-associated depression.
A previous study further suggested that in diabetes-related depression, the abnormal
Glu–GluR2–Parkin pathway leads to the mitochondrial autophagy-mediated apoptosis of
hippocampal neurons, showing that depression is also inextricably linked to hippocampal
neurons [22]. Based on the above studies, the connection between neurons and depression
is mediated mainly through inflammation and associated with apoptosis. Thus, the various
responses mediated by neurons may be key to explaining the pathogenesis of depression
in the future.

3.2. The Association between Glial Cells and Depression

Related studies have found that some triggers of depression are associated with
glial cells [23]. This association is believed to be closely related to many nervous system
diseases [24]. Taking astrocytes, oligodendrocytes, and microglia as examples, we analyze
the association between these three types of glial cells and depression.

3.2.1. Astrocytes and Depression

Astrocytes are a highly heterogeneous population of nerve cells responsible for central
nervous system homeostasis, contributing to central nervous system homeostasis and
providing defense against a variety of harmful effects. For example, astrocytes have
the potential to promote or prevent inflammation and neurodegeneration by responding
to signals in the microenvironment [25]. Chronic low-grade inflammation may lead to
changes in brain structure and synaptic plasticity, leading to neurodegeneration, coupled
with decreased neuroprotection and neuronal repairs due to increased glucocorticoid levels.
These symptoms may be the initial pathological markers of depression and a prelude
to dementia. Therefore, maintaining the normal physiological state of astrocytes is of
great significance for the prevention and treatment of depression [26,27]. The dysfunction
of the purinergic system in astrocytes is a typical example of this phenomenon. ATP
released from astrocytes can regulate depression-like behavior in animal models and
may also regulate clinical depression in patients. Astrocytes have purinergic receptors,
such as adenosine A2A receptors and P2 × 7 and P2Y11 receptors. These receptors further
regulate depression mechanisms by mediating neuroinflammation, neuroglial transmission,
and synaptic plasticity in depression-related regions (e.g., the medial prefrontal cortex,
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hippocampus, and amygdala) [28]. This mechanism further shows that the relationship
between depression and astrocytes is inseparable and that astrocyte damage can lead
depressed patients into a vicious cycle of increased symptoms and astrocyte damage.

Astrocytes express a variety of neurotransmitter receptors, including the serotonin
5-HT2B receptor, and interact with neurons in the synapses. In major depression, the num-
ber, morphology, and functions of astrocytes deteriorate, which can lead to neurotransmitter
imbalance and abnormal synaptic connections, exacerbating depression [28]. In addition,
studies have found that a positive astrocyte glial fibrillary acidic protein immune response
is associated with suicide in depression and speculated that the density of astrocyte IR–
vimentin and GFAP–IR astrocytes in brain tissue will change when depression occurs,
decreasing the number of astrocyte primary processes. The above factor further indicates
that depression is closely related to astrocytes. Damage to the astrocytes will cause depres-
sion patients to fall into a vicious cycle of worsening symptoms and astrocyte damage [29].
In addition, relevant studies have shown that the KIR6.1-K-ATP channel (Kir6.1/K-ATP),
as a metabolic stress receptor, is significantly expressed in astrocytes. Kir6.1 interacts with
NLRP3 to prevent the assembly and activation of the NLRP3 inflammasome, thus inhibiting
the programmed death of astrocytes. This activity may provide an important direction for
the treatment of depression by regulating astrocytes [30]. Thus, astrocytes may be involved
in the production of depression through a variety of mechanisms, including mediating
neuroinflammation and metabolic dysfunction and leading to potassium-channel-driven
neuronal explosion [31]. The involvement of astrocytes in the pathogenesis of depression is
currently understood primarily in neuroinflammatory and metabolic responses and could
be elucidated, in the future, at other mediating levels.

3.2.2. Oligodendrocytes and Depression

Oligodendrocytes are myelin cells of the central nervous system that are differentiated
from oligodendrocyte precursor cells (OPCs) under the regulation of various factors and can
generate an insulating myelin sheath to promote the rapid conduction of axon action poten-
tial. OPCs can express a variety of neurotransmitter receptors and ion channels to maintain
cell ion and water homeostasis and metabolism. In this way, the integrity of neurons and
axons can be maintained, whereas the destruction of the integrity of neurons and axons can
accelerate the progression of depression [32,33]. Studies have shown that oligodendrocyte
lineage cells, including mature oligodendrocyte (OLs) and oligodendrocyte progenitor cells,
have many important CNS-related functions, such as forming myelin sheaths that wrap
axons of the central nervous system, mediating some forms of neuroplasticity, expressing
neurotransmitter receptors, and enabling communication with neighboring neurons and
axons. Such cells also provide nutritional and metabolic support for axons. Consequently,
OLs in patients with depression will continue to change, further demonstrating the close
relationship between oligodendrocytes and depression [34]. In addition, studies have
shown that oligodendrocytes can be directly coupled to astrocytes in the neocortex [35] and
that the metabolism of astrocytes, neurons, and oligodendrocytes will interact with each
other. Therefore, we speculate that astrocytes and oligodendrocytes will affect each other’s
metabolism through mutual influence and further regulate the onset and aggravation of
depression [36]. Based on the above studies, astrocytes and oligodendrocytes can influence
together through a synergistic relationship in the pathogenesis of depression, providing
new ideas for the interpretation of this pathogenesis in the future.

3.2.3. Microglia and Depression

Microglial cells are tissue-specific macrophages in the central nervous system that
play an important role in neuroinflammation. During the generation of neuroinflammation,
some microglial cells are activated and transformed into pro-inflammatory (M1) or anti-
inflammatory (M2) phenotypes. Increasingly more studies have found that an increase in
the microglia fine M1 type can promote the onset of depression. This phenomenon is also
consistent with the condition that depression develops through an inflammatory pathway.
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In the central nervous system, neurons regulate microglial cells according to their own state
and subsequently regulate the activity of neurons, which is reflected in the observation
that some soluble factors are mainly expressed in neurons, and their receptors are mainly
expressed in microglia. For example, CX3CL1 is highly expressed in neurons. Its receptor
CXCR1 is highly expressed in the microglia. Soluble factors released by the microglia can
also affect neuronal activity and the transport of neurotransmitter receptors. For example,
TNF-α released by activated microglia can regulate synaptic plasticity through the release
of glutamic acid. In addition, the activation of PI3K/Akt, ERK1/2, and mitogen-activated
protein kinase (MAPK) is associated with neuroinflammation and the activation of M1
microglia. Notably, the activation of the PI3K/Akt pathway is critical for neurite repair
and anti-apoptosis in central nervous system injury. These mechanisms all confirm that mi-
croglia influence the course of depression by regulating inflammation and neuronal activity.
Moreover, the activation of adenosine 5’-monophosphate-activated protein kinase (AMPK)
is also related to the activation of microglial cells, which can induce antidepressant effects
by enhancing hippocampal neurogenesis and PKC-signaling pathways in neurons [37]. In
addition, as a very important resident immune cell in the brain, microglial cells have an
immune function in the brain and can further affect depression by regulating inflammation,
synaptic plasticity, and the formation of neural networks. MDD is a mental disease that
affects different cell dysfunctions in the brain and is associated with inflammation. There-
fore, patients with depression will fall into a vicious cycle where pathological changes in
microglial cells and the aggravation of MDD promote each other [38].

In addition, microglia can usually solve emerging immune and psychological problems
by regulating the activity between the nerves and the immune system. For example,
microglia can respond to neuroinflammation caused by stress and regulate neurons and
astrocytes by releasing pro-inflammatory cytokines and their metabolites, thus regulating
depression. This phenomenon is related to the expression degrees of cytokines and a variety
of external environmental conditions. Therefore, microglia in patients with depression are
generally abnormal, which deregulates the depressive mood of patients and aggravates
their condition [16]. All the abovementioned microglial cells can form central nervous
system inflammation via phagocytosis, clearing apoptotic cells, releasing inflammatory
cytokines, etc., so their dysfunction is associated with a variety of neurological diseases,
including depression. These diseases are also called “microglia disease” [39].

Currently, studies suggest that all molecular pathways leading to MDD may be linked
to neuroinflammation and hippocampal degeneration through microglia-related neuroin-
flammation. Microglia can destroy neuroplasticity, affect neuroprotection, and overexpress
cellular inflammatory factors, leading to the deterioration of neuroinflammation and de-
pression. This result also suggests that microglia can have neuroprotective and neurotoxic
effects that depend on factors such as the expression of cytokines and aging, the presence
of pathogens and stress proteins, and external environmental conditions [16].

To summarize, astrocytes, oligodendrocytes, and microglia all play a defensive role
in the occurrence of depression under normal physiological conditions. When these com-
ponents experience pathological changes, they promote neuroinflammation by releasing
inflammatory factors or induce depression by disrupting immune responses, the synap-
tic transmission of neurons, or neuronal integrity and other mechanisms. This outcome
suggests that these three types of glial cells are closely related to depression [40].

Neurons and glial cells, as important components of the CNS, were shown to play
an important regulatory role in the development of depression. For the regulation of
neurons and depression, most current studies focus on dopamine neurons and hippocampal
neurons [21,22]. Glial cells also have an irreplaceable role in the development of depression
due to their different physiological functions. A clear analysis of the mechanism of CNS
and depression would help summarize the mechanisms underlying the viral production of
depression. Moreover, according to the above analysis, we learned that glial cells could
affect depression by regulating various avenues of interaction, such as hormone release
and metabolism, and by regulating neurons [29,37]. Therefore, we chose glial cells as
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the research object to explore part of the mechanism through which a virus can affect
depression.

Table 1 was developed based on the discovery that glial cells have the potential to play
a role in the regulatory processes associated with depression. We hope that this table will
make it easier to understand the role that the various mechanisms play in this process.

Table 1. Mechanisms by glial cells affect depression.

Cell Type Mechanism Impact References

Astrocytes

Release of ATP
Mediates neuroinflammation, neural (glial)

transmission, and synaptic plasticity to
further regulate depression mechanisms

[28]

Deregulation-regulated purinergic signaling Develops and aggravates depression [28]

Quantity reduction and degradation Neurotransmission imbalance and
abnormal synaptic connections [28]

Express multiple neurotransmitter receptors
and interact with neurons at the synapses

Imbalanced neurotransmission and
abnormal synaptic connections,

aggravating depression
[28]

The density of IR–vimentin and GFAP–IR
astrocytes in brain tissue is altered

Falling into a vicious cycle of increased
disease and astrocyte damage [29]

Regulation of Kir6.1-K-ATP channels
Falling into a vicious cycle of increased

disease and astrocyte damage.
Contribute to depression

[30]

Mediate neuroinflammation and
metabolic dysfunction Contribute to depression [31]

Oligodendrocytes

Form a myelin sheath that encapsulates
the CNS axons Contribute to depression [34]

Mediate some forms of neuroplasticity and
provide nutritional and metabolic support

to the axons
Contribute to depression [34]

Interact with astrocytes and neurons Contribute to depression [36]

Microglia

Some microglia will activate to become
pro-inflammatory (M1) phenotypes

Reduce neuroinflammation and promote
the progression of depression [37]

Microglia activate to release soluble factors
Affect neuronal activity and trafficking of

neurotransmitter receptors,
regulating depression

[37]

Regulation of inflammation and synaptic
and neural plasticity Impact the course of depression [38]

4. Analysis of the Mechanisms by Viruses That Affect Depression

In recent years, many researchers have shifted the prospective cause of depression
to viruses. A meta-analysis found that depression is associated with Borna disease virus,
HSV-1, varicella zoster, and Epstein–Barr virus [41]. Related studies have shown that
viruses produce depression specifically by affecting glial cells [42]. Viruses can infect glial
cells in different ways, and glial cells can produce immune responses that damage the brain
and lead to depression.

4.1. SARS-CoV-2
4.1.1. Overview of SARS-CoV-2

According to the findings of one study, infection with SARS-CoV-2 may be a cause of
MDD [43]. In late December 2019, an epidemic of viral pneumonia caused by SARS-CoV-2, a
novel coronavirus, was reported in Wuhan, China. The pneumonia produced by SARS-CoV-2
was subsequently dubbed Coronavirus disease 2019 (COVID-19) [44]. The most important
clinical manifestation of SARS-CoV-2 is severe pneumonia [45]. COVID-19 is primarily
a respiratory disease, but it has many neurological complications that adversely affect
the nervous system, primarily through cerebrovascular disease and immune-mediated
neurological disorders [46]. Some studies have shown that SARS-CoV-2 can invade the
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nerves through retrograde axonal transport when it is transmitted from mother to child,
resulting in a neurodevelopmental disorder and affecting the normal development of the
nerves [47].

4.1.2. Analysis of the Mechanism of SARS-CoV-2 Affecting Depression

In a clinical study, patients infected with SARS-CoV-2 showed a tendency to develop
depression, and patients aged 18 to 50 years and male patients aged 65 years and older
were more likely to have depression [48]. Related studies have shown that SARS-CoV-2
infection can increase brain inflammation, leading to increased oxidative stress and mito-
chondrial damage [49]. It was suggested that mitochondrial dysfunction is also involved in
the disease development of depression [50,51]. Thus, SARS-CoV-2 can cause depression
by producing mitochondrial damage. Clinical observations indicate that many patients
with SARS-CoV-2 suffer from malnutrition. Some symptoms, such as dyspnea, hypos-
mia, anorexia, dysphagia, nausea, vomiting, and diarrhea, may lead to weight loss and
malnutrition. SARS-CoV-2 can invade the oral mucosal epithelium, cause painful oral
lesions and mouth ulcers, and significantly reduce nutrition in patients with COVID-19. In
addition, SARS-CoV-2 increases patients’ anxiety, reduces their appetite, and exacerbates
malnutrition [52,53]. COVID-19-induced malnutrition affects both peripheral and central
serotonergic pathways through tryptophan (TRP) deficiency. Tryptophan is used to synthe-
size brain serotonin, which reduces depressive symptoms. Previous studies have shown
the effects of malnutrition on serotonin and depression [54,55]. Based on these results,
SARS-CoV-2 can cause depression by damaging mitochondria or causing malnutrition.

It was discovered that many neurological-like complications caused by SARS-CoV-2
are inextricably connected to the virus’s effect on glial cells [56]. In addition, many patients
show a variety of neurological symptoms, including a loss of smell, nausea, dizziness,
encephalopathy, and stroke, and there is a high prevalence of inflammatory central nervous
system syndrome [57]. It was also shown that SARS-CoV-2 could induce depression by
assaulting the central nervous system through the direct invasion of CNS neurons, glial
cells, and proliferation, which results in apoptotic neuronal and glial cell destruction [58].
The role of astrocytes in the pathology of SARS-CoV-2 involves aging, neurodegenerative
diseases, and environmental factors. Major depression may also be caused by decreased
ATP release from brain astrocytes [23]. Depression is thought to be caused by glial synaptic
dysfunction, which forms astrocyte synaptic circuits by releasing glial transmitters such
as ATP. Microglia, the central nervous system’s resident macrophages, are also thought
to be involved in this process. The medial prefrontal cortex (PFC) and hippocampus are
important related structures, and there is evidence that low local ATP concentrations may
lead to the development of P2 × 7Rs on microglia/glial cells in related brain regions,
causing depression [59]. SARS-CoV-2 causes an activation of the microglia, which is closely
related to the brain damage suffered by patients with SARS-CoV-2 [60]. Related studies
have shown that microglia in patients with SARS-CoV-2 release more cytokines into the
central nervous system [61]. Among proinflammatory cytokines, IL-6 is elevated during
SARS-CoV-2 infection and plays an important role in the pathogenesis of depression in
COVID-19 patients. This study suggests that IL-6 concentration may be directly related
to the severity of depression in infected patients [62]. Thus, SARS-CoV-2 can cause the
onset of depression by damaging astrocytes and microglia. In addition, it was shown that
SARS-CoV-2 is also responsible for the breakdown of myelin oligodendrocyte glycoprotein
antibodies, which, in turn, has an impact on the central nervous system. It was also
shown that some patients develop myelin oligodendrocyte glycoprotein antibody illness
after receiving a COVID-19 vaccine [63,64]. In a clinical study, the generation of myelin
oligodendrocyte glycoprotein disorders was shown to predispose patients to depression
and contribute to its progression [65].

In conclusion, SARS-CoV-2 can damage the central nervous system and produce
neuroinflammation by destroying the glial cells of neurons, thereby affecting the normal
physiological functions of the central nervous system and causing the onset of depression.
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4.2. Borna Disease Virus 1
4.2.1. Overview of Borna Disease Virus 1

Borna disease virus 1 (BoDV-1; species Mammalian 1 orthobornavirus) can cause
progressive meningoencephalitis, which occurs mainly in horses and sheep. Recent studies
have shown that after receiving an organ transplant, BoDV-1 patients have symptoms
of viral encephalitis [66]. It was proposed that BoDV-1 may be a neurogenic virus. At
the same time, studies have shown that BoDV-1 preferentially infects the limbic system
of the brain and forms persistent infections [67]. Epidemiological studies have shown
that BoDV-1 infection exists worldwide and has a wide range of epidemics. Additionally,
patients infected with BoDV also develop symptoms related to encephalitis [68]. During
chronic BoDV-1 infection in animals, the serum and cerebrospinal fluid of many animals are
affected, including naturally infected horses and experimentally infected rabbits, mice, and
chickens [69–71]. These results suggest that BoDV-1 can infect both humans and animals
and cause viral encephalitis.

4.2.2. Analysis of the Mechanism of Borna Disease Virus Affecting Depression

Borna disease virus 1 (BoDV-1) differs from other neurotropic viruses in that it can
persistently infect neurons in the central nervous system (CNS) without causing systemic
cell death. Possibly due to its effect on the protein kinase-C-signaling pathway (PKC),
the enhanced activity of activity-dependent neuronal networks is disturbed after BoDV-1
infection. Previous studies have shown that PKC and its associated signaling pathways are
closely related to mental processes in the brain and the pathogenesis of mental disorders,
including depression. The level of PKC was found to be decreased in depressed rats,
while the treatment of depression with paroxetine can increase the level of PKC in rats,
indicating that PKC content can represent the development of depression [72]. Related
studies have shown that BoDV-1-infected cells are enriched in the structural protein BoDV-P,
which causes massive phosphorylation of PKC, leading to a decrease in normal PKC levels,
potentially causing depression [73]. Related studies have shown increased astrocyte and
neuronal cell death in BoDV-1-infected vivo, suggesting that BoDV-1-P can directly affect
astrocyte functions. Elevated levels of BoDV-P expression can also cause brain damage and
behavioral impairment in mice [74]. Previous studies have shown that BoDV infection leads
to the inhibition of synaptic enhancement and rapid axonal transport. These phenomena
can promote the secretion of BoDV-1-derived phosphoprotein P, which acts as a competitive
inhibitor of PKC and can reduce PKC levels, leading to depression [75].

In past studies, researchers found antibodies against BoDV-1 with BoDV-1 transcripts
in the blood of animals and human psychiatric patients infected with BoDV-1. In addi-
tion, infectious strains of BoDV-1 were isolated in two patients with bidirectional acute
depression and one patient with chronic obsessive-compulsive disorder [76]. BoDV-1
RNA and antigens were detected in brain tissue when researchers performed autopsies on
schizophrenic patients. Additionally, mild inflammatory changes in the hippocampus were
found in patients in the early stages of BoDV-1 infection [77]. Meanwhile, in rats chronically
infected with BoDV-1 since birth, only subtle and transient inflammatory changes were
seen in the brain tissue, despite the animals exhibiting neurobehavioral and neurochemical
abnormalities [78]. It was suggested that infected neurons might be damaged by T-cell-
mediated cytotoxicity or die due to the excessive release of inflammatory cytokines from
the microglia or glutamatergic storms. The underlying cause of neuronal damage is the
failure of infected astrocytes to regulate brain glutamate levels [79]. The kainate 1 (KA-1)
neurotransmitter receptor of the glutamate receptor family is not expressed in CA1 neurons
but is present in CA3 neurons. In contrast, available studies suggest that viral RNA is
present in CA3 neurons but not in CA1 neurons, indicating that KA-1 may be a key receptor
in controlling BoDV-1 [80]. A study of depressed patients with BoDV-1 infection reported
a reduction in both depressive symptoms and BoDV-1 infection after treatment with the
antiviral drug amantadine [81]. Additionally, in a double-blind placebo-controlled phase II
RCT design that cross-linked depression and BoDV-1 infection to assess the antidepressant
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and antiviral effects of amantadine, amantadine was found to be effective in reducing viral
levels in patients and improving symptoms associated with depression [82].

BoDV-1 replicates in the nucleus and acts mainly on hippocampal neurons but can
also act on astrocytes and oligodendrocytes in the brain. The study noted that BoDV-1
infection in neonatal rats produces persistent CNS infection with a range of neurodevel-
opmental abnormalities and complex behavioral changes similar to those seen in autism,
schizophrenia, and depression [83]. It was shown that human wild-type BoDV-1 (Hu-H1)
isolated from depressed patients differs significantly in terms of its in vitro biological prop-
erties (human OL cells) in a laboratory-adapted strain (V strain) isolated from diseased
horses. Hu-H1 promotes apoptosis in oligodendrocytes, whereas the V strain inhibits
apoptosis in oligodendrocytes [84]. In the mammalian central nervous system, glutamate
and aspartate serve as the main excitatory neurotransmitters for the N-methyl-D-aspartate
(NMDA) receptor, and in related metabolomic studies, it was found that reduced levels of
glutamate and aspartate lead to decreased excitatory levels of NMDA. Reduced glutamate
in the brain involves the functional impairment of the glutamatergic system, which causes
damage to astrocytes and can lead to enhanced neuronal toxicity [85]. The presence and
differences between human and animal BoDV-1 strains were highlighted in past studies.
Furthermore, it was found that Borna virus infection could disrupt the metabolic profiles
of several metabolites in human oligodendrocytes cultured in vitro. Among them, a signifi-
cant increase in mitogen-activated protein kinase (Ras/Raf/MEK/ERK)-signaling cascade
occurred in astrocytes and oligodendrocytes infected with BoDV-1 [86,87]. Related studies
suggest that RSKL 2, as a downstream substrate of ERK/RSK, may help increase the kinase
cascade in the Ras–Raf–MAPK signaling pathway, thereby affecting the transcription and
expression of downstream genes and promoting the production of neurotrophic factors.
RSKL 2 may also play a role in promoting neurotrophic factors, cell division, proliferation,
and neuroplasticity and ultimately mediate the outcome of antidepressant treatment. This
result indicates that Ras/Raf/MEK/ERK can influence the treatment of depression and
participate in the disease process [88].

In conclusion, the Borna virus has the potential to have wide-ranging impacts on the
human brain and neurological functioning. One of the ways in which the virus can have
such an impact is by causing damage to the three aforementioned glial cells, which can
then result in the development of depression.

4.3. Human Immunodeficiency Virus
4.3.1. Overview of Human Immunodeficiency Virus

The HIV epidemic is caused by zoonotic infection with the monkey immune defense
virus in African primates [89]. A key factor in the worsening of illness on a worldwide
scale is the infection and spread of the human immunodeficiency virus [90]. AIDS, also
known as acquired immunodeficiency syndrome, is caused by infection with the human
immunodeficiency virus (HIV) [91]. The transmission of this virus occurs most commonly
through sexual contact, blood contact, and mother-to-child contact. Infection with this
virus can result in severe immunodeficiency [92]. Some studies have shown that HIV
glycoprotein Gp120 can damage rapid axonal transport by activating the Tak1-signaling
pathway, which can cause damage to DRG neurons and affect the normal physiological
activities of the nerve [93].

4.3.2. Analysis of the Mechanism of Human Immunodeficiency Virus Affecting Depression

The most common neurological disorder in HIV patients is depression. Studies
have shown that the prevalence of depression among HIV-infected individuals is three
times higher than that of the general population. The chronic activation of inflammatory
mechanisms that disrupt CNS functions may contribute to this outcome. Studies have
documented a significant relationship between depression and increased proinflamma-
tory cytokines, such as IL-6, IL-1β, TNF-α, and CRP [94]. The continuous progression of
chronic inflammation will lead to a continuous increase of inflammatory factors in the
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central nervous systems of patients and then deepen the effects of depression. Furthermore,
depression severity has been associated with decreased BDNF. Similarly, increased proin-
flammatory cytokines and decreased BDNF were associated with the progression of HIV
and its associated neurocognitive disorders [95]. Parasympathetic nerves are stimulated
by inflammatory factors, resulting in hypotonia, pain, psychomotor disorders, depression,
and other sickness behaviors, which are mediated by the vagus nerve (VN). These are some
of the most common symptoms of HIV with depression [96].

Although astrocytes are significantly resistant to infection by cell-free HIV in vitro,
these cells are effectively infected by cell-to-cell contact, where immature HIV budding
from lymphocytes through cell contact, with the ability to bind directly to CXCR4, triggers
the fusion process in the absence of CD4 cells. The CCR5 coreceptor (CCR5) is one of the
main co-receptors of HIV-1’s invasion of body cells, which promotes HIV replication in the
human body. However, the CCR5 receptor has not been detected in astrocytes [97]. Some
experiments showed that LPS stimulation could establish a depression model in mice, and
esculin has a protective effect on LPS-induced depression. LPS stimulation may function
by inhibiting the TLR4/nf-κB-signaling pathway regulated by CCR5, which indicates that
CCR5 can be involved in the regulation of depression [98].

HIV infects astrocytes in a restrictive manner. The proliferation of this disease re-
quires a high expression of Nef, a major virulence factor for HIV replication and disease
progression. By introducing HIV molecular clones with intact Nef and HIV molecular
clones without Nef (nonsense Nef mutants) into human primary astrocytes and comparing
gene expression in astrocytes, one study revealed a negative regulatory role of intact Nef
in HIV replication and astrocyte pathogenesis [99]. Experimental validation found that
Nef expression led to increased glutamate uptake, and decreased glutamate release from
astrocytes and increased astrocyte proliferation [100]. A decrease in glutamate can induce
the formation of depression, so HIV may induce depression by mediating astrocytes to
regulate glutamate levels.

According to several studies, HIV infection stimulates the microglia; causes the down-
regulation of glycogen synthase kinase-3β (GSK-3β), mitogen-activated protein kinase 3
(Mapk3), and other proteins; and leads to a significant increase in IL-1β and IL-6, which
indicates that HIV-infected microglia can promote neuroinflammation [101]. GSK-3β can
be involved in the regulation of a variety of mental disorders, such as bipolar disorder and
major depression [102]. Recent studies have shown that GSK-3 can affect mitochondrial
movement through effects involving schizophrenia 1 (DISC1) and microtubule stability,
thereby disrupting mitochondrial trafficking to dendrites and axons through motor pro-
teins [103]. Furthermore, HIV infection causes a massive decrease in oligodendrocytes but
without a significant difference in the number of astrocytes and microglia, supporting the
conclusion that HIV causes demyelination and axonal dysfunction. Additionally, it was
hypothesized that the aforementioned phenomenon could further affect the central nervous
system or lead to neuroinflammation by affecting glial cells, leading to depression [104]. A
decrease in the number of oligodendrocyte could be interpreted as indicating increased cell
death or damage during the proliferation, maturation, or differentiation of oligodendrocyte
precursors. Accumulating evidence suggests that HIV viral proteins directly damage oligo-
dendrocytes and that extensive demyelination is a feature of HIV-associated neurocognitive
disorders and a major contributor to depressive manifestations [105].

Consequently, the relationship between HIV and neuroinflammation can be further
elucidated by exploring the relationship between HIV and the number of different glial
cells, which, in turn, illustrates the relationship between HIV and MDD.

4.4. Zika Virus
4.4.1. Overview of Zika Virus

The Zika virus was initially detected in 1947 during research on the yellow fever
virus in the Zika forest of Uganda and first isolated from a serum sample from a rhesus
monkey. In recent years, the Zika virus has been linked to an increase in cases of birth
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defects in infants [106]. Zika virus infection is most commonly spread by the bite of an
infected female Aedes aegypti or Aedes albopictus mosquito [107]. Infection with ZIKV
is often painless and symptomless, but in rare instances, this virus can produce fever,
rash, myalgia, headache, and nonsuppurative conjunctivitis [108]. In addition, ZIKV was
associated with various neurological complications such as microcephaly and other birth
defects, Guillain–Barre syndrome, meningoencephalitis, myelitis, and various ophthalmic
abnormalities [109].

4.4.2. Analysis of the Mechanism of Zika Virus Affecting Depression

Zika virus is a rapidly emerging yellow fever virus that is associated with a wide vari-
ety of congenital neurological manifestations, such as acute disseminated encephalomyelitis,
myelitis, and cerebrovascular complications. Gene expression arrays of neural stem cell
progenitors and differentiation markers indicate that infection with ZIKV reduces the num-
ber of neuronal and oligodendrocyte progenitors while increasing the number of astrocyte
progenitors, further allowing astrocyte infection to increase the transcription of key genes
involved in the antiviral response and affect neurodevelopment. After ZIKV infection,
Sox2, Tuj1, NeuN, DAT, and synaptophysin were found to be down-regulated, while DCX
and nestin were found to be up-regulated [110]. Previous studies have shown that the ex-
pression of Sox2 and DAT is inhibited in animal models of depression, while the expression
of DCX is increased during the depression-like behavior induced by LPS [111,112]. The
expression of the representative related genes could be involved in the development of
depressive disorders. Astrocytes are particularly vulnerable to ZIKV infection and were
hypothesized to function as a source of pro-inflammatory cytokines in brain tissue infected
with ZIKV. The study showed that the expression of inflammatory proteins IL-6, 8, and 12
was increased in astrocytes infected with ZIKV [113]. This correlation between IL-6 and
depression could indicate that the production of neuroinflammation after ZIKV infection
promotes the development of depression.

ZIKV also infects glial precursor cells during brain development, meaning that ZIKV
infection halts oligodendrocyte development by interfering with the proliferation and
differentiation of oligodendrocyte precursor cells [114]. It was concluded that clinically
relevant ZIKV isolates could directly affect oligodendrocytes based on observing a large
number of apoptotic oligodendrocytes in the white matter of the spinal cord infected with
BoDV-1, along with a restricted microglial cell response, including the expression of NLRP3
inflammatory vesicles [115]. Relevant studies have indicated that the various pathways
involved in NLRP3 activation are the main targets of NLRP3 inhibitors in the treatment of
depression [116]. It was suggested that blocking the effect of the NLRP3 inflammasome
is critical for predicting the release of inflammatory cytokines by mediators leading to
depression. ZIKV can also affect the microglia and further increase the secretion of TNF-α,
IL-6, IL-1β, and iNOS, leading to neuroinflammation [117]. Based on the above analyses,
it was hypothesized that Zika virus could cause depression through three pathways: the
infection of infected astrocytes, a reduction in the number of oligodendrocytes, and the
production of microglial cell responses.

In recent years, studies have shown that exercise during prenatal Zika virus infection
can prevent the development of depression in mothers and pups. This study confirmed,
from a behavioral perspective, that Zika virus infection can cause depression in animals.
The molecular mechanisms underlying changes in depressive behavior include enhanced
ionized calcium-binding adapter molecule 1 (IBA-1) and glial fibrillary acidic protein
(GFAP), as well as the levels of brain-derived neurotrophic factor (BDNF) in the hippocam-
pus of female and male pups [118]. BDNF is related to the maintenance of central nervous
system integrity in patients with mood disorders such as anxiety and depression; a decrease
in BDNF expression can promote the occurrence of such mental diseases [119]. These stud-
ies suggest that the Zika virus can directly affect normal behavior and produce depression
in animals.
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4.5. Human Herpes Virus 6
4.5.1. Overview of Human Herpes Virus 6

Based on its molecular signature, HHV-6 was found in 1986 to be the oldest human
herpes virus [120]. HHV-6 is the causative agent of one of the most common childhood
diseases, rosacea, and adult latent infection rates exceed 90% [121]. HHV-6 is a neuroaffinity
virus, and some research suggests a link to Alzheimer’s disease [122]. HHVs are neurotropic
viruses that induce severe chronic neurological diseases, including PNS and CNS. HHV-6
reactivation is associated with many systemic clinical manifestations, including lung,
kidney, heart, brain, and gastrointestinal tract disorders. HHV-6 can infect a variety of
central nervous system cells in vitro and is associated with several neurological diseases,
including encephalitis, seizures, chronic fatigue syndrome, medial temporal lobe epilepsy,
Alzheimer’s disease, and multiple sclerosis [123].

4.5.2. Analysis of the Mechanism of Human Herpes Virus 6 Affecting Depression

It was proposed that infection with the human herpes virus 6 may be associated
with the development of depression [124]. According to the findings of one study, the
human herpes virus 6 (HHV-6) may be responsible for depression because it damages
astrocytes [125]. Data from a clinical study indicate the more frequent detection of HHV-6A
late protein in the cerebellum of patients with MDD. At the same time, HHV-6A and
HHV-6B DNA and protein contents were found to be higher in MDD patients than in the
controls. These results indicate that HHV-6A and HHV-6B are more common in major
depression [126]. HHV-6 can lie dormant in the central nervous system and other tissues.
When this virus is activated, it can cause cognitive and behavioral impairments. In addition,
a study based on the results of a comprehensive analysis of HHV-6A-infected HA1800
cells identified several genes that are associated with neurological disorders. In particular,
seven genes associated with CNS disorders, CTSS, PTX3, CHI3L1, Mx1, CXCL16, BIRC3,
and BST2, were found to be altered, which led to the development of related neurological
disorders [125]. Relevant studies have shown that PTX3 could be detected 3.5 times more
strongly in patients with depression compared to the rates of those in the control group,
indicating that PTX3 is positively correlated with the onset of depression and can be used as
a marker of depression [127]. Human herpesvirus infection affects the brain and interferes
with the function of microglia, causing chronic viral infection with mild neuritis. The
long-term persistence of HHV may help maintain the corresponding immune response and
cause persistent chronic low-grade neuroinflammation, thereby inducing and accelerating
the brain aging process [128]. Clinical data indicated that the degree of brain aging was
more pronounced in patients with depression than in the controls. This phenomenon could
be observed from the onset of the disease (<3/6 months) throughout the first 2 years of the
disease. There was little difference in the degree of brain aging after 2 years [129]. These
results suggest that brain aging may be an indicator of the development of depression. In
addition, both HHV and novel coronaviruses are associated with antibodies against myelin
oligodendrocyte glycoproteins. These phenomena suggest that human herpesviruses have
factors in common with other viruses in the sense that both may contribute to depression
by affecting astrocytes, oligodendrocytes, and microglia [130].

Relevant studies indicated that the expression levels of Varicella–Zoster virus respon-
der cell frequency (VZV–RCF) in patients with depression were lower than those in the
control group and were negatively correlated with the severity of depressive symptoms.
The VZV–RCF levels in patients with depression who received antidepressant treatment
were higher than those in patients with depression who did not receive treatment, indi-
cating that the VZV–RCF levels in HHV patients can be used as a relevant indicator for
the detection of depression [131]. Recent studies have used SITH-1 as a specific protein
marker for HHV-6 infection. The experimental results indicate that the expression of SITH-1
increased in HHV-6-infected animal models. At the same time, part of the HPA axis was
enhanced, and the experimental animals developed depression-related symptoms [132].
Based on this study, it can be assumed that the cause of depression caused by HHV-6 is
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regulated through HPA. Studies have shown that ATP binds to the membrane purinergic
P2 receptor (P2R) of neurons and astrocytes, leading to an increase in intracellular Ca2+ to
activate the concentration of GSK-3β, which can effectively promote HSV-1 replication [133].
At the same time, relevant clinical studies have shown that repeated infection with HSV-1
can greatly increase the probability of depression [134]. This result indicates that HSV-1
can promote the onset of depression.

In summary, HHV-6 can affect the secretion of a variety of cytokines by affecting
glial cells and leading to the expression of related genes. This virus can affect the normal
physiological functions of the central nervous system through neuroinflammation, resulting
in the pathogenesis of depression.

Based on the abovementioned mechanisms related to viral effects on glial cells leading
to depression, Figure 1 illustrates the corresponding regulatory relationships.
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5. Conclusions

According to previously conducted research, neuroglial cell pathology represents a
probable underlying cause of MDD [135]. The dysfunction of neuroglia, such as astrocytes,
oligodendrocytes, and microglia, is an important cause of depression [6], while infection
with SARS-CoV-2, Borna virus, human immunodeficiency virus, Zika virus, and human
herpes virus 6 all contribute, to some extent, to the dysfunction of astrocytes, oligodendro-
cytes, and microglia, which, in turn, affect the central nervous system and can lead to the
development of depression through neuroinflammation. In addition to this mechanism, it
was hypothesized that the action of glial cells on the creation of depression is connected to
the concept that depression is produced by 5-hydroxytryptamine and norepinephrine [136].
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Drug studies have shown that antidepressants can resist the reduction of astrocytes, further
indicating that astrocytes provide nutritional, structural, and metabolic support to neurons,
which is closely linked to the prevention and treatment of depression [137]. Furthermore,
antidepressant treatment can not only regulate abnormal neurotransmitter concentrations
in the synaptic cleft but also reshape neuronal circuits by affecting glial cells [138]. Based on
this activity, it is hypothesized that many viruses can cause depression by damaging glial
cells. This conclusion may provide new ideas and approaches for the study and treatment
of depression and provide insight into the viral hypothesis of depression. Studies have
shown that significant changes in the total cerebrospinal fluid protein and immunoglob-
ulin in depressed and neurological patients present similarities between the two groups.
However, the researchers failed to analyze cerebrospinal fluid in these subjects (C.S.F.).
The detection of antibodies and statistically negligible seropositivity refute the hypothesis
of depression, but the results of depression patients and neurological patients leading to
similar protein changes raised the possibility of other etiologies. The depression hypothesis
faces significant controversy, indicating that we should deepen future research in this area
to explore the link between the virus and depression.

A limitation of this article is that it covers only the active and passive impacts of
glial cells on depression but does not thoroughly explore the mechanism of viral activity
on glial cells. More research must be conducted on this aspect. Future studies should
also determine whether the direct detection of viral levels in depressed individuals as
an indication of the severity of the signal could represent a viable future avenue for
therapeutically meaningful development.

A thorough study of the literature was used in this article to illustrate the connection
between glial cells and depression. Moreover, this article discussed the influence that
viruses have on depression, which may provide useful therapeutic ideas for the develop-
ment of future treatments in this area.
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COVID-19. Front. Cell. Neurosci. 2021, 15, 662578. [CrossRef] [PubMed]

24. Steardo, L., Jr.; Steardo, L.; Scuderi, C. Astrocytes and the Psychiatric Sequelae of COVID-19: What We Learned from the
Pandemic. Neurochem. Res. 2022, 48, 1015–1025. [CrossRef]

25. Kettenmann, H.; Kirchhoff, F.; Verkhratsky, A. Microglia: New roles for the synaptic stripper. Neuron 2013, 77, 10–18. [CrossRef]
26. Peng, L.; Verkhratsky, A.; Gu, L.; Li, B. Targeting astrocytes in major depression. Expert. Rev. Neurother. 2015, 15, 1299–1306.

[CrossRef]
27. Hurley, L.L.; Tizabi, Y. Neuroinflammation, neurodegeneration, and depression. Neurotox. Res. 2013, 23, 131–144. [CrossRef]
28. Zhao, Y.F.; Verkhratsky, A.; Tang, Y.; Illes, P. Astrocytes and major depression: The purinergic avenue. Neuropharmacology 2022,

220, 109252. [CrossRef]
29. O’Leary, L.A.; Belliveau, C.; Davoli, M.A.; Ma, J.C.; Tanti, A.; Turecki, G.; Mechawar, N. Widespread Decrease of Cerebral

Vimentin-Immunoreactive Astrocytes in Depressed Suicides. Front. Psychiatry 2021, 12, 640963. [CrossRef]
30. Li, F.; Jiang, S.Y.; Tian, T.; Li, W.J.; Xue, Y.; Du, R.H.; Hu, G.; Lu, M. Kir6.1/K-ATP channel in astrocytes is an essential negative

modulator of astrocytic pyroptosis in mouse model of depression. Theranostics 2022, 12, 6611–6625. [CrossRef]
31. Cui, Y.; Yang, Y.; Ni, Z.; Dong, Y.; Cai, G.; Foncelle, A.; Ma, S.; Sang, K.; Tang, S.; Li, Y.; et al. Astroglial Kir4.1 in the lateral

habenula drives neuronal bursts in depression. Nature 2018, 554, 323–327. [CrossRef] [PubMed]
32. Butt, A.M.; Papanikolaou, M.; Rivera, A. Physiology of Oligodendroglia. Adv. Exp. Med. Biol. 2019, 1175, 117–128. [CrossRef]
33. Bavato, F.; Cathomas, F.; Klaus, F.; Gütter, K.; Barro, C.; Maceski, A.; Seifritz, E.; Kuhle, J.; Kaiser, S.; Quednow, B.B. Altered

neuroaxonal integrity in schizophrenia and major depressive disorder assessed with neurofilament light chain in serum. J.
Psychiatr. Res. 2021, 140, 141–148. [CrossRef] [PubMed]

34. Zhou, B.; Zhu, Z.; Ransom, B.R.; Tong, X. Oligodendrocyte lineage cells and depression. Mol. Psychiatry 2021, 26, 103–117.
[CrossRef] [PubMed]

35. Wasseff, S.K.; Scherer, S.S. Cx32 and Cx47 mediate oligodendrocyte:astrocyte and oligodendrocyte:oligodendrocyte gap junction
coupling. Neurobiol. Dis. 2011, 42, 506–513. [CrossRef]

36. Amaral, A.I.; Meisingset, T.W.; Kotter, M.R.; Sonnewald, U. Metabolic aspects of neuron-oligodendrocyte-astrocyte interactions.
Front. Endocrinol. 2013, 4, 54. [CrossRef] [PubMed]

https://doi.org/10.1016/j.neuron.2005.02.014
https://doi.org/10.1177/1534735410370036
https://doi.org/10.1055/s-2003-43507
https://www.ncbi.nlm.nih.gov/pubmed/14605995
https://doi.org/10.1016/j.nurx.2005.12.009
https://www.ncbi.nlm.nih.gov/pubmed/16490411
https://doi.org/10.1007/978-981-32-9271-0_4
https://www.ncbi.nlm.nih.gov/pubmed/31784958
https://doi.org/10.1017/S1740925X11000020
https://www.ncbi.nlm.nih.gov/pubmed/23164153
https://doi.org/10.1080/15622975.2021.1939154
https://www.ncbi.nlm.nih.gov/pubmed/34100334
https://doi.org/10.3389/fncel.2017.00270
https://doi.org/10.3389/fnins.2021.725547
https://doi.org/10.1111/j.1471-4159.2006.04327.x
https://doi.org/10.1038/npp.2016.143
https://doi.org/10.1038/npp.2013.115
https://doi.org/10.1016/j.bbr.2014.10.037
https://www.ncbi.nlm.nih.gov/pubmed/25447294
https://doi.org/10.1111/jcmm.16763
https://www.ncbi.nlm.nih.gov/pubmed/34213839
https://doi.org/10.3389/fncel.2021.662578
https://www.ncbi.nlm.nih.gov/pubmed/33897376
https://doi.org/10.1007/s11064-022-03709-7
https://doi.org/10.1016/j.neuron.2012.12.023
https://doi.org/10.1586/14737175.2015.1095094
https://doi.org/10.1007/s12640-012-9348-1
https://doi.org/10.1016/j.neuropharm.2022.109252
https://doi.org/10.3389/fpsyt.2021.640963
https://doi.org/10.7150/thno.77455
https://doi.org/10.1038/nature25752
https://www.ncbi.nlm.nih.gov/pubmed/29446379
https://doi.org/10.1007/978-981-13-9913-8_5
https://doi.org/10.1016/j.jpsychires.2021.05.072
https://www.ncbi.nlm.nih.gov/pubmed/34116440
https://doi.org/10.1038/s41380-020-00930-0
https://www.ncbi.nlm.nih.gov/pubmed/33144710
https://doi.org/10.1016/j.nbd.2011.03.003
https://doi.org/10.3389/fendo.2013.00054
https://www.ncbi.nlm.nih.gov/pubmed/23717302


Cells 2023, 12, 1767 16 of 19

37. Guo, X.; Rao, Y.; Mao, R.; Cui, L.; Fang, Y. Common cellular and molecular mechanisms and interactions between microglial
activation and aberrant neuroplasticity in depression. Neuropharmacology 2020, 181, 108336. [CrossRef]

38. Wang, H.; He, Y.; Sun, Z.; Ren, S.; Liu, M.; Wang, G.; Yang, J. Microglia in depression: An overview of microglia in the pathogenesis
and treatment of depression. J. Neuroinflammation 2022, 19, 132. [CrossRef]

39. Deng, S.L.; Chen, J.G.; Wang, F. Microglia: A Central Player in Depression. Curr. Med. Sci. 2020, 40, 391–400. [CrossRef]
40. Hashioka, S.; Miyaoka, T.; Wake, R.; Furuya, M.; Horiguchi, J. Glia: An important target for anti-inflammatory and antidepressant

activity. Curr. Drug Targets 2013, 14, 1322–1328. [CrossRef]
41. Wang, X.; Zhang, L.; Lei, Y.; Liu, X.; Zhou, X.; Liu, Y.; Wang, M.; Yang, L.; Zhang, L.; Fan, S.; et al. Meta-analysis of infectious

agents and depression. Sci. Rep. 2014, 4, 4530. [CrossRef] [PubMed]
42. Benatti, C.; Blom, J.M.; Rigillo, G.; Alboni, S.; Zizzi, F.; Torta, R.; Brunello, N.; Tascedda, F. Disease-Induced Neuroinflammation

and Depression. CNS Neurol. Disord. Drug Targets 2016, 15, 414–433. [CrossRef] [PubMed]
43. Abritalin, E.Y. About the causes and therapy of depressive disorders in COVID-19. Zh Nevrol Psikhiatr Im SS Korsakova 2021, 121,

87–92. [CrossRef]
44. Wang, C.L.; Wang, L.; Hao, R.; Qiao, H.X.; Zhao, Y.; Chuai, X. Research progress of SARS-CoV-2. Chin. J. Hum.-Vet. Dis. 2020, 36,

780–785.
45. Ahlawat, S.; Asha; Sharma, K.K. Immunological co-ordination between gut and lungs in SARS-CoV-2 infection. Virus Res. 2020,

286, 198103. [CrossRef] [PubMed]
46. Ren, A.L.; Digby, R.J.; Needham, E.J. Neurological update: COVID-19. J. Neurol. 2021, 268, 4379–4387. [CrossRef]
47. Dubey, H.; Sharma, R.K.; Krishnan, S.; Knickmeyer, R. SARS-CoV-2 (COVID-19) as a possible risk factor for neurodevelopmental

disorders. Front. Neurosci. 2022, 16, 1021721. [CrossRef]
48. Yanover, C.; Mizrahi, B.; Kalkstein, N.; Marcus, K.; Akiva, P.; Barer, Y.; Shalev, V.; Chodick, G. What Factors Increase the Risk

of Complications in SARS-CoV-2-Infected Patients? A Cohort Study in a Nationwide Israeli Health Organization. JMIR Public
Health Surveill. 2020, 6, e20872. [CrossRef]

49. Onyango, I.G.; Khan, S.M.; Bennett, J.P., Jr. Mitochondria in the pathophysiology of Alzheimer’s and Parkinson’s diseases. Front.
Biosci. 2017, 22, 854–872. [CrossRef]

50. Bader, V.; Winklhofer, K.F. Mitochondria at the interface between neurodegeneration and neuroinflammation. Semin. Cell Dev.
Biol. 2020, 99, 163–171. [CrossRef]

51. Chen, J.; Vitetta, L. Mitochondria could be a potential key mediator linking the intestinal microbiota to depression. J. Cell. Biochem.
2020, 121, 17–24. [CrossRef] [PubMed]

52. Fore, H.H.; Dongyu, Q.; Beasley, D.M.; Ghebreyesus, T.A. Child malnutrition and COVID-19: The time to act is now. Lancet 2020,
396, 517–518. [CrossRef]

53. Bedock, D.; Bel Lassen, P.; Mathian, A.; Moreau, P.; Couffignal, J.; Ciangura, C.; Poitou-Bernert, C.; Jeannin, A.C.; Mosbah, H.;
Fadlallah, J.; et al. Prevalence and severity of malnutrition in hospitalized COVID-19 patients. Clin. Nutr. ESPEN 2020, 40,
214–219. [CrossRef]

54. Gauthier, C.; Hassler, C.; Mattar, L.; Launay, J.M.; Callebert, J.; Steiger, H.; Melchior, J.C.; Falissard, B.; Berthoz, S.; Mourier-
Soleillant, V.; et al. Symptoms of depression and anxiety in anorexia nervosa: Links with plasma tryptophan and serotonin
metabolism. Psychoneuroendocrinology 2014, 39, 170–178. [CrossRef]

55. O’Mahony, S.M.; Clarke, G.; Borre, Y.E.; Dinan, T.G.; Cryan, J.F. Serotonin, tryptophan metabolism and the brain-gut-microbiome
axis. Behav. Brain Res. 2015, 277, 32–48. [CrossRef]

56. Lin, X.; Nie, H.; Tang, R.; Wang, P.; Jin, X.; Jiang, Q.; Han, F.; Chen, N.; Li, Y. Network analysis between neuron dysfunction and
neuroimmune response based on neural single-cell transcriptome of COVID-19 patients. Comput. Biol. Med. 2022, 150, 106055.
[CrossRef]

57. Montalvan, V.; Lee, J.; Bueso, T.; De Toledo, J.; Rivas, K. Neurological manifestations of COVID-19 and other coronavirus
infections: A systematic review. Clin. Neurol. Neurosurg. 2020, 194, 105921. [CrossRef] [PubMed]

58. Vargas, G.; Medeiros Geraldo, L.H.; Gedeão Salomão, N.; Viana Paes, M.; Regina Souza Lima, F.; Carvalho Alcantara Gomes, F.
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and glial cells: Insights and perspectives. Brain Behav. Immun.
Health 2020, 7, 100127. [CrossRef]

59. Illes, P.; Rubini, P.; Yin, H.; Tang, Y. Impaired ATP Release from Brain Astrocytes May be a Cause of Major Depression. Neurosci.
Bull. 2020, 36, 1281–1284. [CrossRef] [PubMed]

60. Jeong, G.U.; Lyu, J.; Kim, K.D.; Chung, Y.C.; Yoon, G.Y.; Lee, S.; Hwang, I.; Shin, W.H.; Ko, J.; Lee, J.Y.; et al. SARS-CoV-2 Infection
of Microglia Elicits Proinflammatory Activation and Apoptotic Cell Death. Microbiol. Spectr. 2022, 10, e0109122. [CrossRef]

61. Smith, J.A.; Das, A.; Ray, S.K.; Banik, N.L. Role of pro-inflammatory cytokines released from microglia in neurodegenerative
diseases. Brain Res. Bull. 2012, 87, 10–20. [CrossRef] [PubMed]

62. Ting, E.Y.; Yang, A.C.; Tsai, S.J. Role of Interleukin-6 in Depressive Disorder. Int. J. Mol. Sci. 2020, 21, 2194. [CrossRef]
63. Colantonio, M.A.; Nwafor, D.C.; Jaiswal, S.; Shrestha, A.K.; Elkhooly, M.; Rollins, S.; Wen, S.; Sriwastava, S. Myelin oligodendro-

cyte glycoprotein antibody-associated optic neuritis and myelitis in COVID-19: A case report and a review of the literature. Egypt.
J. Neurol. Psychiatry Neurosurg. 2022, 58, 62. [CrossRef]

64. Sehgal, V.; Bansal, P.; Arora, S.; Kapila, S.; Bedi, G.S. Myelin Oligodendrocyte Glycoprotein Antibody Disease After COVID-19
Vaccination—Causal or Incidental? Cureus 2022, 14, e27024. [CrossRef] [PubMed]

https://doi.org/10.1016/j.neuropharm.2020.108336
https://doi.org/10.1186/s12974-022-02492-0
https://doi.org/10.1007/s11596-020-2193-1
https://doi.org/10.2174/13894501113146660214
https://doi.org/10.1038/srep04530
https://www.ncbi.nlm.nih.gov/pubmed/24681753
https://doi.org/10.2174/1871527315666160321104749
https://www.ncbi.nlm.nih.gov/pubmed/26996176
https://doi.org/10.17116/jnevro202112108187
https://doi.org/10.1016/j.virusres.2020.198103
https://www.ncbi.nlm.nih.gov/pubmed/32717345
https://doi.org/10.1007/s00415-021-10581-y
https://doi.org/10.3389/fnins.2022.1021721
https://doi.org/10.2196/20872
https://doi.org/10.2741/4521
https://doi.org/10.1016/j.semcdb.2019.05.028
https://doi.org/10.1002/jcb.29311
https://www.ncbi.nlm.nih.gov/pubmed/31385365
https://doi.org/10.1016/S0140-6736(20)31648-2
https://doi.org/10.1016/j.clnesp.2020.09.018
https://doi.org/10.1016/j.psyneuen.2013.09.009
https://doi.org/10.1016/j.bbr.2014.07.027
https://doi.org/10.1016/j.compbiomed.2022.106055
https://doi.org/10.1016/j.clineuro.2020.105921
https://www.ncbi.nlm.nih.gov/pubmed/32422545
https://doi.org/10.1016/j.bbih.2020.100127
https://doi.org/10.1007/s12264-020-00494-7
https://www.ncbi.nlm.nih.gov/pubmed/32279193
https://doi.org/10.1128/spectrum.01091-22
https://doi.org/10.1016/j.brainresbull.2011.10.004
https://www.ncbi.nlm.nih.gov/pubmed/22024597
https://doi.org/10.3390/ijms21062194
https://doi.org/10.1186/s41983-022-00496-4
https://doi.org/10.7759/cureus.27024
https://www.ncbi.nlm.nih.gov/pubmed/35989780


Cells 2023, 12, 1767 17 of 19

65. Asseyer, S.; Henke, E.; Trebst, C.; Hümmert, M.W.; Wildemann, B.; Jarius, S.; Ringelstein, M.; Aktas, O.; Pawlitzki, M.; Korsen,
M.; et al. Pain, depression, and quality of life in adults with MOG-antibody-associated disease. Eur. J. Neurol. 2021, 28, 1645–1658.
[CrossRef]

66. Schlottau, K.; Forth, L.; Angstwurm, K.; Höper, D.; Zecher, D.; Liesche, F.; Hoffmann, B.; Kegel, V.; Seehofer, D.; Platen, S.; et al.
Fatal Encephalitic Borna Disease Virus 1 in Solid-Organ Transplant Recipients. N. Engl. J. Med. 2018, 379, 1377–1379. [CrossRef]

67. Ludwig, H.; Bode, L. Borna disease virus: New aspects on infection, disease, diagnosis and epidemiology. Rev. Sci. Tech. 2000, 19,
259–288. [CrossRef]

68. Bode, L.; Guo, Y.; Xie, P. Molecular epidemiology of human Borna disease virus 1 infection revisited. Emerg. Microbes Infect. 2022,
11, 1335–1338. [CrossRef] [PubMed]

69. Ludwig, H.; Bode, L.; Gosztonyi, G. Borna disease: A persistent virus infection of the central nervous system. Prog. Med. Virol.
1988, 35, 107–151.

70. Ludwig, H.; Furuya, K.; Bode, L.; Klein, N.; Dürrwald, R.; Lee, D.S. Biology and neurobiology of Borna disease viruses (BDV),
defined by antibodies, neutralizability and their pathogenic potential. Arch. Virol. Suppl. 1993, 7, 111–133. [CrossRef]

71. Zhang, L.; Wang, X.; Zhan, Q.; Wang, Z.; Xu, M.; Zhu, D.; He, F.; Liu, X.; Huang, R.; Li, D.; et al. Evidence for natural Borna
disease virus infection in healthy domestic animals in three areas of western China. Arch. Virol. 2014, 159, 1941–1949. [CrossRef]
[PubMed]

72. Han, J.; Wang, L.U.; Bian, H.; Zhou, X.; Ruan, C. Effects of paroxetine on spatial memory function and protein kinase C expression
in a rat model of depression. Exp. Ther. Med. 2015, 10, 1489–1492. [CrossRef] [PubMed]

73. Volmer, R.; Monnet, C.; Gonzalez-Dunia, D. Borna disease virus blocks potentiation of presynaptic activity through inhibition of
protein kinase C signaling. PLoS Pathog. 2006, 2, e19. [CrossRef]

74. Kamitani, W.; Ono, E.; Yoshino, S.; Kobayashi, T.; Taharaguchi, S.; Lee, B.J.; Yamashita, M.; Kobayashi, T.; Okamoto, M.; Taniyama,
H.; et al. Glial expression of Borna disease virus phosphoprotein induces behavioral and neurological abnormalities in transgenic
mice. Proc. Natl. Acad. Sci. USA 2003, 100, 8969–8974. [CrossRef]

75. Berth, S.H.; Leopold, P.L.; Morfini, G.N. Virus-induced neuronal dysfunction and degeneration. Front. Biosci. 2009, 14, 5239–5259.
[CrossRef]

76. Bode, L.; Dürrwald, R.; Rantam, F.A.; Ferszt, R.; Ludwig, H. First isolates of infectious human Borna disease virus from patients
with mood disorders. Mol. Psychiatry 1996, 1, 200–212.

77. Nakamura, Y.; Takahashi, H.; Shoya, Y.; Nakaya, T.; Watanabe, M.; Tomonaga, K.; Iwahashi, K.; Ameno, K.; Momiyama, N.;
Taniyama, H.; et al. Isolation of Borna disease virus from human brain tissue. J. Virol. 2000, 74, 4601–4611. [CrossRef]

78. Bautista, J.R.; Schwartz, G.J.; De La Torre, J.C.; Moran, T.H.; Carbone, K.M. Early and persistent abnormalities in rats with
neonatally acquired Borna disease virus infection. Brain Res. Bull. 1994, 34, 31–40. [CrossRef] [PubMed]

79. Tizard, I.; Ball, J.; Stoica, G.; Payne, S. The pathogenesis of bornaviral diseases in mammals. Anim. Health Res. Rev. 2016, 17,
92–109. [CrossRef] [PubMed]

80. Gosztonyi, G. Natural and experimental Borna disease virus infections–neuropathology and pathogenetic considerations. APMIS
Suppl. 2008, 116, 53–57. [CrossRef]

81. Dietrich, D.E.; Bode, L. Human Borna disease virus-infection and its therapy in affective disorders. APMIS Suppl. 2008, 116, 61–65.
[CrossRef]

82. Dietrich, D.E.; Bode, L.; Spannhuth, C.W.; Hecker, H.; Ludwig, H.; Emrich, H.M. Antiviral treatment perspective against Borna
disease virus 1 infection in major depression: A double-blind placebo-controlled randomized clinical trial. BMC Pharmacol. Toxicol.
2020, 21, 12. [CrossRef]

83. Williams, B.L.; Hornig, M.; Yaddanapudi, K.; Lipkin, W.I. Hippocampal poly(ADP-Ribose) polymerase 1 and caspase 3 activation
in neonatal bornavirus infection. J. Virol. 2008, 82, 1748–1758. [CrossRef]

84. Li, D.; Lei, Y.; Deng, J.; Zhou, C.; Zhang, Y.; Li, W.; Huang, H.; Cheng, S.; Zhang, H.; Zhang, L.; et al. Human but Not Laboratory
Borna Disease Virus Inhibits Proliferation and Induces Apoptosis in Human Oligodendrocytes In Vitro. PLoS ONE 2013, 8, e66623.
[CrossRef] [PubMed]

85. Liu, S.; Bode, L.; Zhang, L.; He, P.; Huang, R.; Sun, L.; Chen, S.; Zhang, H.; Guo, Y.; Zhou, J.; et al. GC-MS-Based Metabonomic
Profiling Displayed Differing Effects of Borna Disease Virus Natural Strain Hu-H1 and Laboratory Strain V Infection in Rat
Cortical Neurons. Int. J. Mol. Sci. 2015, 16, 19347–19368. [CrossRef] [PubMed]

86. Liu, X.; Yang, Y.; Zhao, M.; Bode, L.; Zhang, L.; Pan, J.; Lv, L.; Zhan, Y.; Liu, S.; Zhang, L.; et al. Proteomics reveal energy
metabolism and mitogen-activated protein kinase signal transduction perturbation in human Borna disease virus Hu-H1-infected
oligodendroglial cells. Neuroscience 2014, 268, 284–296. [CrossRef] [PubMed]

87. Huang, R.; Gao, H.; Zhang, L.; Jia, J.; Liu, X.; Zheng, P.; Ma, L.; Li, W.; Deng, J.; Wang, X.; et al. Borna disease virus infection
perturbs energy metabolites and amino acids in cultured human oligodendroglia cells. PLoS ONE 2012, 7, e44665. [CrossRef]
[PubMed]

88. Nishimura, T.; Ishima, T.; Iyo, M.; Hashimoto, K. Potentiation of nerve growth factor-induced neurite outgrowth by fluvoxamine:
Role of sigma-1 receptors, IP3 receptors and cellular signaling pathways. PLoS ONE 2008, 3, e2558. [CrossRef]

89. Prater, A.M. Point of orgin: The discovery and spread of HIV. Posit. Aware. 2011, 23, 22–24. [PubMed]
90. Maartens, G.; Celum, C.; Lewin, S.R. HIV infection: Epidemiology, pathogenesis, treatment, and prevention. Lancet 2014, 384,

258–271. [CrossRef] [PubMed]

https://doi.org/10.1111/ene.14729
https://doi.org/10.1056/NEJMc1803115
https://doi.org/10.20506/rst.19.1.1217
https://doi.org/10.1080/22221751.2022.2065931
https://www.ncbi.nlm.nih.gov/pubmed/35437118
https://doi.org/10.1007/978-3-7091-9300-6_10
https://doi.org/10.1007/s00705-013-1971-5
https://www.ncbi.nlm.nih.gov/pubmed/24573218
https://doi.org/10.3892/etm.2015.2663
https://www.ncbi.nlm.nih.gov/pubmed/26622512
https://doi.org/10.1371/journal.ppat.0020019
https://doi.org/10.1073/pnas.1531155100
https://doi.org/10.2741/3595
https://doi.org/10.1128/JVI.74.10.4601-4611.2000
https://doi.org/10.1016/0361-9230(94)90183-X
https://www.ncbi.nlm.nih.gov/pubmed/8193931
https://doi.org/10.1017/S1466252316000062
https://www.ncbi.nlm.nih.gov/pubmed/27212192
https://doi.org/10.1111/j.1600-0463.2008.000m8.x
https://doi.org/10.1111/j.1600-0463.2008.00m10.x
https://doi.org/10.1186/s40360-020-0391-x
https://doi.org/10.1128/JVI.02014-07
https://doi.org/10.1371/journal.pone.0066623
https://www.ncbi.nlm.nih.gov/pubmed/23805250
https://doi.org/10.3390/ijms160819347
https://www.ncbi.nlm.nih.gov/pubmed/26287181
https://doi.org/10.1016/j.neuroscience.2014.03.009
https://www.ncbi.nlm.nih.gov/pubmed/24637096
https://doi.org/10.1371/journal.pone.0044665
https://www.ncbi.nlm.nih.gov/pubmed/22970281
https://doi.org/10.1371/journal.pone.0002558
https://www.ncbi.nlm.nih.gov/pubmed/21314023
https://doi.org/10.1016/S0140-6736(14)60164-1
https://www.ncbi.nlm.nih.gov/pubmed/24907868


Cells 2023, 12, 1767 18 of 19

91. Wang, J.; Lin, H.S.; Liu, M.Y.; Li, Y. Immune reconstitution of acquired immune deficiency syndrome. Chin. J. Integr. Med. 2010,
16, 557–564. [CrossRef]

92. Shaw, G.M.; Hunter, E. HIV transmission. Cold Spring Harb. Perspect. Med. 2012, 2, a006965. [CrossRef]
93. Berth, S.H.; Mesnard-Hoaglin, N.; Wang, B.; Kim, H.; Song, Y.; Sapar, M.; Morfini, G.; Brady, S.T. HIV Glycoprotein Gp120 Impairs

Fast Axonal Transport by Activating Tak1 Signaling Pathways. ASN Neuro. 2016, 8, 1759091416679073. [CrossRef]
94. Kim, Y.K.; Na, K.S.; Myint, A.M.; Leonard, B.E. The role of pro-inflammatory cytokines in neuroinflammation, neurogenesis and

the neuroendocrine system in major depression. Prog. Neuropsychopharmacol. Biol. Psychiatry 2016, 64, 277–284. [CrossRef]
95. Fields, J.; Dumaop, W.; Langford, T.D.; Rockenstein, E.; Masliah, E. Role of neurotrophic factor alterations in the neurodegenerative

process in HIV associated neurocognitive disorders. J. Neuroimmune Pharmacol. 2014, 9, 102–116. [CrossRef]
96. Nicholson, W.C.; Kempf, M.C.; Moneyham, L.; Vance, D.E. The potential role of vagus-nerve stimulation in the treatment of

HIV-associated depression: A review of literature. Neuropsychiatr. Dis. Treat. 2017, 13, 1677–1689. [CrossRef]
97. Li, G.H.; Henderson, L.; Nath, A. Astrocytes as an HIV Reservoir: Mechanism of HIV Infection. Curr. HIV Res. 2016, 14, 373–381.

[CrossRef]
98. Chen, T.; Zheng, M.; Li, Y.; Liu, S.; He, L. The role of CCR5 in the protective effect of Esculin on lipopolysaccharide-induced

depressive symptom in mice. J. Affect. Disord. 2020, 277, 755–764. [CrossRef]
99. Kandel, S.R.; Luo, X.; He, J.J. Nef inhibits HIV transcription and gene expression in astrocytes and HIV transmission from

astrocytes to CD4+ T cells. J. Neurovirol. 2022, 28, 552–565. [CrossRef]
100. Wilson, K.M.; He, J.J. HIV Nef Expression Down-modulated GFAP Expression and Altered Glutamate Uptake and Release and

Proliferation in Astrocytes. Aging Dis. 2023, 14, 152–169. [CrossRef]
101. Ginsberg, S.D.; Alldred, M.J.; Gunnam, S.M.; Schiroli, C.; Lee, S.H.; Morgello, S.; Fischer, T. Expression profiling suggests

microglial impairment in human immunodeficiency virus neuropathogenesis. Ann. Neurol. 2018, 83, 406–417. [CrossRef]
[PubMed]

102. Chatterjee, D.; Beaulieu, J.M. Inhibition of glycogen synthase kinase 3 by lithium, a mechanism in search of specificity. Front. Mol.
Neurosci. 2022, 15, 1028963. [CrossRef] [PubMed]

103. Dolma, K.; Iacobucci, G.J.; Hong Zheng, K.; Shandilya, J.; Toska, E.; White, J.A., 2nd; Spina, E.; Gunawardena, S. Presenilin
influences glycogen synthase kinase-3 β (GSK-3β) for kinesin-1 and dynein function during axonal transport. Hum. Mol. Genet.
2014, 23, 1121–1133. [CrossRef] [PubMed]

104. Kaalund, S.S.; Johansen, A.; Fabricius, K.; Pakkenberg, B. Untreated Patients Dying with AIDS Have Loss of Neocortical Neurons
and Glia Cells. Front. Neurosci. 2020, 13, 1398. [CrossRef]

105. Jensen, B.K.; Roth, L.M.; Grinspan, J.B.; Jordan-Sciutto, K.L. White matter loss and oligodendrocyte dysfunction in HIV: A
consequence of the infection, the antiretroviral therapy or both? Brain Res. 2019, 1724, 146397. [CrossRef]

106. Musso, D.; Gubler, D.J. Zika Virus. Clin. Microbiol. Rev. 2016, 29, 487–524. [CrossRef]
107. da Silva, S.; Oliveira Silva Martins, D.; Jardim, A.C.G. A Review of the Ongoing Research on Zika Virus Treatment. Viruses 2018,

10, 255. [CrossRef]
108. Duca, L.M.; Beckham, J.D.; Tyler, K.L.; Pastula, D.M. Zika Virus Disease and Associated Neurologic Complications. Curr. Infect.

Dis. Rep. 2017, 19, 4. [CrossRef]
109. Husstedt, I.W.; Maschke, M.; Eggers, C.; Neuen-Jacob, E.; Arendt, G. Zika-Virus-Infektion und das Nervensystem [Zika virus

infection and the nervous system]. Nervenarzt 2018, 89, 136–143. [CrossRef]
110. Lossia, O.V.; Conway, M.J.; Tree, M.O.; Williams, R.J.; Goldthorpe, S.C.; Srinageshwar, B.; Dunbar, G.L.; Rossignol, J. Zika virus

induces astrocyte differentiation in neural stem cells. J. Neurovirol. 2018, 24, 52–61. [CrossRef]
111. Li, W.; Xu, Y.; Liu, Z.; Shi, M.; Zhang, Y.; Deng, Y.; Zhong, X.; Chen, L.; He, J.; Zeng, J.; et al. TRPV4 inhibitor HC067047 produces

antidepressant-like effect in LPS-induced depression mouse model. Neuropharmacology 2021, 201, 108834. [CrossRef] [PubMed]
112. Jiang, T.; Hu, S.; Dai, S.; Yi, Y.; Wang, T.; Li, X.; Luo, M.; Li, K.; Chen, L.; Wang, H.; et al. Programming changes of hippocampal

miR-134-5p/SOX2 signal mediate the susceptibility to depression in prenatal dexamethasone-exposed female offspring. Cell Biol.
Toxicol. 2022, 38, 69–86. [CrossRef] [PubMed]

113. Stefanik, M.; Formanova, P.; Bily, T.; Vancova, M.; Eyer, L.; Palus, M.; Salat, J.; Braconi, C.T.; Zanotto, P.M.A.; Gould, E.A.; et al.
Characterisation of Zika virus infection in primary human astrocytes. BMC Neurosci. 2018, 19, 5. [CrossRef] [PubMed]

114. Li, C.; Wang, Q.; Jiang, Y.; Ye, Q.; Xu, D.; Gao, F.; Xu, J.W.; Wang, R.; Zhu, X.; Shi, L.; et al. Disruption of glial cell development by
Zika virus contributes to severe microcephalic newborn mice. Cell Discov. 2018, 4, 43. [CrossRef]

115. Schultz, V.; Barrie, J.A.; Donald, C.L.; Crawford, C.L.; Mullin, M.; Anderson, T.J.; Solomon, T.; Barnett, S.C.; Linington, C.; Kohl,
A.; et al. Oligodendrocytes are susceptible to Zika virus infection in a mouse model of perinatal exposure: Implications for CNS
complications. Glia 2021, 69, 2023–2036. [CrossRef]

116. Roy, S.; Arif Ansari, M.; Choudhary, K.; Singh, S. NLRP3 inflammasome in depression: A review. Int. Immunopharmacol. 2023, 117,
109916. [CrossRef]

117. Wang, J.; Liu, J.; Zhou, R.; Ding, X.; Zhang, Q.; Zhang, C.; Li, L. Zika virus infected primary microglia impairs NPCs proliferation
and differentiation. Biochem. Biophys. Res. Commun. 2018, 497, 619–625. [CrossRef]

118. De Sousa, R.A.L.; Peixoto, M.F.D.; Leite, H.R.; Oliveira, L.R.S.; Freitas, D.A.; Silva-Júnior, F.A.D.; Oliveira, H.S.; Rocha-Vieira, E.;
Cassilhas, R.C.; Oliveira, D.B. Neurological consequences of exercise during prenatal Zika virus exposure to mice pups. Int. J.
Neurosci. 2022, 132, 1091–1101. [CrossRef]

https://doi.org/10.1007/s11655-010-0573-2
https://doi.org/10.1101/cshperspect.a006965
https://doi.org/10.1177/1759091416679073
https://doi.org/10.1016/j.pnpbp.2015.06.008
https://doi.org/10.1007/s11481-013-9520-2
https://doi.org/10.2147/NDT.S136065
https://doi.org/10.2174/1570162X14666161006121455
https://doi.org/10.1016/j.jad.2020.08.065
https://doi.org/10.1007/s13365-022-01091-2
https://doi.org/10.14336/AD.2022.0712
https://doi.org/10.1002/ana.25160
https://www.ncbi.nlm.nih.gov/pubmed/29369399
https://doi.org/10.3389/fnmol.2022.1028963
https://www.ncbi.nlm.nih.gov/pubmed/36504683
https://doi.org/10.1093/hmg/ddt505
https://www.ncbi.nlm.nih.gov/pubmed/24105467
https://doi.org/10.3389/fnins.2019.01398
https://doi.org/10.1016/j.brainres.2019.146397
https://doi.org/10.1128/CMR.00072-15
https://doi.org/10.3390/v10050255
https://doi.org/10.1007/s11908-017-0557-x
https://doi.org/10.1007/s00115-017-0472-2
https://doi.org/10.1007/s13365-017-0589-x
https://doi.org/10.1016/j.neuropharm.2021.108834
https://www.ncbi.nlm.nih.gov/pubmed/34637786
https://doi.org/10.1007/s10565-021-09590-4
https://www.ncbi.nlm.nih.gov/pubmed/33619658
https://doi.org/10.1186/s12868-018-0407-2
https://www.ncbi.nlm.nih.gov/pubmed/29463209
https://doi.org/10.1038/s41421-018-0042-1
https://doi.org/10.1002/glia.24010
https://doi.org/10.1016/j.intimp.2023.109916
https://doi.org/10.1016/j.bbrc.2018.02.118
https://doi.org/10.1080/00207454.2020.1860970


Cells 2023, 12, 1767 19 of 19

119. Liang, M.; Zhong, H.; Rong, J.; Li, Y.; Zhu, C.; Zhou, L.; Zhou, R. Postnatal Lipopolysaccharide Exposure Impairs Adult Neuro-
genesis and Causes Depression-like Behaviors Through Astrocytes Activation Triggering GABAA Receptor Downregulation.
Neuroscience 2019, 422, 21–31. [CrossRef]

120. Ongrádi, J.; Kövesdi, V.; Medveczky, G.P. Az emberi 6-os herpeszvírus [Human herpesvirus 6]. Orvosi Hetil. 2010, 151, 523–532.
[CrossRef]

121. Tang, H.; Sadaoka, T.; Mori, Y. Human herpes virus-6 and human herpes virus-7(HHV-6,HHV-7). Uirusu 2010, 60, 22135.
[CrossRef] [PubMed]

122. Allnutt, M.A.; Johnson, K.; Bennett, D.A.; Connor, S.M.; Troncoso, J.C.; Pletnikova, O.; Albert, M.S.; Resnick, S.M.; Scholz, S.W.;
De Jager, P.L.; et al. Human Herpesvirus 6 Detection in Alzheimer’s Disease Cases and Controls across Multiple Cohorts. Neuron
2020, 105, 1027–1035.e2. [CrossRef] [PubMed]

123. Šudomová, M.; Berchová-Bímová, K.; Mazurakova, A.; Šamec, D.; Kubatka, P.; Hassan, S.T.S. Flavonoids Target Human
Herpesviruses That Infect the Nervous System: Mechanisms of Action and Therapeutic Insights. Viruses 2022, 14, 592. [CrossRef]
[PubMed]

124. Osaki, T.; Morikawa, T.; Kajita, H.; Kobayashi, N.; Kondo, K.; Maeda, K. Caregiver burden and fatigue in caregivers of people
with dementia: Measuring human herpesvirus (HHV)-6 and -7 DNA levels in saliva. Arch. Gerontol. Geriatr. 2016, 66, 42–48.
[CrossRef]

125. Shao, Q.; Lin, Z.; Wu, X.; Tang, J.; Lu, S.; Feng, D.; Cheng, C.; Qing, L.; Yao, K.; Chen, Y. Transcriptome sequencing of neurologic
diseases associated genes in HHV-6A infected human astrocyte. Oncotarget 2016, 7, 48070–48080. [CrossRef]

126. Prusty, B.K.; Gulve, N.; Govind, S.; Krueger, G.R.F.; Feichtinger, J.; Larcombe, L.; Aspinall, R.; Ablashi, D.V.; Toro, C.T. Active
HHV-6 Infection of Cerebellar Purkinje Cells in Mood Disorders. Front. Microbiol. 2018, 9, 1955. [CrossRef]

127. Shelton, R.C.; Liang, S.; Liang, P.; Chakrabarti, A.; Manier, D.H.; Sulser, F. Differential expression of pentraxin 3 in fibroblasts
from patients with major depression. Neuropsychopharmacology 2004, 29, 126–132. [CrossRef]

128. Filgueira, L.; Larionov, A.; Lannes, N. The Influence of Virus Infection on Microglia and Accelerated Brain Aging. Cells 2021, 10,
1836. [CrossRef]

129. Han, S.; Chen, Y.; Zheng, R.; Li, S.; Jiang, Y.; Wang, C.; Fang, K.; Yang, Z.; Liu, L.; Zhou, B.; et al. The stage-specifically accelerated
brain aging in never-treated first-episode patients with depression. Hum. Brain Mapp. 2021, 42, 3656–3666. [CrossRef]

130. Sato, R.; Okanari, K.; Maeda, T.; Kaneko, K.; Takahashi, T.; Kenji, I. Postinfectious Acute Disseminated Encephalomyelitis
Associated with Antimyelin Oligodendrocyte Glycoprotein Antibody. Child Neurol. Open 2020, 7, 2329048X20942442. [CrossRef]

131. Irwin, M.R.; Levin, M.J.; Carrillo, C.; Olmstead, R.; Lucko, A.; Lang, N.; Caulfield, M.J.; Weinberg, A.; Chan, I.S.; Clair, J.; et al.
Major depressive disorder and immunity to varicella-zoster virus in the elderly. Brain Behav. Immun. 2011, 25, 759–766. [CrossRef]

132. Kobayashi, N.; Oka, N.; Takahashi, M.; Shimada, K.; Ishii, A.; Tatebayashi, Y.; Shigeta, M.; Yanagisawa, H.; Kondo, K. Human
Herpesvirus 6B Greatly Increases Risk of Depression by Activating Hypothalamic-Pituitary-Adrenal Axis during Latent Phase of
Infection. iScience 2020, 23, 101187. [CrossRef] [PubMed]

133. Li Puma, D.D.; Marcocci, M.E.; Lazzarino, G.; De Chiara, G.; Tavazzi, B.; Palamara, A.T.; Piacentini, R.; Grassi, C. Ca2+ -dependent
release of ATP from astrocytes affects herpes simplex virus type 1 infection of neurons. Glia 2021, 69, 201–215. [CrossRef]

134. Simanek, A.M.; Cheng, C.; Yolken, R.; Uddin, M.; Galea, S.; Aiello, A.E. Herpesviruses, inflammatory markers and incident
depression in a longitudinal study of Detroit residents. Psychoneuroendocrinology 2014, 50, 139–148. [CrossRef] [PubMed]

135. Wang, Q.; Jie, W.; Liu, J.H.; Yang, J.M.; Gao, T.M. An astroglial basis of major depressive disorder? An overview. Glia 2017, 65,
1227–1250. [CrossRef] [PubMed]

136. Jiang, Y.; Zou, D.; Li, Y.; Gu, S.; Dong, J.; Ma, X.; Xu, S.; Wang, F.; Huang, J.H. Monoamine Neurotransmitters Control Basic
Emotions and Affect Major Depressive Disorders. Pharmaceuticals 2022, 15, 1203. [CrossRef]

137. Martin, J.L.; Magistretti, P.J.; Allaman, I. Regulation of neurotrophic factors and energy metabolism by antidepressants in
astrocytes. Curr. Drug Targets 2013, 14, 1308–1321. [CrossRef]

138. Di Benedetto, B.; Rupprecht, R.; Czéh, B. Talking to the synapse: How antidepressants can target glial cells to reshape brain
circuits. Curr. Drug Targets 2013, 14, 1329–1335. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.neuroscience.2019.10.025
https://doi.org/10.1556/oh.2010.28848
https://doi.org/10.2222/jsv.60.221
https://www.ncbi.nlm.nih.gov/pubmed/21488335
https://doi.org/10.1016/j.neuron.2019.12.031
https://www.ncbi.nlm.nih.gov/pubmed/31983538
https://doi.org/10.3390/v14030592
https://www.ncbi.nlm.nih.gov/pubmed/35336999
https://doi.org/10.1016/j.archger.2016.04.015
https://doi.org/10.18632/oncotarget.10127
https://doi.org/10.3389/fmicb.2018.01955
https://doi.org/10.1038/sj.npp.1300307
https://doi.org/10.3390/cells10071836
https://doi.org/10.1002/hbm.25460
https://doi.org/10.1177/2329048X20942442
https://doi.org/10.1016/j.bbi.2011.02.001
https://doi.org/10.1016/j.isci.2020.101187
https://www.ncbi.nlm.nih.gov/pubmed/32534440
https://doi.org/10.1002/glia.23895
https://doi.org/10.1016/j.psyneuen.2014.08.002
https://www.ncbi.nlm.nih.gov/pubmed/25218654
https://doi.org/10.1002/glia.23143
https://www.ncbi.nlm.nih.gov/pubmed/28317185
https://doi.org/10.3390/ph15101203
https://doi.org/10.2174/1389450111314110009
https://doi.org/10.2174/1389450111314110011

	Introduction 
	The Classical Hypotheses of the Pathogenesis of Depression 
	The Role of Neurons and Glial Cells in Depression 
	The Association between Neuronal Cells and Depression 
	The Association between Glial Cells and Depression 
	Astrocytes and Depression 
	Oligodendrocytes and Depression 
	Microglia and Depression 


	Analysis of the Mechanisms by Viruses That Affect Depression 
	SARS-CoV-2 
	Overview of SARS-CoV-2 
	Analysis of the Mechanism of SARS-CoV-2 Affecting Depression 

	Borna Disease Virus 1 
	Overview of Borna Disease Virus 1 
	Analysis of the Mechanism of Borna Disease Virus Affecting Depression 

	Human Immunodeficiency Virus 
	Overview of Human Immunodeficiency Virus 
	Analysis of the Mechanism of Human Immunodeficiency Virus Affecting Depression 

	Zika Virus 
	Overview of Zika Virus 
	Analysis of the Mechanism of Zika Virus Affecting Depression 

	Human Herpes Virus 6 
	Overview of Human Herpes Virus 6 
	Analysis of the Mechanism of Human Herpes Virus 6 Affecting Depression 


	Conclusions 
	References

