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Errors in neuron-microglial interaction are known to lead to microglial phagocytosis of 
live neurons and excessive neuronal loss, potentially yielding poorer clinical outcomes. 
Factors that affect neuron-microglial interaction have the potential to influence the error 
rate. Clinical comorbidities that unfavorably impact neuron-microglial interaction may 
promote a higher rate of neuronal loss, to the detriment of patient outcome. This paper 
proposes that many common, clinically modifiable comorbidities have a common thread, 
in that they all influence neuron-microglial interactions. Comorbidities like traumatic brain 
injury, infection, stress, neuroinflammation, loss of neuronal metabolic integrity, poor 
growth factor status, and other factors, all have the potential to alter communication 
between neurons and microglia. When this occurs, microglial phagocytosis of live 
neurons can increase. In addition, microglia can shift into a morphological form in which 
they express major histocompatibility complex II (MHC-II), allowing them to function as 
antigen presenting cells that present neuronal debris as antigen to invading T cells. This 
can increase risk for the development of CNS autoimmunity, or can exacerbate existing 
CNS autoimmunity. The detrimental influence of these comorbidities has the potential 
to contribute to the mosaic of factors that determine patient outcome in some CNS 
pathologies that have neuropsychiatric involvement, including TBI and CNS disorders 
with autoimmune components, where excessive neuronal loss can yield poorer clinical 
outcomes. Recognition of the impact of these comorbidities may contribute to an 
understanding of the common clinical observation that many seemingly disparate factors 
contribute to the overall picture of case management and clinical outcome in these 
complex disorders. In a clinical setting, knowing how these comorbidities can influence 
neuron-microglial interaction can help focus surveillance and care on a broader group 
of potential therapeutic targets. Accordingly, an interest in the mechanisms underlying 
the influence of these factors on neuron-microglial interactions is appropriate. Neuron-
microglial interaction is reviewed, and the various mechanisms by which these potential 
comorbidities influence neuro-microglial interaction are described.
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INTRODUCTION

Impaired neuronal function (1–4), from neuroinflammation 
or other causes, is a known driver of depression and related 
neuropsychiatric problems (5–11) that often accompany complex 
CNS disorders, including TBI (12, 13) and CNS disorders with 
autoimmune components (14), such as multiple sclerosis (MS) 
(15, 16), Parkinson’s disease (PD) (17–19), and Pediatric Acute-
onset Neuropsychiatric Syndrome (PANS)/Pediatric Autoimmune 
Neuropsychiatric Disorders Associated with Streptococcal Infections 
(PANDAS) (20). A recent twin study by Huang, et al, suggests that 
the causal connection between depression and neuroinflammation 
may be bidirectional. (21)

Neuronal impairment can occur with insults to brain function 
from trauma, as with TBI (reviewed in 22), or can be metabolic 
or immunological, as with neuroinflammation (5–11), loss of 
neuronal cellular metabolic integrity [reviewed in Ref. (23)], 
infection [reviewed in Ref. (24)], or autoimmune response to 
neuronal targets.

Neuronal impairment can also occur due to dysfunction of 
neuronal autophagy, the mechanism by which neurons repair 
themselves via autodigestive recycling of damaged organelles and 
other cellular constituents (25). The association between impaired 
neuronal autophagy and Alzheimer’s disease (AD) has been 
reviewed by Uddin, et al. (26). The association between impaired 
autophagy and PD has been reviewed by Sheehan and Yue (27), 
and with neurodegeneration by Menzies (28). Plaza-Zabala et al, 
have proposed that the dysregulation of autophagy in microglia 
affects their capacity for phagocytosis and affects whether they 
adopt an inflammatory morphology, with implications for aging 
and neurodegenerative diseases (29). Yoshii and Mizushima have 
reviewed the practical impediments to measuring autophagy in 
humans (30).

Both traumatic and non-traumatic insults to brain can trigger 
mechanisms of ongoing neuronal destruction that are inherently 
immunological, as microglial cells phagocytize live but marginally 
functioning neurons (31). Details of the signaling mechanisms 
that instigate this process have been described by Fricker et al. 
(32) and by Neher et al. (33), cited in Galloway et al. (34).

Neuron – microglial signaling can be influenced by 
neuroinflammation, metabolic impairment, and microglial 
activation. In cases involving autoimmune processes, the 
clinical outcome also depends on appropriate ongoing immune 
modulation. In cases involving an infectious etiology, maintenance 
of a non-infected status may be crucial to favorable patient outcome. 
These processes are themselves influenced by a group of known 
comorbidities, whose biological influences have been described.

It is this author’s contention that, in a clinical setting, knowing 
how comorbidities that affect neuron-microglial signaling can 
influence patient biology may create the potential for clinical 
advantage in patients with neuropsychiatric disorders, through 
clinical attention to seemingly disparate factors like exercise, 
reducing inflammation, neurotransmitter (NT) support, stress 
reduction, and inhibition of autoimmune attack of self-tissue. 
While these clinical interventions involve many complex factors, 
they share an influence on the fundamentally convergent core 
mechanisms governing neuron-microglial interaction, some by 

supporting intact neuronal metabolism in support of adequate 
neuronal firing rate (frequency of action potentials) and NT release 
(exercise, NT support, glycemic control, oxygenation, etc.), some 
by reducing neuroinflammation (stress reduction, elimination 
of infection, etc.), some by other mechanisms. Understanding 
the details of neuron-microglial interactions may be of use in 
identifying specific factors involved in a given patient’s case and 
matching clinical interventions to specific targets that appear 
to be involved in dysregulating neuron-microglial interaction. 
This may help sharpen efforts to help patients with difficult 
neuroimmunological disorders, for whom prognosis is often 
suboptimal.

NEURON-MICROGLIAL INTERACTIONS IN 
THE HEALTHY BRAIN

Many studies acknowledge the role of neuroinflammation as a causal 
factor in the biology of depression (5–11). Neuroinflammation 
has profound effects on neuron - microglial interactions. To 
better understand the clinical implications of neuron - microglial 
interactions and their application in neuropsychiatric disorders, 
we discuss here the biology of neuron - microglial interactions and 
the factors affecting these interactions that can be influenced in the 
clinical setting.

The origin and development of microglia have been reviewed 
in detail by Ginhoux et al. (35). Microglial cells are specialized 
macrophages (36). They are the predominant immune cells in 
the healthy brain (37). They arise from CD45+ bone marrow 
precursors that colonize the fetal brain, where they migrate from 
the periphery during fetal development. Parenchymal microglia 
are uncommitted myeloid progenitors of immature dendritic cells 
and macrophages (38). Once established in the CNS parenchyma, 
microglia are sustained by proliferation of resident progenitors, 
independent of blood cells (39). It has been estimated that 13% 
of the CNS white matter consists of microglial cells (40). The 
functional plasticity of microglial cells that allows them to carry 
out a broad repertoire of activities has been reviewed by Gomez-
Nicola and Perry (41). Microglia perform continuous surveillance 
on neurons (34, 35, 42, 43). The pruning of synapses by microglia 
is an essential part of normal brain development (44).

Normal pruning of synapses during brain development involves 
the elimination of excess or inappropriate neuronal connections, 
in support of a properly organized brain (44). In adulthood, 
synaptic pruning is part of the neural plasticity involved in 
learning (45). Galván describes the synaptic pruning that occurs in 
brain development and that of adults as occurring on a continuum 
(45). These are normal processes, in contrast with the excessive 
microglial phagocytosis of live neurons that is a primary effect 
of the altered neuron-microglial signaling with which this paper 
chiefly concerns itself (31).

Errors yielding excessive or deficient synaptic pruning 
during childhood brain development have been associated 
with neurodevelopmental disorders, including autism, epilepsy, 
and schizophrenia (46). Stress and its potential to induce 
neuroinflammation has been discussed by O’Connor, et al, 
as playing a potentially damaging role in brain development, 
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increasing susceptibility to behavioral disorders in the pediatric 
population (47). Kariuki et al. have shown that infection early in 
life is associated with impairment of multiple aspects of childhood 
development (48). A meta-analysis by Khandaker et al. has 
shown an association between childhood CNS viral infection 
and later development of schizophrenia, which they describe 
as involving either direct pathogen influences or influences of 
the inflammatory process associated with the infection (49). 
Miller et al. have shown an association between dyslexia, a 
developmental disorder, and later development of some variants 
of progressive aphasia, a form of dementia (50). Neurons are 
also continuously lost in the healthy adult brain. Among several 
functions provided by microglial surveillance is the elimination 
by phagocytosis of the apoptotic bodies of these dead and dying 
neurons. Sowell et al. state that “A decline in gray matter volume is 
prominent between adulthood and old age, whereas white matter 
volume increases between 19 and 40 years, after which it steadily 
declines” [Ref. (51), citing Refs. (52–54)]. The normal process of 
neuronal loss thus presents a requirement for phagocytosis and 
clearance of apoptotic neurons by microglia, so that the neurons 
do not progress into secondary necrosis, a state that is highly 
inflammatory (55). Just as stone is removed during the creation 
of a sculpture, the daily loss of neurons during brain development 
is a normal function, leading to the emergence of the healthy 
adult brain. This pattern of neuronal loss continues in the adult. If 
the rate of neuronal loss is modest, the adult brain can maintain 
healthy function.

However, at any age, microglial morphology can change, 
disrupting the healthy homeostatic balance between neurons 
and microglia, and leading to excessive neuroinflammation, 
triggering or promoting the progression of neuronal loss and brain-
based autoimmune processes such as MS, PD, dementia, PANS/
PANDAS, and chronic traumatic encephalopathy (CTE) (56–60).

The Error Rate
There are billions of neurons in the brain, and a comparable 
number of microglial cells (61, 62). Microglia perform continuous 
surveillance on neurons (34, 35, 42, 43). Using in vivo two-photon 
imaging of the neocortex, Nimmerjahn et al. (43), observed that 
“microglial cells are highly active in their presumed resting state, 
continually surveying their microenvironment with extremely 
motile processes and protrusions.” Kierdorf, describing both 
Nimmerjahn (43) and another two photon imaging study by 
Davalos et al. (63), states that, “two-photon microscopy imaging 
revealed a strict territorial organization of microglia in vivo… 
the processes of each microglial cell are highly dynamic, and 
retract and extend to sample the surrounding CNS. The sampling 
is highly random and has a high turnover rate, such that each 
microglia can sample the CNS parenchyma once in a few hours.”

The presence of billions of neurons, a comparable number of 
microglia, and the observation that microglia are “continually 
surveying” neurons, with microglia surveying the CNS parenchyma 
once in a few hours, suggests a number of surveillance events per 
day that is also in the billions.

In each of these surveillance events, a microglial cell senses 
a neuron via multiple signals. The microglial cell will either 
phagocytize or be inhibited from phagocytizing the neuron, 

based on the balance of these activating and inhibiting signals 
(32–34, 63–65). As Brown and Neher have described, microglial 
cells can incorrectly phagocytize “stressed but viable neurons,” 
an event they have termed “phagoptosis,” citing evidence that 
suggests phagoptosis can contribute to neuronal loss during brain 
development, inflammation, ischemia and neurodegeneration. 
The number of times that microglial cells commit these errors in 
phagocytic execution is a function of all of the inputs that determine 
the extent of phagoptosis. The higher the error rate, the more 
live neurons are inappropriately phagocytized, yielding a greater 
expression of dysfunction [reviewed by Brown and Neher (31)]. 
In some patients, this may be expressed as neuronal loss leading to 
dementia, CTE, or other inflammatory disorders. In other patients, 
the chief feature may be an expression of autoimmune process, 
discussed below. In either case, the expression of dysfunction 
centers on the change in neuron-microglial interaction, the 
change in microglial morphology, and the interactions of these 
two processes.

BIOLOGY OF NEURON-MICROGLIAL 
INTERACTIONS

Neuron-microglial interaction is bidirectional and involves two 
key mechanisms. The first is the set of factors driven by neuronal 
membrane bound factors like phosphatidyl-serine (PS) and 
substances released by neurons, like cytokines, neurotransmitters, 
and other immunological factors. These factors determine the 
extent of microglial phagocytosis of neurons and determine 
other features of microglial morphology.

The second key mechanism regulated via neuron-microglial 
interaction is the expression of major histocompatibility 
complex II (MHC-II) on the surface of microglia. This step 
enables microglia to function as antigen-presenting cells (APCs) 
and potentially activate T cell immunity. In the normal brain, 
microglia induce apoptosis (programmed cell death) in T cells 
that enter the brain, via ligation of CD95, aka FAS (FS-7-associated 
surface antigen) (66).

Macrophages are capable of substantial plasticity and can 
change their physiology in response to environmental cues, 
yielding populations of cells with distinct functions, which can 
promote or suppress inflammation (36). Of particular interest 
is the transformation of a microglial cell from a phagocytic 
macrophage morphology to an APC morphology. Antigen 
presentation capability in the brain is provided by microglial 
cells, not by the dendritic cells that serve this function in the 
periphery (40). This capability is necessary for proper immune 
surveillance against pathogenic organisms in the brain. However, 
if the microglial cell presents fragments of neuronal debris 
as antigen to T cells that have invaded the brain, autoimmune 
process in the brain can be initiated or promoted.

Microglia in the Healthy Brain
In the healthy brain, microglial cells phagocytize apoptotic neurons 
and prune synapses of live neurons in a way that promotes neuronal 
function and brain health (31). As is the case with macrophage 
phagocytosis of apoptotic cells in the periphery, phagocytosis of 
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apoptotic neurons by microglia yields production and secretion of 
anti-inflammatory cytokines that are released into the local brain 
parenchyma (66). During neuronal repair, phagocytic microglia 
clean up debris from injured neurites and secrete neurotrophic 
substances, such as brain derived neurotrophic factor (BDNF), to 
enhance repair (67). Ayata et al. have recently found evidence 
that the polycomb repressive complex 2 (PRC2) epigenetically 
restricts the expression of genes that support microglial clearance 
of neurons in the striatum and cortex (68). Brown and Neher point 
out that the healthy brain is relatively free of invading T cells, which 
are kept out of the brain by the intact blood brain barrier (BBB). 
Brain inflammation, which occurs behind the BBB, therefore differs 
from inflammation in the periphery by the relative absence of 
leukocytes (including neutrophils, monocytes, B cells, and T cells) 
and antibodies (37).

In addition to the maintenance of a healthy non-inflammatory 
brain parenchymal environment, glial cells, along with neurons, 
express cellular death signals including CD95Fas/CD95L (aka 
FasL), tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL) and TNF receptor (TNFR). These cellular death signals 
trigger apoptosis of T cells and other infiltrating cells (66). In 
the healthy brain, microglia and astrocytes also express FasL, 
which also induces apoptosis in T cells that migrate from the 
periphery into the brain (69). Induction of T cell apoptosis is an 
important housekeeping mechanism by which microglial cells 
eliminate invading T cells that could otherwise participate in the 
autoimmune activation processes.

Microglia in the Dysfunctioning Brain
The first activity of microglia that adversely affects neurons 
occurs when microglia are acting as phagocytic cells, engaging 
in inappropriate phagocytosis of neurons. Brown and Neher have 
shown that microglia can execute neuronal death by phagocytizing 
stressed-but-viable neurons, which they have termed “phagoptosis” 
(31). It is noteworthy that mast cell-microglial interactions can play 
an important role in microglial activity. This has been reviewed by 
Skaper et al. (70).

The second activity of microglia that adversely affects neurons 
occurs when microglia act as APCs, presenting neuronal debris as 
antigen to invading T cells. In inflammatory and neurodegenerative 
diseases, including MS, infections, trauma, stroke, neoplasia, and 
Alzheimer’s disease, glial cells such as microglia gain antigen-
presenting capacity through the expression of MHC molecules (71).

Experimental autoimmune encephalomyelitis (EAE) is the 
mouse model used to study MS. In an EAE model, Ponomarev 
et al. found that microglial activation occurred before the onset 
of disease symptoms and infiltration of peripheral myeloid cells 
into the CNS, suggesting that resident glial cells were involved 
in the initiation of disease. They found further that activated 
microglial cells underwent proliferation and up-regulated the 
expression of CD45, MHC-II, CD40, CD86, and the dendritic cell 
marker CD11c. At the peak of EAE disease, activated microglial 
cells comprised 37% of the total macrophage and dendritic cell 
populations and co-localized with infiltrating leukocytes in 
inflammatory lesions (72).

MHC-II, CD40, and CD86 are all required for antigen 
presentation and co-activation in the signaling between microglial 

cells and T cells. Expression of these markers and of the dendritic 
cell marker CD11c, clearly demonstrates the shift in microglial 
morphology to a dendritic-cell-like APC morphology, in which 
presentation of neuronal debris as antigen can trigger or promote 
brain-based autoimmunity. Co-localization of invading T cells with 
microglia is a hallmark of microglial APC behavior (40). An antigen 
presentation capacity is necessary to the clearance of pathogens 
from the brain, and experimental inhibition of these functions yields 
catastrophic effects in animal models (73). Nonetheless, imbalance 
in this mechanism can yield up-regulation of neuro-autoimmunity 
(see Table 1).

Mechanisms of Neuron-Microglial 
Regulation
The key feature of healthy neuron microglial homeostasis is 
that microglial cells correctly identify and phagocytize only 
the neurons going through normal, apoptotic cell death. Viable 
neurons are left alone or repaired if necessary. Apoptosis of dying 
neurons is non-inflammatory (74).

In the healthy brain, regulation of this process is accomplished 
by signals produced by neurons that affect microglial cell behavior. 
However, changes in either neurological or immunological factors 
can disrupt this homeostasis.

Neural Self-Control
Neurons control the behavior of microglial cells through a repertoire 
of signals, some membrane bound and some released into the 
surrounding environment. At the center of this moving multi-
variable equation is phosphatidylserine (PS). PS in the normal cell 
sits on the inner wall of the cell membrane. When the cell undergoes 
apoptosis, PS is flipped to the outer cell membrane, where it is visible 
to other cells (32–34, 63, 65). This change signals macrophages that 
the cell is undergoing apoptosis, and is a candidate for phagocytosis 
by the macrophage. Throughout the body, macrophages perform 
surveillance on cells in the surrounding environment by palpating 
them. This is true of microglial surveillance of neurons as well. 
When neurons flip PS to their outer membrane, where it is then 
encountered via microglial cell palpation, the microglial cell is 
triggered to phagocytize the neuron. PS is normally confined to 
the inner cell membrane in intact neurons because the neurons 
continuously move it from the outer to the inner membrane using 
a group of phosphatidylserine translocases, which have been 
identified as the type 4 P-type ATPases (31).

In addition to PS and factors related to its recognition, other 
signal molecules affect neuron-microglial interaction. Biber 
et al. describe neuronal “Off ” signals that keep microglia in their 

TABLE 1 | Microglial functions in the inflamed and non-inflamed brain.

Normal non-inflamed brain Inflamed brain

Housekeeping microglial functions Potentially problematic microglial 
functions

• Repair damaged neurons
• Phagocytize apoptotic neurons
• Inhibit inflammation
• Induce apoptosis in invading 

T cells

• Phagocytize live but impaired neurons
• Express MHC II
• Present fragments of neuronal 

debris to invading T cells
• Promote autoimmune process in brain
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resting  state and reduce pro-inflammatory activity, and “On” 
signals that are inducible, including purines, chemokines, and 
glutamate. Thus, Biber et al. describe neurons as key immune 
modulators in the brain (64).

Microglial uptake of pathogen associated molecular patterns 
(PAMPs) from pathogens in the brain or damage associated 
molecular patterns (DAMPs) from neuronal debris contributes to 
NFκB activation. Simultaneous activation of phagocyte NADPH 
oxidase (PHOX) and inducible nitric oxide synthase (iNOS) in 
microglia resulted in the disappearance of nitric oxide (NO), 
appearance of peroxynitrite and apoptosis. However, the chronic 
state of activation may progress to “resolution phase” where 
microglia are amoeboid, highly phagocytic, and produce anti-
inflammatory cytokines (including IL-10 and TGFβ) in order to 
resolve the inflammation and clear up the debris (36).

In a healthy brain, the interplay of neurons and microglia is 
balanced. Healthy, viable neurons produce adequate “OFF” signals 
to repel microglial phagocytic interest. These include TGFβ, 
which inhibits effector T cell activation, neurotransmitters, 
which constitute a signal that a neuron is active, BDNF and 
other trophic factors, as well as factors that inhibit microglial 
inflammation and neurotoxicity. Neurons undergoing apoptosis 
in the normal brain produce “ON” signals, attracting microglial 
cells and promoting phagocytosis of the apoptotic neurons. 
These include glutamate that drives tumor necrosis factor 
alpha (TNFα) release and neuroexcitotoxicity, microglial 
chemoattractants like CCL21 and CXCL10, ATP that promotes 
chemoattraction and interleukin-1β (IL-1β) release, and others. 
When microglia phagocytize apoptotic neurons, they secrete 
TGFβ, which promotes a tolerogenic, anti-inflammatory tissue 
environment (74).

Normally, the non-phlogistic (non-inflammatory) microglial 
phagocytosis of apoptotic neurons involves engulfment and 
digestion of the neuron without release of additional neuronal 
debris into the tissue environment. The microglial cell produces 
anti-inflammatory cytokines that shift the surrounding tissue 
toward resolution of inflammation. If instead the neuron undergoes 
primary necrosis through direct or indirect trauma, or exposure to 
a pathogen or toxin, its death releases cell fragments and cytosolic 
contents into the tissue environment. The extracellular appearance 
of ATP and other intracellular contents triggers a pro-inflammatory 
response in surrounding microglia. In addition, incompletely 
digested/disassembled neuronal debris can be taken up by 
microglia and presented as antigen to invading T cells, promoting 
brain-based autoimmunity.

FACTORS AFFECTING THE 
BIOCHEMISTRY OF “ON” AND “OFF” 
SIGNALING IN NEURONS  
AND MICROGLIA

Each of the factors described in this section affect the biochemistry of 
“On” and “Off” signaling through impacts on the underlying biology 
of neurons and microglial cells, shifting the function of neurons or 
microglia in a way that alters the overall sum of influences.

Changes Affecting Outer Membrane PS 
Expression
Brown and Neher (31) describe several factors that can drive 
PS exposure, promoting apoptosis of neurons by microglia. 
These include ATP depletion, inhibition of phosphatidylserine 
translocases by oxidative stress, and increased calcium levels. 
All three of these conditions are commonly found in the clinical 
setting, including in patients with neuropsychiatric issues arising 
from head trauma, chronic neuroinflammation, or autoimmune 
disorders affecting brain. These biological processes represent 
potentially modifiable treatment targets.

Brown and Neher go on to assert that reversible 
phosphatidylserine exposure can occur in stressed-but-viable 
neurons as a result of non-toxic levels of glutamate, oxidative 
stress, or growth-factor withdrawal (31).

Brown and Neher state that phagocytosis of neurons with 
exposed phosphatidylserine can be mediated via several microglial 
receptors and opsonins, some of which are strongly upregulated by 
inflammation (31). This suggests again that modulation of brain 
inflammation represents a potentially modifiable treatment target. 
Brown and Neher state that, “…during inflammation, microglia 
and astrocytes release increased amounts of milk fat globule EGF 
factor 8 (MFG-E8; also known as lactadherin or SED1), which 
tightly binds to exposed phosphatidylserine through its C1 and 
C2 domains and to microglial vitronectin receptors (VNRs)—
αvβ3 or αvβ5 integrins—through an RGD motif. The resulting 
activation of VNRs induces phagocytosis by activating a CRKII– 
DOCK180–RAC1 signaling pathway that causes remodeling of the 
microglial actin cytoskeleton.” They further state that, “On neurons, 
calreticulin exposure promotes their phagocytosis by binding 
to microglial low-density lipoprotein receptor-related protein 
(LRP), probably in association with other signals. In addition, the 
complement components C1q and C3, which are produced by 
microglia and astrocytes, may induce phagocytosis by binding to 
altered neuronal surfaces” (31).

Lunnon et al. have shown that systemic inflammation upregulates 
Fc receptors, including activating FcγRIII and FcγRIV, but not the 
inhibitory FcγRII. They conclude that, “systemic inflammation 
during chronic neurodegeneration increases the expression levels 
of activating FcγR on microglia and thereby lowers the signaling 
threshold for Ab-mediated cell activation” (75).

Huizinga et al. have shown that, in MS, fragments of axonal 
debris are taken up by microglial cells and degraded, a process 
that appears to support neuronal debris clearance, but that the 
authors describe as potentially playing a role in augmenting 
autoimmunity to neuronal antigens (76).

Changes in Neuronal Metabolic Integrity 
Affecting Multiple Factors
Mitochondrial ATP production stands at the center of cellular 
function in all cells, including neurons. The success of the neuron 
in carrying out ATP production determines the success of all 
other cellular functions. If the neuron cannot produce ATP, it 
cannot continue to pump PS from its outer membrane to its 
inner membrane; nor can it produce adequate neurotransmitters, 
growth factors, or other “OFF” signals. If this occurs, the likelihood 
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of apoptosis of live but metabolically compromised neurons is 
increased. This may increase the rate of phagocytosis errors, 
favoring more frequent microglial phagocytosis of live neurons 
whose ATP production is compromised (31).

Inflammation, oxidative stress, and persistently excessive 
production of epinephrine associated with stress have all been 
shown to be associated with mitochondrial dysfunction (77–79).

At the simplest level, neurons require stimulation, oxygen, 
and glucose. Impairment of any of these functions will diminish 
metabolic integrity.

Adequate glucose is required for the normal function of all 
cells, including neurons. Glycemic dysregulation in diabetes, 
hypoglycemia, insulin resistance and other such conditions can 
impair systemic and consequently CNS glucose levels. Many diabetic 
patients also have microcirculatory problems, compounding blood 
glucose issues with poor circulatory delivery of oxygen and glucose.

Likewise, CNS oxygen levels can be impaired by respiratory 
disorders like asthma and COPD, by cerebrovascular disorders, 
or by systemic microcirculatory disorders that also affect brain.

Fumagalli et al. reviewed changes that occur with hypoperfusion 
in the brain, such as can occur with stroke or TIA, leading to 
hypoxia, which causes excitotoxicity, oxidative stress, BBB 
dysfunction, microvascular injury, hemostatic activation, post-
ischemic inflammation and neuronal death. Fumagalli et al. go 
on to say that these events contribute to changing the ischemic 

environment over time and, consequently, the behavior of microglia 
and macrophages (80).

Changes Driving Brain Inflammation
Brain inflammation differs from inflammation in the periphery 
because of the relative absence of leukocytes and antibodies. 
There is a limited traffic across the BBB and this traffic can be 
increased by inflammation, which can recruit leukocytes into the 
brain (36).

As discussed, brain inflammation induces unfavorable changes 
to microglial morphology, yielding a state in which microglia 
phagocytize viable neurons, express MHC-II, and present fragments 
of neuronal debris to T cells instead of inducing the T cells to 
undergo apoptosis. This is in contrast to the normal brain, in 
which microglia induce apoptosis of invading T cells via FAS/FASL 
interactions (66). The result of the inflammation-induced shift in 
microglial morphology and behavior can be excessive neuronal loss 
and upregulation of brain autoimmunity (66) (see Figure 1).

Inflammation also causes impaired neuronal metabolic 
integrity. It is noteworthy that TNFα and IL-1β, two important 
“ON” signals, are both primary pro-inflammatory cytokines that 
are upregulated in the context of brain inflammation. The theme 
of neuroinflammation driving deleterious effects in brain suggests 
the importance of identifying and addressing causes of brain 
inflammation in the clinical setting.

FIGURE 1 | Impact of neuronal CIS and inflammation on microglial function. A host of inputs determine both the central integrative state (CIS) of neurons and the 
extent of neuroinflammation (see text). These two factors determine whether the neuronal firing rate (frequency of action potentials) will be rapid enough to generate 
the electrical activity necessary to inhibit microglial expression of major histocompatibility complex II (MHC-II) on their cell membranes. If neuronal electrical activity is 
adequate, microglial expression of MHC-II will be inhibited, and microglia will be prevented from presenting antigen to T cells. Instead, microglia will be kept in their 
resting/ramified state, in which they induce apoptosis in T cells that enter the brain, via FAS/FASL interactions. This diminishes the risk of expression of autoimmune 
process in the brain. If neuronal signaling is inadequate, or if neuroinflammation is increased, it becomes more likely that microglia will express MHC-II and will 
perform antigen presentation of neuronal debris to the T cell receptors (TCR) of invading T cells. This increases the risk of developing autoimmune process with 
neuronal tissue as the target of the autoimmune process.
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One of the primary drivers of brain inflammation is body 
inflammation (81). Increases in pro-inflammatory cytokines 
in the periphery yield upregulation of brain inflammation and 
potentiate neuronal death (71, 82–84). Systemic IL-1β can 
cause CNS inflammation once it enters the brain, thus linking 
systemic inflammation and immune activation with brain 
inflammation (56).

Perry et al. state that microglial phenotype is modified by 
systemic infection or inflammation. They go on to say that the fact 
that diseases with a chronic systemic inflammatory component 
are risk factors for AD implies that crosstalk occurs between 
systemic inflammation and microglia in the CNS (85). AD 
risk has been shown to be increased in patients with metabolic 
syndrome and adiposity (86), decreased diversity of the intestinal 
microbiome (87), periodontal disease (88), infection (89), and 
vascular risk factors like type 2 diabetes, smoking, hypertension 
and heart disease (90), and stroke (91).

With regard to arthritides, Fusco et al. have reviewed 
contributions to neuroinflammation from osteoarthritis and 
rheumatoid arthritis (RA), suggesting contributions from both 
via upregulation of IL-1β and mast cell mediated microglial 
activation (92). In patients with RA, neuroinflammation, and AD, 
Schrepf et al. using multimodal MRI, have demonstrated patterns 
of CNS connectivity that predicted fatigue, pain and cognitive 
dysfunction during phases of RA flare (93). Chou et al. in a case 
control trial of 8.5 million patient records from the US, Puerto 
Rico, and the USVI, found that AD was more prevalent among 
RA patients (0.79%) than among those without RA (0.11%), that 
relative AD risk was increased by the presence of comorbidities 
like diabetes and peripheral vascular disease, and that relative 
AD risk was lowered by etanercept, but not by the other anti-
TNF agents studied or other immunosuppressive medications 
(94). Cao et al. analyzing a Taiwanese patient database, found an 
inverse association between prior RA and AD (95). Contrastingly, 
Policicchio et al. in a meta-analysis and Mendelian randomization 
study, found that an apparent inverse correlation between RA 
and AD identified in previous studies is not causal (96). Cai et al. 
analyzing a large GWAS dataset of patients of European descent, 
also found no association between RA and AD (97).

van Langenberg et al. in a human trial, found that patients 
with Crohn’s disease had cognitive impairment attributable 
to systemic inflammation (98). McCaulley and Grush have 
reviewed evidence for the clinical utility of TNFα inhibitors in 
AD, noting that etanercept has shown a clinical benefit. They 
point out that etanercept has not shown benefit in inflammatory 
bowel disease (99).

Ajami et al. describe two distinct pools of monocytic cells in 
MS and EAE: infiltrating monocytes and resident microglial cells. 
They observed a strong correlation between monocyte infiltration 
from the periphery into the brain and progression to the paralytic 
stage of EAE. They go on to state that increases in circulating 
inflammatory monocytes have been shown to correlate with 
relapses in EAE mice (100).

Lipopolysaccharide (LPS), aka endotoxin, is a PAMP found in 
the outer membrane of gram-negative bacteria that is a known B 
cell mitogen. Increasing the peripheral LPS level can induce the 
activation of central pro-inflammatory mechanisms, even when 

the amount of LPS used for stimulation is minimal or when the 
peripheral inflammatory cytokine levels are suppressed artificially. 
Both central and peripheral inflammation can exacerbate local 
brain inflammation and neuronal death (101).

Rivest (73) citing others (102–105) observed “a single systemic 
injection of LPS (1 mg/kg intraperitoneally) results in the robust 
induction of expression in microglial cells of genes that encode 
pro-inflammatory cytokines and chemokines, as well as proteins of 
the complement system” (73). This suggests that a bodily infection 
with gram negative bacteria can drive brain inflammation (73).

Other authors have also discussed the impact of factors involved 
in systemic inflammation on CNS inflammation. LaFlamme et al. 
(106) showed that, in a mouse model of sterile inflammation but not 
in endotoxemia, IL-1β is necessary for the activation of NF-kappaB 
and prostaglandins in the endothelial cells of the BBB.

Varatharaj and Galea (107) have reviewed mechanisms by 
which both sterile and infectious systemic inflammation can affect 
the BBB, with inflammatory consequences in the CNS, reflected 
in sickness behavior and other factors. They describe a heightened 
sensitivity of the diseased BBB to systemic inflammation, and 
a greater progression of AD and MS in patients with systemic 
inflammation. Kuhlmann et al. have described mechanisms by 
which c-reactive protein (CRP) promotes degradation of BBB 
integrity (108), though mention of CRP is notably absent in 
Varatharaj and Galea (107). Sproston and Ashworth, describe 
CRP as associated with both inflammation and infection (109).

Banks et al. have discussed the transport of IL-1β, a microglial 
“ON” signaling molecule, across the BBB in sickness behavior 
(110). Lin et al. (111) showed in a human trial that increased 
serum oxidative stress was associated with declined perceptual 
functioning in patients with PD. A meta-analysis by Peng et al. 
(112) found that post-operative cognitive dysfunction was 
correlated with the concentrations of peripheral inflammatory 
markers, particularly interleukin-6 and S-100β.

Denes et al. (113) in a mouse middle cerebral artery occlusion 
(MCAo) model of stroke, found that both LPS and anaphylaxis 
(induced by ovalbumin exposure in sensitized mice) induced 
inflammatory changes in the blood and in the brain prior to 
induction of stroke. After MCAo, both LPS and anaphylaxis 
increased microglial interleukin-1a (IL-1a) expression and blood-
brain barrier breakdown, with profound impairment of survival in 
the first 24 h after stroke in the presence of systemic inflammatory 
challenges. They concluded that these finding “suggest that 
systemic inflammatory conditions induce cerebrovascular 
inflammation,” and that “increased brain inflammation, BBB 
injury and brain edema formation can be major contributors to 
impaired outcome in mice after experimental stroke with systemic 
inflammatory stimuli, independently of infarct size.”

Taken together, the work of these authors suggests a connection 
between factors contributing to systemic inflammation and the 
promotion of neuroinflammation. In the clinical setting, targeting 
biological factors outside the CNS that have been shown to upregulate 
neuroinflammation may present an opportunity to influence 
outcomes in cases involving neuroinflammation. Particularly 
in cases where other approaches have not yielded improvement, 
further study of a clinical inventory of factors that have the potential 
to impact systemic inflammation may be warranted.
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Infection (73, 114, 115), stress and depression (6, 116–118), 
altered microbiota (120) and other forms of digestive dysregulation 
(119–122), dysglycemia, insulin resistance, and obesity (123–126), 
tissue hypoxia [80, 127 (review), 128, 129], poor diet (130–134), 
lack of exercise (135–139), environmental or other toxic exposure 
(140–144), and autoimmune processes (145, 146) are all potential 
drivers of body inflammation. As such, these factors may be 
worthy of attention in patients with neuropsychiatric disorders 
associated with neuroinflammation, patients with head trauma, 
neuroinflammation, or any condition known to be worsened by 
neuroinflammation and changes in microglial activation, including 
PD, AD or other dementias, ALS, MS, and PANS/PANDAS.

Bredesen et al. report significant reversal of cognitive decline, 
including some patients who returned to work, in a series of 
patients diagnosed with AD, assessed via quantitative MRI 
and neuropsychological testing. The approach, described as 
personalized rather than monotherapeutic, focused on identifying 
and modifying factors like neuroinflammation, infection, oxidative 
stress, dysglycemia, hypoxia and poor diet (147). The effect of the 
MS medication glatiramer acetate is partly attributed to its ability 
to modify microglial morphology and the resulting impacts on 
neuron-microglial interactions (148). Feinstein et al. have reviewed 
treatment approaches focused on restoration of noradrenaline to 
influence both neurons and microglia (149). Other human studies 
(150–153) and reviews (154–156) have described improvements in 
neurological function using clinical approaches that target oxidative 
stress, BDNF, and neuroinflammation. Regarding biomarkers, 
Hirad et al. have demonstrated that reduced midbrain white matter 
integrity, demonstrated on MRI, correlates with post-concussion 
deficit severity and with serum tau levels, a marker of blood-
brain barrier disruption (157). Strawbridge, et al, have reviewed 
biomarkers of depression (158). Though some biomarkers related 
to neuron-microglial signaling, such as serum TGF beta, IL-6 or 
TNFα levels, or the extent of midbrain white matter loss observed 
on MRI, are obtainable in a clinical setting, most of the markers 
involved in direct measurement of the mechanisms described 
in research on neuron-microglial signaling interactions are not 
available to the clinician.

It is noteworthy that there are also mechanisms by which 
disorders whose primary locus of dysfunction is in the CNS 
can impact systemic inflammation, such that the arrow of 
causation does not always point from the periphery to the CNS. 
For example, efferent neuronal signaling from the dorsal motor 
nucleus (DMN) of the vagus nerve is known to inhibit sympathetic 
outflow (159) and to inhibit the production of inflammatory 
cytokines in the spleen (TNFα), liver (IL-6), and small intestine 
(TNFα) (160–162). Support for vagus nerve motor activity has 
been shown to inhibit kidney damage in an ischemia-reperfusion 
model (163). Any CNS disorder that involves diminished DMN 
signaling thus has the potential to influence the patient toward 
increased systemic inflammation.

MICROGLIAL PRIMING

The pattern of inflammatory activation of microglia has been 
referred to as microglial priming. The hallmark of primed 

microglia is a shift from the resting or ramified state to one 
in which they swell and fill with pro-inflammatory cytokines 
(55, 67, 164, 165). Priming can be induced by aging, trauma, 
infection, or other stimuli. Microglia can remain in the 
primed state for long periods of time, without returning to the 
ramified state, but without releasing their bolus of cytokines. 
In a clinical setting, the concern is that any new trauma or 
insult introduced into a brain containing primed microglia 
will result in a flooding release of pro-inflammatory cytokines 
that can be damaging to the brain (55, 67, 164, 165). The first 
injury shifts microglia into the primed state. When the second 
TBI or non-traumatic brain insult occurs, the microglia 
release a flood of pro-inflammatory cytokines, yielding 
more deleterious effects. This is the basis for the common 
observation that a second or subsequent traumatic brain 
injury often yields more serious consequences and carries the 
potential for a poorer prognosis.

Since systemic inflammation can drive brain inflammation, 
factors capable of driving body inflammation predispose the 
microglia to a shift into the primed state. If body inflammation 
and thus brain inflammation is already present at the time 
of a new brain insult, whether that new insult is a TBI, or 
a biochemical insult associated with autoimmune process, 
metabolic insult, infection, or other factors, the prognosis is 
likely to be worse.

This suggests that, for individuals already affected by 
neuropsychiatric disorders, neuro-autoimmunity, or an existing 
head trauma, there may be utility in taking steps to prevent 
systemic and neuroinflammation, oxidative stress, loss of 
metabolic integrity, and related factors, with the twin goals of 
diminishing existing neuronal impairment and protecting against 
the eventuality of additional insults.

It is especially noteworthy that a new brain insult can 
result from causes other than trauma. As referenced above, 
upregulation of inflammation can occur from a new infection 
in the body, an upsurge of stress due to a change in life 
circumstance, overtraining syndrome, glycemic dysregulation, 
immunological reactions to environmental factors like 
chemicals, pollens, pollutants or other antigenic burdens, or 
a host of other instigating factors. Any of these factors, if they 
induce neuroinflammation and affect microglial function 
sufficiently, can instigate a flooding release of inflammatory 
mediators into the brain parenchyma, resulting in a worsening 
of symptoms. Introduction of any of these comorbidities can 
change the ongoing equation in the brain in a way that can tip 
the balance of neuron-microglial interaction toward a higher 
error rate or, in more severe cases, constitute a biological second 
hit. This “two hit” or “multiple hit” theory has been described in 
TBI (67, 166, 167) and in non-traumatic forms of brain insult, 
including aging (164, 167), neurodegenerative diseases (167–
170), and perinatal white matter injury (171).

Thus, clinical measures taken to reduce systemic inflammation 
accomplish the triple agenda of reducing current impairment, 
reducing the potential effect of a second hit from actual trauma 
(like head banging in autism or sport-related impact), and 
reducing the risk of a second hit effect occurring from a non-
traumatic pro-inflammatory insult.
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ELECTRICAL CELL-SIGNALING EFFECTS

The Role of Neuronal Electrical Activity 
in Maintenance of Neuron-Microglial 
Homeostasis
Microglial antigen presentation capability depends on microglial 
MHC-II expression. As Neumann points out; the electrical activity 
of healthy neurons suppresses MHC-II expression in surrounding 
glial cells. Hence, the antigen presentation process that leads to 
autoimmunity is counter-regulated in intact CNS areas by the 
electrical activity of neurons (101). Similarly, Grieb et al. observed 
that when high frequency electrical stimulation was applied to the 
subthalamic nucleus of freely moving animals, gene enrichment 
analysis showed the strongest regulation occurred in MHC-
encoding genes (172).

The repertoire of neuronal control mechanisms regulating 
microglial function thus includes both biochemical factors 
(neurotransmitters and other “Off ” signals produced as a 
consequence of normal neurotransmission) and neuronal-firing- 
rate-dependent electrical inhibition of microglial MHC-II expression.

This implies that there are two distinct immune consequences 
to reductions in neuronal firing rate. These are: diminished 
production of NT’s and other “OFF” signals, and a reduction in 
electrical activity that allows greater microglial MHC-II expression. 
The microglia in this situation are not adequately inhibited from 
phagocytizing live neurons (31, 64), nor are they adequately 
inhibited from functioning as APCs (101, 172).

The capacity of neurons to maintain robust firing rate depends 
in large part on two factors. The first, metabolic integrity of the 
neuron (the neuron as a cell) is discussed above. The second is the 
central integrative state (CIS) of the neuron, which depends on 
the sum of its excitatory and inhibitory presynaptic stimuli. CIS 
is the sum of all activity within the neuron, partly resulting from 
external forces and synaptic signaling. CIS can be summarized 
as the combination of two factors: how close the neuron is to the 
firing threshold and how much metabolic integrity the neuron 
has, with which to maintain firing before fatigue.

Loss of neuronal firing rate will at some point yield a loss 
of the neuron’s ability to generate enough electrical activity to 
adequately inhibit microglial MHC-II expression in microglial 
cells affected by that neuron’s contribution to the electrical 
environment within the local brain parenchyma. This can occur 
as a consequence of impaired neuronal metabolic integrity, such 
that the neuron cannot generate enough ATP to sustain its firing 
rate. Or this can occur through direct neuronal injury, as with a 
TBI, or with diminished presynaptic stimulation from whatever 
area of the brain normally fires into the neuronal pool in question.

Afferent stimulation from the body to the brain plays a 
significant role in the maintenance of the CIS of CNS neurons. Thus, 
factors like lack of exercise, destruction of joint mechanoreceptors 
in arthritic conditions, poor muscular tone, diminished rib 
movement with respiratory disorders and other such changes 
can alter the neurosensory environment, altering the CIS of 
neurons. This process of reduced CIS in initially uninjured brain 
areas due to processes conceptually similar to dysafferentation or 
deafferentation coming from truly damaged areas has historically 

been called focal or non-focal diaschisis based on distance and 
connectivity (173, 174). Carrera and Tononi define diaschisis as 
a change in structural and functional connectivity between brain 
areas distant to a lesion (173).

Discrete areas of the brain more affected by these or other 
factors will have relatively greater reductions in the firing rates 
of their neurons, yielding a reduction in electrically mediated 
inhibition of microglial MHC-II expression on the surface of 
microglia doing surveillance on those neurons. Accordingly, 
areas of the brain more affected by factors that lower neuronal 
firing rates will be more vulnerable to the expression of 
autoimmune processes. As Neumann states, “in a variety 
of inflammatory and neurodegenerative diseases, including 
MS, infections, trauma, stroke, neoplasia, and AD, glial cells 
such as microglia gain antigen-presenting capacity through 
the expression of MHC molecules. Further, proinflammatory 
cytokines, such as TNF, IL-1β, and IFNγ, as well as chemokines, 
are synthesized by resident brain cells and T lymphocytes 
invading the affected brain tissue… The pro-inflammatory 
cytokines stimulate microglial MHC expression in the lesioned 
CNS areas only” (71).

MORE INFLAMMATION YIELDS FURTHER 
CONSEQUENCES

The damage to neurons that results from autoimmune attack yields 
the release of pro-inflammatory DAMPS. This yields two effects that 
can be considered as occurring in a second wave of effects:

First, the increased levels of neuroinflammation will include 
increased levels of TNFα and IL-1β. These cytokines are neuronal 
“ON” signals, influencing neuron-microglial signaling in favor 
of the likelihood of additional microglial phagocytosis of live 
neurons (64).

Second, increased inflammation further impairs neuronal 
metabolic integrity, further diminishing the capacity of neuronal 
mitochondria to make ATP, further diminishing the capacity 
of neurons to sustain their firing rates. Loss of neuronal firing 
rates allows further microglial MHC-II expression. While this 
may appear to simply be a restating of the mechanism by which 
new brain autoimmunity can develop (40, 56–60, 71, 72), the 
presence of additional neuronal tissue debris, which can be taken 
up by microglia and presented as antigen, risks the development 
of distinct antibody reactions to new neuronal tissue epitopes, an 
effect known as epitope spreading (175, 176). Munz et al. define 
epitope spreading as, “… a mechanism by which an immune 
response that is initiated by various stimuli, including microbial 
infection, trauma, transplanted tissue or autoimmunity, ‘spreads’ 
to include responses directed against a different portion of the 
same protein (intramolecular spreading) or a different protein 
(intermolecular spreading)” (177).

Thus, the loss of neuronal firing rates, itself a consequence 
of the inflammatory damage that occurs with brain insults, 
predisposes the affected brain areas to the development of new 
microglial antigen presentation events and opportunities for 
either new autoimmune process when the initial brain insult does 
not already involve autoimmunity (177), or epitope spreading 
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and worsening of autoimmune-mediated damage in existing 
autoimmune brain disorders (177) (see Figure 2).

Still More Consequences
When an autoimmune brain disorder, PD or MS, for example, is 
already present, there are two important clinical implications:

First, the introduction of a new event or process that 
increases neuroinflammation can trigger a worsening of the 
pre-existing autoimmune disorder, through both accelerated 
neuronal loss and epitope spreading. This suggests that, in 
cases involving brain based autoimmune diseases, it’s useful 
for clinicians to be particularly persistent in their attention 
to drivers of inflammation, including infection, stress, 
mood issues, digestive dysregulation, dysglycemia, hypoxia, 
dietary factors, immune responses to foods, haptens and 
environmental triggers, and other such factors. Clinical steps 
to mitigate these factors, and their pro-inflammatory effects, 
may be worthy of consideration.

Second, the introduction of either abrupt or evolving 
diaschisis, resulting in loss of neuronal firing rates, might increase 
the risk of further microglial antigen presentation, development 
of epitope spreading, worsening of existing disease, and expansion 
of involvement in areas most affected by the diaschisis  
(see Figure 3).

Clinicians must be alert to changes that might trigger an 
evolving diaschisis. These might include changes in the patient’s 
capacity for voluntary movement, whether driven by pain, 
mechanical restriction, or changes in energy level; changes in 
respiratory patterns, or changes in the character of a tremor. 
Clinical steps to mitigate these factors, and to restore appropriate 
neuronal firing rates and CIS to affected central nervous system 
areas, are worthy of consideration. The proper clinical approach 
would depend upon the individual case. The aim in all cases 
would be to identify the change in afferent barrage to the area of 
diaschisis and to restore normal afferent stimulation to that area, 
with the goal of restoration of the normal central integrative state. 
Examples would include appropriate post-stroke rehabilitation, 
post-concussion rehabilitation, or restoration of afferent barrage 
of a CNS target from a hip, shoulder, or other sensory source 
after an injury or other dysfunctional change has taken place.

FURTHER NEUROIMMUNE TRIGGERS

Pathogens or Damaged Neuronal Debris 
Evoke Excitotoxicity and Neuronal Cell 
Death
Pathogens in tissue create pathogen-associated molecular patterns 
(PAMPs) (178). Damaged tissue creates damage associated molecular 
patterns (DAMPs) (179). As specialized macrophages, microglial 
cell membranes contain pattern recognition receptors (PRRs) that 
sense PAMPS and DAMPS, triggering phagocyte NADPH oxidase 
(PHOX), which turns molecular oxygen into reactive oxygen species 
(ROS). This conversion depletes the tissue of molecular oxygen, 
yielding hypoxia, driving hypoxia inducible factor 1α (HIF-1α). 
Under normal circumstances, HIF-1α induction by hypoxia 
promotes useful effects like the growth of blood vessels in hypoxic 
tissue (180, 181), as well as the activation of neutrophils that have 
migrated into tissue (182). However, HIF-1α also up regulates NFκB 
(182, 183), causing gene expression of IL-1β and TNFα (184). Since 
they are neuronal “ON” signals, increased IL-1β and TNFα promotes 
the activation of microglial phagocytosis of neurons (64). IL-1β and 
TNFα activation also promotes further NFκB upregulation, with 
this loop activation originally described by Barnes and Karin as the 
“amplifying loop” of the inflammatory process (184). NFκB induces 
iNOS expression, yielding abundant nitric oxide (NO) production 
(43). Though NO can be cytoprotective (43), the combination 
of NO and hypoxia impair cellular respiration (43), yielding 
excitotoxicity and resulting neuronal death (185). The formation 
of ROS like singlet oxygen (O2

-) and hydrogen peroxide (H2O2) 
drives microglial activation (43). O2

- and H2O2 in combination 
with NO yields peroxynitrite (ONOO-), driving neuronal apoptotic 
cell death (43). Activated microglia release neurotoxic factors 
like glutamate, TNFα, and FASL, increasing neurotoxicity and 
increasing the likelihood of neuronal cell death (43). Nocella et al. 
have suggested that, in athletes, antioxidant depletion from single 
nucleotide polymorphisms or other factors may have an impact on 
the long-term risk for developing neurodegenerative disease (186) 
(see Figure 4).

Block et al. state that microglial activation can occur 
through recognition of inflammatory signals such as LPS from 

FIGURE 2 | Feedback loop of low neuronal firing rate. When neuronal firing 
rate is diminished, microglial major histocompatibility complex II (MHC-II) 
expression is increased. MHC-II is the cell surface mechanism by which 
microglial cells present fragments of neuronal debris as antigen to T cells. 
Presentation of neuronal debris as antigen increases the likelihood of 
expression of brain autoimmunity, which creates destruction of neurons 
and increases neuroinflammation of those neurons that are not destroyed. 
Neuroinflammation diminishes neuronal firing rate, yielding a loop.
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FIGURE 3 | Inflammation drives both neuro-autoimmunity and excessive neuronal loss. Inflammation impairs neuronal firing rate, allowing microglial MHC-II 
expression, yielding presentation of neuronal antigenic debris to T cells, driving neuro-autoimmunity. Decreased neuronal firing rate also decreases neuronal NT 
output. Since NT’s are a significant OFF signal, diminished NT production constitutes the loss of an OFF signal. IL-1β and TNFα, two inflammatory cytokines, are 
part of the ON signal milieu. Loss of NT output and increased IL-1β and TNFα yield a tissue environment more favorable to microglial phagocytosis of live neurons. 
Depletion of neurons from a neuronal pool yields diminished electrical activity in that pool and greater vulnerability to MHC-II expression by microglial cells performing 
surveillance on those neurons. Hence, inflammation and subsequent loss of neurons increases the likelihood of developing subsequent neuro-autoimmunity. This 
promotes further neuronal loss. NT, neurotransmitter; MHC-II, major histocompatibility complex II; TCR, T cell receptor.

FIGURE 4 | PAMPs and DAMPs drive neuronal destruction. DAMPs and/or PAMPs trigger PRR’s on microglia. Microglia generate PHOX, driving down O2 levels, as 
the O2 is consumed to make ROS. This yields three consequences: hypoxia, increased ROS (O2− and H2O2), and antioxidant depletion as a result of the increased 
ROS. Hypoxia raises the level of hypoxia inducible factor 1 alpha (HIF-1α), a substance that induces the formation of blood vessels in areas of inadequate oxygen. 
HIF-1α upregulates inflammatory NFκB, which induces gene expression of IL-1β and TNFα. Thus, hypoxia drives microglial activation, promoting neuronal death. 
NFκB upregulation also promotes activation of NO via iNOS induction. NO drives up ONOO−, which combines with the ROS to activate microglia, again promoting 
neuronal death. NO also combines with hypoxia to induce excitotoxicity, promoting neuronal death. Microglial activation also increases neurotoxicity, via production 
of glutamate and other substances, an effect that may be amplified by antioxidant depletion. Red circles connote key downstream effects. DAMP, damage 
associated molecular pattern; PAMP, pathogen associated molecular pattern; PRR, pattern recognition receptor; PHOX, phagocyte NADPH oxidase; O2, oxygen; 
ROS, reactive oxygen species; O2−, singlet oxygen; H2O2, hydrogen peroxide; HIF-1α, hypoxia inducible factor 1 alpha; iNOS, inducible nitric oxide synthase; 
NO, nitric oxide; ONOO−, peroxynitrite; NFκB, nuclear factor kappa B; IL-1β, interleukin 1 beta; TNFα, tumor necrosis factor alpha.
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gram-negative bacteria, causing the microglia to produce 
neurotoxic pro-inflammatory mediators. Microglia can also be 
activated by debris from neuronal damage (DAMPs), yielding 
reactive microgliosis, which is then toxic to neighboring 
neurons, which they describe as resulting in a perpetuating 
cycle of neuron death. Block et al. describe microgliosis as a 
“potential underlying mechanism of progressive neuron damage 
across numerous neurodegenerative diseases, regardless of the 
instigating stimuli” (56).

OTHER VIEWS AND QUESTIONS GOING 
FORWARD

The history of research on microglial cells has not been without 
controversy. Disagreement regarding the embryologic origin of 
microglial cells, now settled, has been reviewed by Ginhoux and 
Prinz (187). The evolving view of the role of microglia as villains 
or protectors, has been reviewed by Fernandez et al. (188). What 
has emerged is a view of microglial cells that is more complex, 
with the potential for both supportive and deleterious functions, 
depending upon a complex array of factors.

That neurons and microglial cells interact, that key components 
of these interactions are understood, and that these interactions 
are relevant biologically, appear to be supported by a substantial 
body of evidence. However, the clinical relevance of these 
neuroimmunological processes and the extent of their universality 
in patient populations are important questions that broaden our 
understanding and improve our perspectives for future study.

With regard to the effect size and clinical relevance of 
neuron-microglial interactions, the following papers 
discuss other relevant processes that precede neuron-
microglial signaling and may play important roles: Culmsee 
et al. discuss the role of immunometabolic factors that 
influence mitochondria, with the potential to substantially 
alter function in both neurons and microglial cells (189). 
Chang et al. present evidence of an association between 
corticotrophin releasing hormone (CRH) polymorphisms 
and major depressive disorder (MDD) (190). Kelly and O’Neil 
have described the influence of glycolysis and tricarboxylic 
acid cycle function in influencing macrophage polarization 
to M1 and M2 morphologies, respectively (191). Corcoran 
and O’Neil have shown that HIF1α, induced by hypoxia, is a 
primary driver of microglial activation and also of Th17 cell 
activation, a primary mechanism by which tissue destruction 
is upregulated in autoimmunity (192).

These examples suggest that, even if changes in neuron-
microglial signaling are a neuroimmunological bottleneck, larger 
therapeutic impacts on the clinical picture in a given patient might 
be accomplished by addressing other upstream issues, such as those 
described above that could be immunometabolic, neuroendocrine, 
or related to hypoxia/oxygenation via problems that are circulatory, 
respiratory, or hematologic. Addressing clinical factors mentioned 
previously, such as infection, stress, depression, GI dysfunction, 
poor diet, lack of exercise, and autoimmunity, to the extent present 
in a given case, may also yield greater impact on the clinical picture. 
The presence of each of these factors, and their relevance in each 

case, is a matter of individual clinical discernment. The work of 
Bredesen suggests that such clinical discernment can be embedded 
into a structured process that provides for reliably useful clinical 
outcomes (147).

With regard to the question of whether neuron-microglial 
dysfunction is a universally applicable feature of cases with 
CNS involvement, focusing on depression as a well-defined 
example of a neuroimmunological process involving neuron-
microglial interactions, the following papers are useful to 
consider. Raison and Miller review evidence for two competing 
views. In one view, inflammation only contributes to depression 
in a subset of patients. In the other, the inducing influence 
of inflammation on depression is more widespread, but 
with vulnerability varying in accordance with the status of a 
pattern of physiological variables unique to each patient, with 
each of the variables known to be involved in the etiology of 
MDD (193). Dooley et al. have described a greater role for 
inflammation, a key influence on neuron-microglial signaling, 
in some core features of depression, including exaggerated 
reactivity to negative information, altered reward reactivity, and 
somatic symptoms, but has less clear evidence for an involvement 
in cognitive control (194).

These papers suggest that there is variability from one patient 
to another in the extent to which neuroimmunological factors 
influence depression and that there may be variability in the 
extent to which some features of depression are affected in a 
given patient. This suggests that the focus on neuron-microglial 
interaction described in this paper may not apply with equal 
utility in all cases, or to all features of a given case. Consistent 
with this view, Kopschina Feltes et al. have suggested that a 
clinical approach that addresses neuroimmunological factors 
might have greatest utility in MDD patients with elevated 
inflammatory cytokines, particularly IL-6, TNF-α and IL-1β, 
who have been resistant to treatment aimed at monoamine 
repletion (195, 196).

More research is needed to clarify the above questions and others, 
with regard to depression, TBI, neurodegenerative conditions, and 
neuro-autoimmunity, to ensure that in both research and clinical 
settings, sufficient attention and efforts are focused on areas that 
could provide significant returns.

CONCLUSION

Neuropsychiatric Disorders  
Involve Neuroinflammatory and  
Related Comorbidities
The presence of depression and related neuropsychiatric 
phenomena in a patient may reflect the presence of an underlying 
neuroinflammatory state and/or other comorbidities that can 
affect neuron - microglial interactions, with consequences 
for neuronal loss and neuro-autoimmunity. The clinician 
faced with the neuropsychiatric patient may be well served 
to assess the extent of systemic and neuroinflammation and 
the other comorbidities discussed and look for potential 
biological causes that could be instigating or worsening the 
patient’s neuropsychiatric disorder. It is especially important 
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when a patient presents with neuropsychiatric disorders that 
the neuropsychiatric nature of the disorder not decrease the 
clinicians’ inclination to focus on underlying biology but 
rather increase the clinician’s interest in identifying biological 
causes of neuroinflammation and related biological factors 
discussed here.

Time-Course Issues Matter for Patients 
With Brain Insults
Once a brain insult develops, the key question is whether 
it will resolve quickly or progress to a brain in a chronically 
inflamed state, resulting in greater neuronal loss, greater risk 
of developing autoimmune responses against brain tissue 
targets, and expanded loss of function for the patient. The time 
sequence can yield a cascade of further disease elaboration, 
including ongoing neuronal loss, epitope spreading, and 
increasing vulnerability of affected neuronal pools, all yielding 
further functional loss downstream.

Ongoing case management may need to include a focus on 
reducing comorbidities that are known to diminish neuronal 
metabolic integrity, promote neuroinflammation, trigger or 
perpetuate autoimmune process, increase oxidative burden, or 
drive other related processes. When expected levels of clinical 
improvement do not occur, it may be necessary to review the case 
in light of the known mechanisms by which neuron-microglial 
interaction can become dysregulated.

AUTHOR CONTRIBUTIONS

Conception and authorship of all sections, tables and figures, 
references, and final edited versioning and approval: SY.

ACKNOWLEDGMENTS

The author wishes to acknowledge the contribution of Michael 
Pierce to the discussion of diaschisis.

REFERENCES

 1. Clarkson BDS, Kahoud RJ, McCarthy CB, Howe CL. Inflammatory cytokine-
induced changes in neural network activity measured by waveform analysis 
of high-content calcium imaging in murine cortical neurons. Sci Rep (2017) 
7(1):9037. doi: 10.1038/s41598-017-09182-5

 2. Wu XB, Liang B, Gao YJ. The increase of intrinsic excitability of layer V 
pyramidal cells in the prelimbic medial prefrontal cortex of adult mice after 
peripheral inflammation. Neurosci Lett (2016) 611:40–5. doi: 10.1016/j.
neulet.2015.11.030

 3. Chung G, Kim SJ, Kim SK. Metabotropic glutamate receptor 5 in the medial 
prefrontal cortex as a molecular determinant of pain and ensuing depression. 
Front Mol Neurosci (2018) 11:376. doi: 10.3389/fnmol.2018.00376

 4. Leonard BE. Impact of inflammation on neurotransmitter changes in 
major depression: an insight into the action of antidepressants. Prog. 
Neuropsychopharmacol Biol Psychiatry (2014) 48:261–7. doi: 10.1016/j.
pnpbp.2013.10.018

 5. Licht CM, de Geus EJ, Zitman FG, Hoogendijk WJ, van Dyck R, Penninx BW. 
Association between major depressive disorder and heart rate variability 
in the Netherlands Study of Depression and Anxiety (NESDA). Arch Gen 
Psychiatry (2008) 65(12):1358–67. doi: 10.1001/archpsyc.65.12.1358

 6. Miller AH, Maletic V, Raison CL. Inflammation and its discontents: the role 
of cytokines in the pathophysiology of major depression. Biol Psychiatry 
(2009) 65(9):732–41. doi: 10.1016/j.biopsych.2008.11.029

 7. Raison CL, Lowry CA, Rook GA. Inflammation, sanitation, and consternation 
loss of contact with coevolved, tolerogenic microorganisms and the 
pathophysiology and treatment of major depression. Arch Gen Psychiatry 
(2010) 67(12):1211–24. doi: 10.1001/archgenpsychiatry.2010.161

 8. Young JJ, Bruno D, Pomara N. A review of the relationship between 
proinflammatory cytokines and major depressive disorder. J Affect Disord 
(2014) 169:15–20. doi: 10.1016/j.jad.2014.07.032

 9. Dahl J, Ormstad H, Aass HC, Malt UF, Bendz LT, Sandvik L, et al. The plasma 
levels of various cytokines are increased during ongoing depression and are 
reduced to normal levels after recovery. Psychoneuroendocrinology (2014) 
45:77–86. doi: 10.1016/j.psyneuen.2014.03.019

 10. Eswarappa M, Neylan TC, Whooley MA, Metzler TJ, Cohen BE. Inflammation 
as a predictor of disease course in posttraumatic stress disorder and depression: 
a prospective analysis from the Mind Your Heart Study. Brain Behav Immun 
(2019) 75:220–7. doi: 10.1016/j.bbi.2018.10.012

 11. Leonard BE. Inflammation and depression: a causal or coincidental link to 
the pathophysiology? Acta Neuropsychiatr (2018) 30(1):1–16. doi: 10.1017/
neu.2016.69

 12. Lavoie S, Sechrist S, Quach N, Ehsanian R, Duong T, Gotlib IH, et al. 
Depression in men and women one year following traumatic brain injury 
(TBI): a TBI model systems study. Front Psychol (2017) 8:634. doi: 10.3389/
fpsyg.2017.00634

 13. Bodnar CN, Morganti JM, Bachstetter AD. Depression following a traumatic 
brain injury: uncovering cytokine dysregulation as a pathogenic mechanism. 
Neural Regen Res (2018) 13(10):1693–704. doi: 10.4103/1673-5374.238604

 14. Liu Y, Tang X. Depressive syndromes in autoimmune disorders of the nervous 
system: prevalence, etiology, and influence. Front Psychiatry (2018) 9:451. doi: 
10.3389/fpsyt.2018.00451

 15. Bhattacharjee S, Goldstone L, Ip Q, Warholak T. Depression treatment among 
adults with multiple sclerosis and depression in ambulatory care settings in the 
United States. Mult Scler Int (2017) 2017:3175358. doi: 10.1155/2017/3175358

 16. Greeke EE, Chua AS, Healy BC, Rintell DJ, Chitnis T, Glanz BI. Depression 
and fatigue in patients with multiple sclerosis. J Neurol Sci (2017) 380:236–41. 
doi: 10.1016/j.jns.2017.07.047

 17. Hely MA, Morris JG, Reid WG, Trafficante R. Sydney multicenter study of 
Parkinson’s disease: non-L-dopa-responsive problems dominate at 15 years. 
Mov Disord (2005) 20(2):190–9. doi: 10.1002/mds.20324

 18. van der Hoek TC, Bus BA, Matui P, van der Marck MA, Esselink RA, Tendolkar 
I. Prevalence of depression in Parkinson’s disease: effects of disease stage, 
motor subtype and gender. J Neurol Sci (2011) 310(1–2):220–4. doi: 10.1016/j.
jns.2011.07.007

 19. Bhattacharjee S, Vadiei N, Goldstone L, Alrabiah Z, Sherman SJ. Patterns 
and predictors of depression treatment among older adults with Parkinson’s 
disease and depression in ambulatory care settings in the United States. 
Parkinsons Dis (2018) 2018:3402983. doi: 10.1155/2018/3402983

 20. Thienemann M, Murphy T, Leckman J, Shaw R, Williams K, Kapphahn 
C, et al. Clinical management of pediatric acute-onset neuropsychiatric 
syndrome: part I-psychiatric and behavioral interventions. J Child Adolesc 
Psychopharmacol (2017) 27(7):566–73. doi: 10.1089/cap.2016.0145

 21. Huang M, Su S, Goldberg J, Miller AH, Levantsevych OM, Shallenberger L, 
et al. Longitudinal association of inflammation with depressive symptoms: a 
7-year cross-lagged twin difference study. Brain Behav Immun (2019) 75:200–
7. doi: 10.1016/j.bbi.2018.10.007

 22. Sharma B, Lawrence DW. Top-cited articles in traumatic brain injury. Front 
Hum Neurosci (2014) 8:879. doi: 10.3389/fnhum.2014.00879

 23. Amaral AI. Effects of hypoglycaemia on neuronal metabolism in the adult 
brain: role of alternative substrates to glucose. J Inherit Metab Dis (2013) 
36(4):621–34. doi: 10.1007/s10545-012-9553-3

 24. Tyler KL. Emerging viral infections of the central nervous system: part 1. Arch 
Neurol. (2009) 66(8):939–48. doi: 10.1001/archneurol.2009.153

https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org
https://doi.org/10.1038/s41598-017-09182-5
https://doi.org/10.1016/j.neulet.2015.11.030
https://doi.org/10.1016/j.neulet.2015.11.030
https://doi.org/10.3389/fnmol.2018.00376
https://doi.org/10.1016/j.pnpbp.2013.10.018
https://doi.org/10.1016/j.pnpbp.2013.10.018
https://doi.org/10.1001/archpsyc.65.12.1358
https://doi.org/10.1016/j.biopsych.2008.11.029
https://doi.org/10.1001/archgenpsychiatry.2010.161
https://doi.org/10.1016/j.jad.2014.07.032
https://doi.org/10.1016/j.psyneuen.2014.03.019
https://doi.org/10.1016/j.bbi.2018.10.012
https://doi.org/10.1017/neu.2016.69
https://doi.org/10.1017/neu.2016.69
https://doi.org/10.3389/fpsyg.2017.00634
https://doi.org/10.3389/fpsyg.2017.00634
https://doi.org/10.4103/1673-5374.238604
https://doi.org/10.3389/fpsyt.2018.00451
https://doi.org/10.1155/2017/3175358
https://doi.org/10.1016/j.jns.2017.07.047
https://doi.org/10.1002/mds.20324
https://doi.org/10.1016/j.jns.2011.07.007
https://doi.org/10.1016/j.jns.2011.07.007
https://doi.org/10.1155/2018/3402983
https://doi.org/10.1089/cap.2016.0145
https://doi.org/10.1016/j.bbi.2018.10.007
https://doi.org/10.3389/fnhum.2014.00879
https://doi.org/10.1007/s10545-012-9553-3
https://doi.org/10.1001/archneurol.2009.153


Microglial Phagocytosis of NeuronsYanuck

14 October 2019 | Volume 10 | Article 712Frontiers in Psychiatry | www.frontiersin.org

 25. Nixon RA. The role of autophagy in neurodegenerative disease. Nat Med 
(2013) 19(8):983–97. doi: 10.1038/nm.3232

 26. Uddin MS, Stachowiak A, Mamun AA, Tzvetkov NT, Takeda S, Atanasov AG, 
et al. Autophagy and Alzheimer’s disease: from molecular mechanisms to 
therapeutic implications. Front Aging Neurosci (2018) 10:04. doi: 10.3389/
fnagi.2018.00004

 27. Sheehan P, Yue Z. Deregulation of autophagy and vesicle trafficking in Parkinson’s 
disease. Neurosci Lett (2019) 697:59–65. doi: 10.1016/j.neulet.2018.04.013

 28. Menzies FM, Fleming A, Caricasole A, Bento CF, Andrews SP,  Ashkenazi A, 
et  al. Autophagy and neurodegeneration: pathogenic mechanisms and 
therapeutic opportunities. Neuron (2017) 93(5):1015–34. doi: 10.1016/j.
neuron.2017.01.022

 29. Plaza-Zabala A, Sierra-Torre V, Sierra A. Autophagy and microglia: novel 
partners in neurodegeneration and aging. Int J Mol Sci (2017) 18(3):E598. 
doi: 10.3390/ijms18030598

 30. Yoshii SR, Mizushima N. Monitoring and measuring autophagy. Int J Mol Sci 
(2017) 18(9):E1865. doi: 10.3390/ijms18091865

 31. Brown GC, Neher JJ. Microglial phagocytosis of live neurons. Nat Rev 
Neurosci (2014) 15(4):209–16. doi: 10.1038/nrn3710

 32. Fricker M, Neher JJ, Zhao JW, Théry C, Tolkovsky AM, Brown GC. MFG-E8 
mediates primary phagocytosis of viable neurons during neuroinflammation. 
J Neurosci (2012) 32(8):2657–66. doi: 10.1523/JNEUROSCI.4837-11.2012

 33. Neher JJ, Emmrich JV, Fricker M, Mander PK, Théry C, Brown GC. 
Phagocytosis executes delayed neuronal death after focal brain ischemia. Proc 
Natl Acad Sci USA (2013) 110(43):E4098–107. doi: 10.1073/pnas.1308679110

 34. Galloway DA, Phillips AEM, Owen DRJ, Moore CS. Phagocytosis in the 
brain: homeostasis and disease. Front Immunol (2019) 10:790. doi: 10.3389/
fimmu.2019.01575

 35. Ginhoux F, Lim S, Hoeffel G, Low D, Huber T. Origin and differentiation of 
microglia. Front Cell Neurosci (2013) 7:45. doi: 10.3389/fncel.2013.00045

 36. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage 
activation. Nat Rev Immunol (2008) 30:958–69. doi: 10.1038/nri2448

 37. Brown GC, Neher JJ. Inflammatory neurodegeneration and mechanisms of 
microglial killing of neurons. Mol Neurobiol (2010) 41:242–7. doi: 10.1007/
s12035-010-8105-9

 38. Santambrogio L, Belyanskaya SL, Fischer FR, Cipriani B, Brosnan CF, 
Ricciardi-Castagnoli P. Developmental plasticity of CNS microglia. Proc Natl 
Acad Sci USA (2001) 98(11):6295–300. doi: 10.1073/pnas.111152498

 39. Ransohoff RM, Brown MA. Innate immunity in the central nervous system. 
J Clin Invest (2012) 122(4):1164–71. doi: 10.1172/JCI58644

 40. Ulvestad E, Williams K, Bjerkvig R, Tiekotter K, Antel J, Matre R. Human 
microglial cells have phenotypic and functional characteristics in common 
with both macrophages and dendritic antigen-presenting cells. J Leukoc Biol 
(1994) 56(6):732–40. doi: 10.1002/jlb.56.6.732

 41. Gomez-Nicola D, Perry VH. Microglial dynamics and role in the healthy 
and diseased brain: a paradigm of functional plasticity. Neuroscientist (2015) 
21(2):169–84. doi: 10.1177/1073858414530512

 42. Kierdorf K, Prinz M. Microglia in steady state. J Clin Invest (2017) 
127(9):3201–9. doi: 10.1172/JCI90602

 43. Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are 
highly dynamic surveillants of brain parenchyma in vivo. Science (2005) 
308(5726):1314–8. doi: 10.1126/science.1110647

 44. Stogsdill JA, Eroglu C. The interplay between neurons and glia in synapse 
development and plasticity. Curr Opin Neurobiol (2017) 42:1–8. doi: 
10.1016/j.conb.2016.09.016

 45. Galván A. Neural plasticity of development and learning. Hum Brain Mapp 
(2010) 31(6):879–90. doi: 10.1002/hbm.21029

 46. Neniskyte U, Gross CT. Errant gardeners: glial-cell-dependent synaptic pruning 
and neurodevelopmental disorders. Nat Rev Neurosci (2017) 18(11):658–70. 
doi: 10.1038/nrn.2017.110

 47. O’Connor TG, Moynihan JA, Caserta MT. Annual research review: the 
neuroinflammation hypothesis for stress and psychopathology in children—
developmental psychoneuroimmunology. J Child Psychol Psychiatry (2014) 
55(6):615–31. doi: 10.1111/jcpp.12187

 48. Kariuki M, Raudino A, Green MJ, Laurens KR, Dean K, Brinkman SA, et al. 
Hospital admission for infection during early childhood influences developmental 
vulnerabilities at age 5 years. J Paediatr Child Health (2016) 52(9):882–8. doi: 
10.1111/jpc.13239

 49. Khandaker GM, Zimbron J, Dalman C, Lewis G, Jones PB. Childhood infection 
and adult schizophrenia: a meta-analysis of population-based studies. Schizophr 
Res (2012) 139(1–3):161–8. doi: 10.1016/j.schres.2012.05.023

 50. Miller ZA, Mandelli ML, Rankin KP, Henry ML, Babiak MC, Frazier DT, et 
al. Handedness and language learning disability differentially distribute in 
progressive aphasia variants. Brain (2013) 136(Pt 11):3461–73. doi: 10.1093/
brain/awt242

 51. Sowell ER, Peterson BS, Thompson PM, Welcome SE, Henkenius AL, 
Toga AW. Mapping cortical change across the human life span. Nat Neurosci 
(2003) 6(3):309–15. doi: 10.1038/nn1008

 52. Bartzokis G, Beckson M, Lu PH, Nuechterlein KH, Edwards N, Mintz J. Age-
related changes in frontal and temporal lobe volumes in men: a magnetic 
resonance imaging study. Arch Gen Psychiatry (2001) 58:461–5. doi: 10.1001/
archpsyc.58.5.461

 53. Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ. Frackowiak RS. 
A voxel-based morphometric study of ageing in 465 normal adult human 
brains. Neuroimage (2001) 14:21–36. doi: 10.1006/nimg.2001.0786

 54. Jernigan TL, Archibald SL, Fennema-Notestine C, Gamst AC, Stout JC, Bonner J, 
et al. Effects of age on tissues and regions of the cerebrum and cerebellum. 
Neurobiol Aging (2001) 22:581–94. doi: 10.1016/S0197-4580(01)00217-2

 55. Block ML, Zecca L, Hong JS. Microglia-mediated neurotoxicity: uncovering 
the molecular mechanisms. Nat Rev Neurosci (2007) 8(1):57–69. doi: 10.1038/
nrn2038

 56. Appel SH, Beers DR, Henkel JS. T cell-microglial dialogue in Parkinson’s 
disease and amyotrophic lateral sclerosis: are we listening? Trends Immunol 
(2010) 31(1):7–17. doi: 10.1016/j.it.2009.09.003

 57. Neher JJ, Neniskyte U, Zhao JW, Bal-Price A, Tolkovsky AM, Brown GC. 
Inhibition of microglial phagocytosis is sufficient to prevent inflammatory 
neuronal death. J Immunol (2011) 186(8):4973–83. doi: 10.4049/jimmunol. 
1003600

 58. Neniskyte U, Neher JJ, Brown GC. Neuronal death induced by nanomolar 
amyloid ß is mediated by primary phagocytosis of neurons by microglia. 
J Biol Chem (2011) 286(46):39904–13. doi: 10.1074/jbc.M111.267583

 59. Ling H, Hardy J, Zetterberg H. Neurological consequences of traumatic brain 
injuries in sports. Mol Cell Neurosci (2015) 66(Pt B):114–22. doi: 10.1016/j.
mcn.2015.03.012

 60. Kumar A, Williams MT, Chugani HT. Evaluation of basal ganglia and thalamic 
inflammation in children with pediatric autoimmune neuropsychiatric 
disorders associated with Streptococcal infection and Tourette syndrome: 
a positron emission tomographic (PET) study using 11C-[R]-PK11195. 
J Child Neurol (2014) 30(6):749–56. doi: 10.1177/0883073814543303

 61. Szepesi Z, Manouchehrian O, Bachiller S, Deierborg T. Bidirectional 
microglia-neuron communication in health and disease. Front Cell Neurosci 
(2018) 12:323. doi: 10.3389/fncel.2018.00323

 62. Eyo UB, Wu LJ. Bidirectional microglia-neuron communication in the 
healthy brain. Neural Plast (2013) 2013:456857. doi: 10.1155/2013/456857

 63. Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, et al. ATP mediates 
rapid microglial response to local brain injury in vivo. Nat Neurosci (2005) 
8(6):752–8. doi: 10.1038/nn1472

 64. Biber K, Neumann H, Inoue K, Boddeke HW. Neuronal ‘On’ and ‘Off ’ signals 
control microglia. Trends Neurosci (2007) 30(11):596–602. doi: 10.1016/j.
tins.2007.08.007

 65. Ravichandran K. Find-me and eat-me signals in apoptotic cell clearance: 
progress and conundrums. J Exp Med (2010) 207(9):1807–17. doi: 10.1084/
jem.20101157

 66. Griffiths MR, Gasque P, Neal JW. The multiple roles of the innate immune 
system in the regulation of apoptosis and inflammation in the brain. 
J Neuropathol Exp Neurol (2009) 68(3):217–26. doi: 10.1097/NEN.0b013e31 
81996688

 67. Blaylock RL, Maroon J. Immunoexcitotoxicity as a central mechanism in 
chronic traumatic encephalopathy—a unifying hypothesis. Surg Neurol Int 
(2011) 2:107. doi: 10.4103/2152-7806.83391

 68. Ayata P, Badimon A, Strasburger HJ, Duff MK, Montgomery SE, Loh YE, 
et  al. Epigenetic regulation of brain region-specific microglia clearance 
activity. Nat Neurosci (2018) 21(8):1049–60. doi: 10.1038/s41593-018-0192-3

 69. Wraith DC, Nicholson LB. The adaptive immune system in diseases of the 
central nervous system. J Clin Invest (2012) 122(4):1172–9. doi: 10.1172/
JCI58648

https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org
https://doi.org/10.1038/nm.3232
https://doi.org/10.3389/fnagi.2018.00004
https://doi.org/10.3389/fnagi.2018.00004
https://doi.org/10.1016/j.neulet.2018.04.013
https://doi.org/10.1016/j.neuron.2017.01.022
https://doi.org/10.1016/j.neuron.2017.01.022
https://doi.org/10.3390/ijms18030598
https://doi.org/10.3390/ijms18091865
https://doi.org/10.1038/nrn3710
https://doi.org/10.1523/JNEUROSCI.4837-11.2012
https://doi.org/10.1073/pnas.1308679110
https://doi.org/10.3389/fimmu.2019.01575
https://doi.org/10.3389/fimmu.2019.01575
https://doi.org/10.3389/fncel.2013.00045
https://doi.org/10.1038/nri2448
https://doi.org/10.1007/s12035-010-8105-9
https://doi.org/10.1007/s12035-010-8105-9
https://doi.org/10.1073/pnas.111152498
https://doi.org/10.1172/JCI58644
https://doi.org/10.1002/jlb.56.6.732
https://doi.org/10.1177/1073858414530512
https://doi.org/10.1172/JCI90602
https://doi.org/10.1126/science.1110647
https://doi.org/10.1016/j.conb.2016.09.016
https://doi.org/10.1002/hbm.21029
https://doi.org/10.1038/nrn.2017.110
https://doi.org/10.1111/jcpp.12187
https://doi.org/10.1111/jpc.13239
https://doi.org/10.1016/j.schres.2012.05.023
https://doi.org/10.1093/brain/awt242
https://doi.org/10.1093/brain/awt242
https://doi.org/10.1038/nn1008
https://doi.org/10.1001/archpsyc.58.5.461
https://doi.org/10.1001/archpsyc.58.5.461
https://doi.org/10.1006/nimg.2001.0786
https://doi.org/10.1016/S0197-4580(01)00217-2
https://doi.org/10.1038/nrn2038
https://doi.org/10.1038/nrn2038
https://doi.org/10.1016/j.it.2009.09.003
https://doi.org/10.4049/jimmunol.1003600
https://doi.org/10.4049/jimmunol.1003600
https://doi.org/10.1074/jbc.M111.267583
https://doi.org/10.1016/j.mcn.2015.03.012
https://doi.org/10.1016/j.mcn.2015.03.012
https://doi.org/10.1177/0883073814543303
https://doi.org/10.3389/fncel.2018.00323
https://doi.org/10.1155/2013/456857
https://doi.org/10.1038/nn1472
https://doi.org/10.1016/j.tins.2007.08.007
https://doi.org/10.1016/j.tins.2007.08.007
https://doi.org/10.1084/jem.20101157
https://doi.org/10.1084/jem.20101157
https://doi.org/10.1097/NEN.0b013e3181996688
https://doi.org/10.1097/NEN.0b013e3181996688
https://doi.org/10.4103/2152-7806.83391
https://doi.org/10.1038/s41593-018-0192-3
https://doi.org/10.1172/JCI58648
https://doi.org/10.1172/JCI58648


Microglial Phagocytosis of NeuronsYanuck

15 October 2019 | Volume 10 | Article 712Frontiers in Psychiatry | www.frontiersin.org

 70. Skaper SD, Facci L, Zusso M, Giusti P. An inflammation-centric view of 
neurological disease: beyond the neuron. Front Cell Neurosci (2018) 12:72. 
doi: 10.3389/fncel.2018.00072

 71. Neumann H. Control of glial immune function by neurons. Glia (2001) 
236:191–9. doi: 10.1002/glia.1108

 72. Ponomarev ED, Shriver LP, Maresz K, Dittel BN. Microglial cell activation 
and proliferation precedes the onset of CNS autoimmunity. J Neurosci Res 
(2005) 81(3):374–89. doi: 10.1002/jnr.20488

 73. Rivest S. Regulation of innate immune responses in the brain. Nat Rev 
Immunol (2009) 9(6):429–39. doi: 10.1038/nri2565

 74. Neumann H, Kotter MR, Franklin RJ. Debris clearance by microglia: an 
essential link between degeneration and regeneration. Brain (2008) 132(Pt 
2):288–95. doi: 10.1093/brain/awn109

 75. Lunnon K, Teeling JL, Tutt AL, Cragg MS, Glennie MJ, Perry VH. Systemic 
inflammation modulates Fc receptor expression on microglia during chronic 
neurodegeneration. J Immunol (2011) 186(12):7215–24. doi: 10.4049/jimmunol. 
0903833

 76. Huizinga R, van der Star BJ, Kipp M, Jong R, Gerritsen W,  Clarner T, et al. 
Phagocytosis of neuronal debris by microglia is associated with neuronal 
damage in multiple sclerosis. Glia (2012) 60(3):422–31. doi: 10.1002/
glia.22276

 77. Urrutia PJ, Mena NP, Nunez MT. The interplay between iron accumulation, 
mitochondrial dysfunction, and inflammation during the execution step of 
neurodegenerative disorders. Front Pharmacol (2014) 5:38. doi: 10.3389/
fphar.2014.00038

 78. Ruskovska T, Bernlohr DA. Oxidative stress and protein carbonylation in 
adipose tissue—implications for insulin resistance and diabetes mellitus. 
J Proteomics (2013) 92:10.1016. doi: 10.1016/j.jprot.2013.04.002

 79. Hunter RL, Dragicevic N, Seifert K, Choi DY, Liu M, Kim HC, et al. Inflammation 
induces mitochondrial dysfunction and dopaminergic neurodegeneration in 
the nigrostriatal system. J Neurochem (2005) 100(5):1375–86. doi: 10.1111/ 
j.1471-4159.2006.04327.x

 80. Fumagalli S, Perego C, Pischiutta F, Zanier ER, De Simoni MG. The ischemic 
environment drives microglia and macrophage function. Front Neurol 
(2015) 6:81. doi: 10.3389/fneur.2015.00081

 81. Perry VH. The influence of systemic inflammation on inflammation in 
the brain: implications for chronic neurodegenerative disease. Brain Behav 
Immun (2004) 18(5):407–13. doi: 10.1016/j.bbi.2004.01.004

 82. Cunningham C, Campion S, Lunnon K, Murray CL, Woods JF, Deacon RM, 
et al. Systemic Inflammation induces acute behavioral and cognitive changes 
and accelerates neurodegenerative disease. Biol Psychiatry (2009) 65(4):304–
12. doi: 10.1016/j.biopsych.2008.07.024

 83. Perry VH, Cunningham C, Holmes C. Systemic infections and inflammation 
affect chronic neurodegeneration. Nat Rev Immunol (2007) 7(2):161–7. doi: 
10.1038/nri2015

 84. Perry VH. Contribution of systemic inflammation to chronic neurodegeneration. 
Acta Neuropathol (2010) 120(3):277–86. doi: 10.1007/s00401-010-0722-x

 85. Perry VH, Nicoll JA, Holmes C. Microglia in neurodegenerative disease. Nat 
Rev Neurol (2010) 6(4):193–201. doi: 10.1038/nrneurol.2010.17

 86. Butterfield DA, Halliwell B. Oxidative stress, dysfunctional glucose 
metabolism and Alzheimer disease. Nat Rev Neurosci (2019) 20(3):148–60. 
doi: 10.1038/s41583-019-0132-6

 87. Vogt NM, Kerby RL, Dill-McFarland KA, Harding SJ, Merluzzi AP,  
Johnson SC, et al. Gut microbiome alterations in Alzheimer’s disease. Sci Rep 
(2017) 7(1):13537. doi: 10.1038/s41598-017-13601-y

 88. Harding A, Gonder U, Robinson SJ, Crean S, Singhrao SK. Exploring 
the association between Alzheimer’s disease, oral health, microbial 
endocrinology and nutrition. Front Aging Neurosci (2017) 9:398. doi: 
10.3389/fnagi.2017.00398

 89. Giridharan VV, Masud F, Petronilho F, Dal-Pizzol F, Barichello T. Infection-
induced systemic inflammation is a potential driver of Alzheimer’s 
disease progression. Front Aging Neurosci (2019) 11:122. doi: 10.3389/
fnagi.2019.00122

 90. Luchsinger JA, Reitz C, Honig LS, Tang MX, Shea S, Mayeux R. Aggregation 
of vascular risk factors and risk of incident Alzheimer disease. Neurology 
(2005) 65(4):545–51. doi: 10.1212/01.wnl.0000172914.08967.dc

 91. Honig LS, Tang MX, Albert S, Costa R, Luchsinger J,  Stern Y, et al. Stroke 
and the risk of Alzheimer disease. Arch Neurol (2003) 60(12):1707–12. doi: 
10.1001/archneur.60.12.1707

 92. Fusco M, Skaper SD, Coaccioli S, Varrassi G, Paladini A. Degenerative 
joint diseases and neuroinflammation. Pain Pract (2017) 17(4):522–32. doi: 
10.1111/papr.12551

 93. Schrepf A, Kaplan CM, Ichesco E, Larkin T, Harte SE, Harris RE, et al. A multi-
modal MRI study of the central response to inflammation in rheumatoid 
arthritis. Nat Commun (2018) 9(1):2243. doi: 10.1038/s41467-018-04648-0

 94. Chou RC, Kane M, Ghimire S, Gautam S, Gui J. Treatment for rheumatoid 
arthritis and risk of Alzheimer’s disease: a nested case-control analysis. CNS 
Drugs (2016) 30(11):1111–20. doi: 10.1007/s40263-016-0374-z

 95. Kao LT, Kang JH, Lin HC, Huang CC, Lee HC, Chung SD. Rheumatoid 
arthritis was negatively associated with Alzheimer’s disease: a population-
based case-control study. PLoS One (2016) 11(12):e0168106. doi: 10.1371/
journal.pone.0168106

 96. Policicchio S, Ahmad AN, Powell JF, Proitsi P. Rheumatoid arthritis and 
risk for Alzheimer’s disease: a systematic review and meta-analysis and a 
Mendelian Randomization study. Sci Rep (2017) 7(1):12861. doi: 10.1038/
s41598-017-13168-8

 97. Cai Q, Xin Z, Zuo L, Li F, Liu B. Alzheimer’s disease and rheumatoid 
arthritis: a Mendelian randomization study. Front Neurosci (2018) 12:627. 
doi: 10.3389/fnins.2018.00627

 98. van Langenberg DR, Yelland GW, Robinson SR, Gibson PR. Cognitive 
impairment in Crohn’s disease is associated with systemic inflammation, 
symptom burden and sleep disturbance. United European. Gastroenterol J 
(2017) 5(4):579–87. doi: 10.1177/2050640616663397

 99. McCaulley ME, Grush KA. Alzheimer’s disease: exploring the role of 
inflammation and implications for treatment. Int J Alzheimers Dis (2015) 
2015:515248. doi: 10.1155/2015/515248

 100. Ajami B, Bennett JL, Krieger C, McNagny KM, Rossi FM. Infiltrating 
monocytes trigger EAE progression, but do not contribute to the resident 
microglia pool. Nat Neurosci (2011) 14(9):1142–9. doi: 10.1038/nn.2887

 101. Cunningham C, Wilcockson DC, Campion S, Lunnon K, Perry VH. Central 
and systemic endotoxin challenges exacerbate the local inflammatory 
response and increase neuronal death during chronic neurodegeneration. 
J Neurosci (2005) 25(40):9275–84. doi: 10.1523/JNEUROSCI.2614-05.2005

 102. Chakravarty S, Herkenham M. Toll-like receptor 4 on nonhematopoietic cells 
sustains CNS inflammation during endotoxemia, independent of systemic 
cytokines. J Neurosci (2005) 25:1788–96. doi: 10.1523/JNEUROSCI.4268-04. 
2005

 103. Lacroix S, Feinstein D, Rivest S. The bacterial endotoxin lipopolysaccharide 
has the ability to target the brain in upregulating its membrane CD14 
receptor within specific cellular populations. Brain Pathol (1998) 8:625–40. 
doi: 10.1111/j.1750-3639.1998.tb00189.x

 104. Quan N, Whiteside M, Herkenham M. Time course and localization patterns 
of interleukin-1ß mRNA expression in the brain and pituitary after peripheral 
administration of lipopolysaccharide. Neuroscience (1997) 83:281–93. doi: 
10.1016/S0306-4522(97)00350-3

 105. Quan N, Whiteside M, Kim L, Herkenham M. Induction of inhibitory factor 
κBα mRNA in the central nervous system after peripheral lipopolysaccharide 
administration: an in situ hybridization histochemistry study in the rat. Proc 
Natl Acad Sci USA (1997) 94:10985–90. doi: 10.1073/pnas.94.20.10985

 106. Laflamme N, Lacroix S, Rivest S. An essential role of interleukin-1beta in 
mediating NF-kappaB activity and COX-2 transcription in cells of the 
blood-brain barrier in response to a systemic and localized inflammation but 
not during endotoxemia. J Neurosci (1999) 19(24):10923–30. doi: 10.1523/
JNEUROSCI.19-24-10923.1999

 107. Varatharaj A, Galea I. The blood-brain barrier in systemic inflammation. 
Brain Behav Immun (2017) 60:1–12. doi: 10.1016/j.bbi.2016.03.010

 108. Kuhlmann CR, Librizzi L, Closhen D, Pflanzner T, Lessmann V,  
Pietrzik CU, et al. Mechanisms of C-reactive protein-induced blood-
brain barrier disruption. Stroke (2009) 40(4):1458–66. doi: 10.1161/
STROKEAHA.108.535930

 109. Sproston NR, Ashworth JJ. Role of C-reactive protein at sites of inflammation 
and infection. Front Immunol (2018) 9:754. doi: 10.3389/fimmu.2018.00754

https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org
https://doi.org/10.3389/fncel.2018.00072
https://doi.org/10.1002/glia.1108
https://doi.org/10.1002/jnr.20488
https://doi.org/10.1038/nri2565
https://doi.org/10.1093/brain/awn109
https://doi.org/10.4049/jimmunol.0903833
https://doi.org/10.4049/jimmunol.0903833
https://doi.org/10.1002/glia.22276
https://doi.org/10.1002/glia.22276
https://doi.org/10.3389/fphar.2014.00038
https://doi.org/10.3389/fphar.2014.00038
https://doi.org/10.1016/j.jprot.2013.04.002
https://doi.org/10.1111/j.1471-4159.2006.04327.x
https://doi.org/10.1111/j.1471-4159.2006.04327.x
https://doi.org/10.3389/fneur.2015.00081
https://doi.org/10.1016/j.bbi.2004.01.004
https://doi.org/10.1016/j.biopsych.2008.07.024
https://doi.org/10.1038/nri2015
https://doi.org/10.1007/s00401-010-0722-x
https://doi.org/10.1038/nrneurol.2010.17
https://doi.org/10.1038/s41583-019-0132-6
https://doi.org/10.1038/s41598-017-13601-y
https://doi.org/10.3389/fnagi.2017.00398
https://doi.org/10.3389/fnagi.2019.00122
https://doi.org/10.3389/fnagi.2019.00122
https://doi.org/10.1212/01.wnl.0000172914.08967.dc
https://doi.org/10.1001/archneur.60.12.1707
https://doi.org/10.1111/papr.12551
https://doi.org/10.1038/s41467-018-04648-0
https://doi.org/10.1007/s40263-016-0374-z
https://doi.org/10.1371/journal.pone.0168106
https://doi.org/10.1371/journal.pone.0168106
https://doi.org/10.1038/s41598-017-13168-8
https://doi.org/10.1038/s41598-017-13168-8
https://doi.org/10.3389/fnins.2018.00627
https://doi.org/10.1177/2050640616663397
https://doi.org/10.1155/2015/515248
https://doi.org/10.1038/nn.2887
https://doi.org/10.1523/JNEUROSCI.2614-05.2005
https://doi.org/10.1523/JNEUROSCI.4268-04.2005
https://doi.org/10.1523/JNEUROSCI.4268-04.2005
https://doi.org/10.1111/j.1750-3639.1998.tb00189.x
https://doi.org/10.1016/S0306-4522(97)00350-3
https://doi.org/10.1073/pnas.94.20.10985
https://doi.org/10.1523/JNEUROSCI.19-24-10923.1999
https://doi.org/10.1523/JNEUROSCI.19-24-10923.1999
https://doi.org/10.1016/j.bbi.2016.03.010
https://doi.org/10.1161/STROKEAHA.108.535930
https://doi.org/10.1161/STROKEAHA.108.535930
https://doi.org/10.3389/fimmu.2018.00754


Microglial Phagocytosis of NeuronsYanuck

16 October 2019 | Volume 10 | Article 712Frontiers in Psychiatry | www.frontiersin.org

 110. Banks WA, Farr SA, Morley JE. Entry of blood-borne cytokines into the central 
nervous system: effects on cognitive processes. Neuroimmunomodulation 
(2002-2003) 10(6):319–27. doi: 10.1159/000071472

 111. Lin WC, Chou KH, Lee PL, Huang YC, Tsai NW, Chen HL, et al. Brain 
mediators of systemic oxidative stress on perceptual impairments in Parkinson’s 
disease. J Transl Med (2015) 13:386. doi: 10.1186/s12967-015-0749-9

 112. Peng L, Xu L, Ouyang W. Role of peripheral inflammatory markers in 
postoperative cognitive dysfunction (POCD): a meta-analysis. PLoS One 
(2013) 8(11):e79624. doi: 10.1371/journal.pone.0079624

 113. Dénes A, Ferenczi S, Kovács KJ. Systemic inflammatory challenges compromise 
survival after experimental stroke via augmenting brain inflammation, 
blood- brain barrier damage and brain oedema independently of infarct size. 
J Neuroinflammation (2011) 8:164. doi: 10.1186/1742-2094-8-164

 114. Combrinck MI, Perry VH, Cunningham C. Peripheral infection evokes 
exaggerated sickness behaviour in pre-clinical murine prion disease. 
Neuroscience (2002) 112(1):7–11. doi: 10.1016/S0306-4522(02)00030-1

 115. Cardoso FL, Kittel A, Veszelka S, Palmela I, Tóth A, Brites D, et al. Exposure 
to lipopolysaccharide and/or unconjugated bilirubin impair the integrity 
and function of brain microvascular endothelial cells. PLoS One (2012) 
7(5):e35919. doi: 10.1371/journal.pone.0035919

 116. Marsland AL, Walsh C, Lockwood K, John-Henderson NA. The effects of 
acute psychological stress on circulating and stimulated inflammatory 
markers: a systematic review and meta-analysis. Brain Behav Immun (2017) 
64:208–19. doi: 10.1016/j.bbi.2017.01.011

 117. Cohen S, Janicki-Deverts D, Doyle WJ, Miller GE, Frank E, Rabin BS, et al. 
Chronic stress, glucocorticoid receptor resistance, inflammation, and disease 
risk. Proc Natl Acad Sci USA (2012) 109(16):5995–9. doi: 10.1073/pnas. 
1118355109

 118. Cole SW. Social regulation of leukocyte homeostasis: the role of glucocorticoid 
sensitivity. Brain Behav Immun (2008) 22(7):1049–55. doi: 10.1016/j.bbi. 
2008.02.006

 119. Erny D, Hrabe de Angelis AL, Jaitin D, Wieghofer P, Staszewski O, David E, et al. 
Host microbiota constantly control maturation and function of microglia in 
the CNS. Nat Neurosci (2015) 18(7):965–77. doi: 10.1038/nn.4030

 120. Thevaranjan N, Puchta A, Schulz C, Naidoo A, Szamosi JC, Verschoor CP, 
et al. Age-associated microbial dysbiosis promotes intestinal permeability, 
systemic inflammation, and macrophage dysfunction. Cell Host Microbe 
(2017) 21(4):455–466.e4. doi: 10.1016/j.chom.2017.03.002

 121. Andersen K, Kesper MS, Marschner JA, Konrad L, Ryu M, Kumar Vr S, et al. 
Intestinal dysbiosis, barrier dysfunction, and bacterial translocation account 
for CKD-related systemic inflammation. J Am Soc Nephrol (2017) 28(1):76–
83. doi: 10.1681/ASN.2015111285

 122. de Jong PR, González-Navajas JM, Jansen NJ. The digestive tract as the 
origin of systemic inflammation. Crit Care (2016) 20(1):279. doi: 10.1186/
s13054-016-1458-3

 123. Cai D, Liu T. Inflammatory cause of metabolic syndrome via brain stress and 
NF-κB. Aging. (2012) 4(2):98–115. doi: 10.18632/aging.100431

 124. Müller S, Martin S, Koenig W, Hanifi-Moghaddam P, Rathmann W, 
Haastert   B, et al. Impaired glucose tolerance is associated with increased 
serum concentrations of interleukin 6 and co-regulated acute-phase proteins 
but not TNF-alpha or its receptors. Diabetologia (2002) 45(6):805–12. doi: 
10.1007/s00125-002-0829-2

 125. Temelkova-Kurktschiev T, Siegert G, Bergmann S, Henkel E, Koehler C, 
Jaross W, et al. Subclinical inflammation is strongly related to insulin resistance 
but not to impaired insulin secretion in a high risk population for diabetes. 
Metabolism (2002) 51(6):743–9. doi: 10.1053/meta.2002.32804

 126. Yudkin JS, Stehouwer CD, Emeis JJ. Coppack SW. C-reactive protein in 
healthy subjects: associations with obesity, insulin resistance, and endothelial 
dysfunction: a potential role for cytokines originating from adipose tissue? 
Arterioscler Thromb Vasc Biol (1999) 19(4):972–8. doi: 10.1161/01.ATV.19.4.972

 127. Eltzschig HK, Carmeliet P. Hypoxia and inflammation. N Engl J Med (2011) 
364(7):656–65. doi: 10.1056/NEJMra0910283

 128. Fujisaka S, Usui I, Ikutani M, Aminuddin A, Takikawa A, Tsuneyama K, et al. 
Adipose tissue hypoxia induces inflammatory M1 polarity of macrophages 
in an HIF-1α-dependent and HIF-1α-independent manner in obese mice. 
Diabetologia (2013) 56(6):1403–12. doi: 10.1007/s00125-013-2885-1

 129. Walmsley SR, Print C, Farahi N, Peyssonnaux C, Johnson RS, Cramer T, et al. 
Hypoxia-induced neutrophil survival is mediated by HIF-1alpha-dependent 

NF-kappaB activity. J Exp Med (2005) 201(1):105–15. doi: 10.1084/jem.2004 
0624

 130. Giugliano D, Ceriello A, Esposito K. The effects of diet on inflammation: 
emphasis on the metabolic syndrome. J Am Coll Cardiol (2006) 48(4):677–
85. doi: 10.1016/j.jacc.2006.03.052

 131. vel Szic KS, Ndlovu MN, Haegeman G, Berghe WV. Nature or nurture: 
let food be your epigenetic medicine in chronic inflammatory disorders. 
Biochem Pharmacol (2010) 80(12):1816–32. doi: 10.1016/j.bcp.2010.07.029

 132. Fisher G, Hyatt TC, Hunter GR, Oster RA, Desmond RA, Gower BA. Effect 
of diet with and without exercise training on markers of inflammation 
and fat distribution in overweight women. Obesity (Silver Spring) (2011) 
19(6):1131–6. doi: 10.1038/oby.2010.310

 133. Nicklas BJ, Ambrosius W, Messier SP, Miller GD, Penninx BW, Loeser RF, 
et al. Diet-induced weight loss, exercise, and chronic inflammation in older, 
obese adults: a randomized controlled clinical trial. Am J Clin Nutr. (2004) 
79(4):544–51. doi: 10.1093/ajcn/79.4.544

 134. Heilbronn LK, Noakes M, Clifton PM. Energy restriction and weight loss on 
very-low-fat diets reduce C-reactive protein concentrations in obese, healthy 
women. Arterioscler Thromb Vasc Biol (2001) 21(6):968–70. doi: 10.1161/01.
ATV.21.6.968

 135. Horsburgh S, Robson-Ansley P, Adams R, Smith C. Exercise and 
inflammation-related epigenetic modifications: focus on DNA methylation. 
Exerc Immunol Rev (2015) 21:26–41. 

 136. Vieira VJ, Valentine RJ, Wilund KR, Antao N, Baynard T, Woods JA. Effects 
of exercise and low-fat diet on adipose tissue inflammation and metabolic 
complications in obese mice. Am J Physiol Endocrinol Metab (2009) 
296(5):E1164–71. doi: 10.1152/ajpendo.00054.2009

 137. Ford ES. Does exercise reduce inflammation? Physical activity and 
C-reactive protein among U.S. adults. Epidemiology (2002) 13(5):561–8. doi: 
10.1097/00001648-200209000-00012

 138. You T, Berman DM, Ryan AS, Nicklas BJ. Effects of hypocaloric diet 
and exercise training on inflammation and adipocyte lipolysis in obese 
postmenopausal women. J Clin Endocrinol Metab (2004) 89(4):1739–46. doi: 
10.1210/jc.2003-031310

 139. Zoppini G, Targher G, Zamboni C, Venturi C, Cacciatori V, Moghetti P, 
et  al. Effects of moderate-intensity exercise training on plasma biomarkers 
of inflammation and endothelial dysfunction in older patients with type 
2 diabetes. Nutr Metab Cardiovasc Dis (2006) 16(8):543–9. doi: 10.1016/j.
numecd.2005.09.004

 140. Møller P, Danielsen PH, Karottki DG, Jantzen K, Roursgaard M, Klingberg  H, 
et al. Oxidative stress and inflammation generated DNA damage by exposure 
to air pollution particles. Mutat Res Rev Mutat Res (2014) 762:133–66. doi: 
10.1016/j.mrrev.2014.09.001

 141. Yang SN, Hsieh CC, Kuo HF, Lee MS, Huang MY, Kuo CH, et al. The effects 
of environmental toxins on allergic inflammation. Allergy Asthma Immunol 
Res (2014) 6(6):478–84. doi: 10.4168/aair.2014.6.6.478

 142. Klein CL, Köhler H, Kirkpatrick CJ. Increased adhesion and activation 
of polymorphonuclear neutrophil granulocytes to endothelial cells under 
heavy metal exposure in vitro. Pathobiology (1994) 62(2):90–8. doi: 
10.1159/000163883

 143. Dong W, Simeonova PP, Gallucci R, Matheson J, Flood L, Wang S, et al. Toxic 
metals stimulate inflammatory cytokines in hepatocytes through oxidative 
stress mechanisms. Toxicol Appl Pharmacol (1998) 151(2):359–66. doi: 
10.1006/taap.1998.8481

 144. Majkova Z, Smart E, Toborek M, Hennig B. Up-regulation of endothelial 
monocyte chemoattractant protein-1 by coplanar PCB77 is caveolin-1-
dependent. Toxicol Appl Pharmacol (2009) 237(1):1–7. doi: 10.1016/j.
taap.2009.02.016

 145. Kebir H, Kreymborg K, Ifergan I, Dodelet-Devillers A, Cayrol R, Bernard M, 
et  al. Human TH17 lymphocytes promote blood-brain barrier disruption 
and central nervous system inflammation. Nat Med (2007) 13(10):1173–5. 
doi: 10.1038/nm1651

 146. Langrish CL, Chen Y, Blumenschein WM, Mattson J, Basham B, Sedgwick JD, 
et al. IL-23 drives a pathogenic T cell population that induces autoimmune 
inflammation. J Exp Med (2005) 201(2):233–40. doi: 10.1084/jem.20041257

 147. Bredesen DE, Amos EC, Canick J, Ackerley M, Raji C, Fiala M, et al. Reversal 
of cognitive decline in Alzheimer’s disease. Aging (Albany NY). (2016) 
8(6):1250–8. doi: 10.18632/aging.100981

https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org
https://doi.org/10.1159/000071472
https://doi.org/10.1186/s12967-015-0749-9
https://doi.org/10.1371/journal.pone.0079624
https://doi.org/10.1186/1742-2094-8-164
https://doi.org/10.1016/S0306-4522(02)00030-1
https://doi.org/10.1371/journal.pone.0035919
https://doi.org/10.1016/j.bbi.2017.01.011
https://doi.org/10.1073/pnas.1118355109
https://doi.org/10.1073/pnas.1118355109
https://doi.org/10.1016/j.bbi.2008.02.006
https://doi.org/10.1016/j.bbi.2008.02.006
https://doi.org/10.1038/nn.4030
https://doi.org/10.1016/j.chom.2017.03.002
https://doi.org/10.1681/ASN.2015111285
https://doi.org/10.1186/s13054-016-1458-3
https://doi.org/10.1186/s13054-016-1458-3
https://doi.org/10.18632/aging.100431
https://doi.org/10.1007/s00125-002-0829-2
https://doi.org/10.1053/meta.2002.32804
https://doi.org/10.1161/01.ATV.19.4.972
https://doi.org/10.1056/NEJMra0910283
https://doi.org/10.1007/s00125-013-2885-1
https://doi.org/10.1084/jem.20040624
https://doi.org/10.1084/jem.20040624
https://doi.org/10.1016/j.jacc.2006.03.052
https://doi.org/10.1016/j.bcp.2010.07.029
https://doi.org/10.1038/oby.2010.310
https://doi.org/10.1093/ajcn/79.4.544
https://doi.org/10.1161/01.ATV.21.6.968
https://doi.org/10.1161/01.ATV.21.6.968
https://doi.org/10.1152/ajpendo.00054.2009
https://doi.org/10.1097/00001648-200209000-00012
https://doi.org/10.1210/jc.2003-031310
https://doi.org/10.1016/j.numecd.2005.09.004
https://doi.org/10.1016/j.numecd.2005.09.004
https://doi.org/10.1016/j.mrrev.2014.09.001
https://doi.org/10.4168/aair.2014.6.6.478
https://doi.org/10.1159/000163883
https://doi.org/10.1006/taap.1998.8481
https://doi.org/10.1016/j.taap.2009.02.016
https://doi.org/10.1016/j.taap.2009.02.016
https://doi.org/10.1038/nm1651
https://doi.org/10.1084/jem.20041257
https://doi.org/10.18632/aging.100981


Microglial Phagocytosis of NeuronsYanuck

17 October 2019 | Volume 10 | Article 712Frontiers in Psychiatry | www.frontiersin.org

 148. Aharoni R. Immunomodulation neuroprotection and remyelination—the 
fundamental therapeutic effects of glatiramer acetate: a critical review. 
J Autoimmun (2014) 54:81–92. doi: 10.1016/j.jaut.2014.05.005

 149. Feinstein DL, Kalinin S, Braun D. Causes, consequences, and cures for 
neuroinflammation mediated via the locus coeruleus: noradrenergic 
signaling system. J Neurochem (2016) 139 Suppl 2:154–78. doi: 10.1111/
jnc.13447

 150. Jayedi A, Rashidy-Pour A, Shab-Bidar S. Vitamin D status and risk of 
dementia and Alzheimer’s disease: a meta-analysis of dose-response. Nutr 
Neurosci (2018) 15:1–10. doi: 10.1080/1028415X.2018.1436639

 151. Mrówczynski W. Health benefits of endurance training: implications of the 
brain-derived neurotrophic factor—a systematic review. Neural Plast (2019) 
2019:5413067. doi: 10.1155/2019/5413067

 152. Miyauchi T, Tokura T, Kimura H, Ito M, Umemura E, Sato Boku A, et al. 
Effect of antidepressant treatment on plasma levels of neuroinflammation-
associated molecules in patients with somatic symptom disorder with 
predominant pain around the orofacial region. Hum Psychopharmacol 
(2019) 34(4):e2698. doi: 10.1002/hup.2698

 153. Aftanas LI, Gevorgyan MM, Zhanaeva SY, Dzemidovich SS, Kulikova KI, 
Al'perina EL, et al. Therapeutic effects of repetitive transcranial magnetic 
stimulation (rTMS) on neuroinflammation and neuroplasticity in patients 
with Parkinson’s disease: a placebo-controlled study. Bull Exp Biol Med (2018) 
165(2):195–9. doi: 10.1007/s10517-018-4128-4

 154. Deardorff WJ, Grossberg GT. Targeting neuroinflammation in Alzheimer’s 
disease: evidence for NSAIDs and novel therapeutics. Expert Rev Neurother 
(2017) 17(1):17–32. doi: 10.1080/14737175.2016.1200972

 155. De Virgilio A, Greco A, Fabbrini G, Inghilleri M, Rizzo MI, Gallo A, et al. 
Parkinson’s disease: autoimmunity and neuroinflammation. Autoimmun Rev 
(2016) 15(10):1005–11. doi: 10.1016/j.autrev.2016.07.022

 156. Rommer PS, Milo R, Han MH, Satyanarayan S, Sellner J, Hauer L, et al.  
Immunological aspects of approved MS therapeutics. Front Immunol (2019) 
10:1564. doi: 10.3389/fimmu.2019.01564

 157. Hirad AA, Bazarian JJ, Merchant-Borna K, Garcea FE, Heilbronner S, 
Paul D, et al. A common neural signature of brain injury in concussion and 
subconcussion. Sci Adv (2019) 5:eaau3460. doi: 10.1126/sciadv.aau3460

 158. Strawbridge R, Young AH, Cleare AJ. Biomarkers for depression: recent 
insights, current challenges and future prospects. Neuropsychiatr Dis Treat 
(2017) 13:1245–62. doi: 10.2147/NDT.S114542

 159. Clancy JA, Mary DA, Witte KK, Greenwood JP, Deuchars SA, Deuchars J. Non-
invasive vagus nerve stimulation in healthy humans reduces sympathetic nerve 
activity. Brain Stimul. (2014) 7(6):871–7. doi: 10.1016/j.brs.2014.07.031

 160. Andersson U, Tracey KJ. Neural reflexes in inflammation and immunity. 
J Exp Med (2012) 209(6):1057–68. doi: 10.1084/jem.20120571

 161. Kimura K, Tanida M, Nagata N, Inaba Y, Watanabe H, Nagashimada M, et al. 
Central insulin action activates Kupffer cells by suppressing hepatic vagal 
activation via the nicotinic alpha 7 acetylcholine receptor. Cell Rep (2016) 
14(10):2362–74. doi: 10.1016/j.celrep.2016.02.032

 162. Di Giovangiulio M, Verheijden S, Di Giovangiulio M, Verheijden S, Bosmans G, 
Stakenborg N, et al. The neuromodulation of the intestinal immune system 
and its relevance in inflammatory bowel disease. Front Immunol (2015) 
6:590. doi: 10.3389/fimmu.2015.00590

 163. Inoue T, Abe C, Sung SS, Moscalu S, Jankowski J, Huang L, et al. Vagus nerve 
stimulation mediates protection from kidney ischemia-reperfusion injury 
through α7nAChR+ splenocytes. J Clin Invest (2016) 126(5):1939–52. doi: 
10.1172/JCI83658

 164. Dilger RN, Johnson RW. Aging, microglial cell priming, and the discordant 
central inflammatory response to signals from the peripheral immune 
system. J Leukoc Biol (2008) 84(4):932–9. doi: 10.1189/jlb.0208108

 165. Mangano EN, Hayley S. Inflammatory priming of the substantia nigra 
influences the impact of later paraquat exposure: neuroimmune sensitization 
of neurodegeneration. Neurobiol Aging (2009) 30(9):1361–78. doi: 10.1016/j.
neurobiolaging.2007.11.020

 166. Hunter LE, Branch CA, Lipton ML. The neurobiological effects of repetitive 
head impacts in collision sports. Neurobiol Dis (2019) 123:122–6. doi: 
10.1016/j.nbd.2018.06.016

 167. Norden DM, Muccigrosso MM, Godbout JP. Microglial priming and 
enhanced reactivity to secondary insult in aging, and traumatic CNS injury, 

and neurodegenerative disease. Neuropharmacology (2015) 96(Pt A):29–41. 
doi: 10.1016/j.neuropharm.2014.10.028

 168. Carvey PM, Punati A, Newman MB. Progressive dopamine neuron loss 
in Parkinson’s disease: the multiple hit hypothesis. Cell Transplant (2006) 
15(3):239–50. doi: 10.3727/000000006783981990

 169. Patrick KL, Bell SL, Weindel CG, Watson RO. Exploring the “multiple-hit 
hypothesis” of neurodegenerative disease: bacterial infection comes up to 
bat. Front Cell Infect Microbiol (2019) 9:138. doi: 10.3389/fcimb.2019.00138

 170. Fiebich BL, Akter S, Akundi RS. The two-hit hypothesis for neuroinflammation: 
role of exogenous ATP in modulating inflammation in the brain. Front Cell 
Neurosci (2014) 8:260. doi: 10.3389/fncel.2014.00260

 171. Barnett ML, Tusor N, Ball G, Chew A, Falconer S, Aljabar P, et al.  Exploring 
the multiple-hit hypothesis of preterm white matter damage using diffusion 
MRI. Neuroimage Clin (2017) 17:596–606. doi: 10.1016/j.nicl.2017.11.017

 172. Grieb B, Engler G, Sharott A, von Nicolai C, Streichert T, Papageorgiou I, 
et al. High-frequency stimulation of the subthalamic nucleus counteracts 
cortical expression of major histocompatibility complex genes in a rat model 
of Parkinson’s disease. PLoS One (2014) 9(3):e91663. doi: 10.1371/journal.
pone.0091663

 173. Carrera E, Tononi G. Diaschisis: past, present, future. Brain (2014) 
137(9):2408–22. doi: 10.1093/brain/awu101

 174. Silasi G, Murphy TH. Stroke and the connectome: how connectivity guides 
therapeutic intervention. Neuron (2014) 83(6):1354–68. doi: 10.1016/j.neuron. 
2014.08.052

 175. Lehmann PV, Forsthuber T, Miller A, Sercarz EE. Spreading of T-cell 
autoimmunity to cryptic determinants of an autoantigen. Nature (1992) 
358(6382):155–7. doi: 10.1038/358155a0

 176. McRae BL, Vanderlugt CL, Dal Canto MC, Miller SD. Functional evidence 
for epitope spreading in the relapsing pathology of experimental autoimmune 
encephalomyelitis. J Exp Med (1995) 182(1):75–85. doi: 10.1084/jem.182.1.75

 177. Münz C, Lünemann JD, Getts MT, Miller SD. Antiviral immune responses: 
triggers of or triggered by autoimmunity? Nat Rev Immunol (2009) 9(4):246–
58. doi: 10.1038/nri2527

 178. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity. 
Cell (2006) 124(4):783–801. doi: 10.1016/j.cell.2006.02.015

 179. Schaefer L. Complexity of danger: the diverse nature of damage-associated 
molecular patterns. J Biol Chem (2014) 289(51):35237–45. doi: 10.1074/jbc.
R114.619304

 180. Semenza GL. Hypoxia-inducible factor 1 (HIF-1) pathway. Sci STKE (2007) 
2007(407):cm8. doi: 10.1126/stke.4072007cm8

 181. Semenza GL. Hypoxia-inducible factor 1 and cardiovascular disease. Annu 
Rev Physiol (2014) 76:39–56. doi: 10.1146/annurev-physiol-021113-170322

 182. Nizet V, Johnson RS. Interdependence of hypoxic and innate immune 
responses. Nat Rev Immunol (2009) 9(9):609–17. doi: 10.1038/nri2607

 183. D’Ignazio L, Bandarra D, Rocha S. NF-κB and HIF crosstalk in immune 
responses. FEBS J (2016) 283(3):413–24. doi: 10.1111/febs.13578

 184. Barnes PJ, Karin M. Nuclear factor-kappaB: a pivotal transcription factor in 
chronic inflammatory diseases. N Engl J Med (1997) 336(15):1066–71. doi: 
10.1056/NEJM199704103361506

 185. Mander P, Brown GC. Activation of microglial NADPH oxidase is synergistic 
with glial iNOS expression in inducing neuronal death: a dual-key mechanism 
of inflammatory neurodegeneration. J Neuroinflammation (2005) 2:20. doi: 
10.1186/1742-2094-2-20

 186. Nocella C, Cammisotto V, Pigozzi F, Borrione P, Fossati C, D'Amico A, et al. 
Impairment between oxidant and antioxidant systems: short- and long-term 
implications for athletes’ health. Nutrients (2019) 11(6):E1353. doi: 10.3390/
nu11061353

 187. Ginhoux F, Prinz M. Origin of microglia: current concepts and past 
controversies. Cold Spring Harb Perspect Biol (2015) 7(8):a020537. doi: 
10.1101/cshperspect.a020537

 188. Fernandes A, Miller-Fleming L, Pais TF. Microglia and inflammation: 
conspiracy, controversy or control? Cell Mol Life Sci (2014) 71(20):3969–85. 
doi: 10.1007/s00018-014-1670-8

 189. Culmsee C, Michels S, Scheu S, Arolt V, Dannlowski U, Alferink J. 
Mitochondria, microglia, and the immune system—how are they linked 
in affective disorders? Front Psychiatry (2019) 99:739. doi: 10.3389/
fpsyt.2018.00739

https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org
https://doi.org/10.1016/j.jaut.2014.05.005
https://doi.org/10.1111/jnc.13447
https://doi.org/10.1111/jnc.13447
https://doi.org/10.1080/1028415X.2018.1436639
https://doi.org/10.1155/2019/5413067
https://doi.org/10.1002/hup.2698
https://doi.org/10.1007/s10517-018-4128-4
https://doi.org/10.1080/14737175.2016.1200972
https://doi.org/10.1016/j.autrev.2016.07.022
https://doi.org/10.3389/fimmu.2019.01564
https://doi.org/10.1126/sciadv.aau3460
https://doi.org/10.2147/NDT.S114542
https://doi.org/10.1016/j.brs.2014.07.031
https://doi.org/10.1084/jem.20120571
https://doi.org/10.1016/j.celrep.2016.02.032
https://doi.org/10.3389/fimmu.2015.00590
https://doi.org/10.1172/JCI83658
https://doi.org/10.1189/jlb.0208108
https://doi.org/10.1016/j.neurobiolaging.2007.11.020
https://doi.org/10.1016/j.neurobiolaging.2007.11.020
https://doi.org/10.1016/j.nbd.2018.06.016
https://doi.org/10.1016/j.neuropharm.2014.10.028
https://doi.org/10.3727/000000006783981990
https://doi.org/10.3389/fcimb.2019.00138
https://doi.org/10.3389/fncel.2014.00260
https://doi.org/10.1016/j.nicl.2017.11.017
https://doi.org/10.1371/journal.pone.0091663
https://doi.org/10.1371/journal.pone.0091663
https://doi.org/10.1093/brain/awu101
https://doi.org/10.1016/j.neuron.2014.08.052
https://doi.org/10.1016/j.neuron.2014.08.052
https://doi.org/10.1038/358155a0
https://doi.org/10.1084/jem.182.1.75
https://doi.org/10.1038/nri2527
https://doi.org/10.1016/j.cell.2006.02.015
https://doi.org/10.1074/jbc.R114.619304
https://doi.org/10.1074/jbc.R114.619304
https://doi.org/10.1126/stke.4072007cm8
https://doi.org/10.1146/annurev-physiol-021113-170322
https://doi.org/10.1038/nri2607
https://doi.org/10.1111/febs.13578
https://doi.org/10.1056/NEJM199704103361506
http://doi.org/10.1186/1742-2094-2-20
https://doi.org/10.3390/nu11061353
https://doi.org/10.3390/nu11061353
https://doi.org/10.1101/cshperspect.a020537
https://doi.org/10.1007/s00018-014-1670-8
https://doi.org/10.3389/fpsyt.2018.00739
https://doi.org/10.3389/fpsyt.2018.00739


Microglial Phagocytosis of NeuronsYanuck

18 October 2019 | Volume 10 | Article 712Frontiers in Psychiatry | www.frontiersin.org

 190. Chang HS, Won E, Lee HY, Ham BJ, Lee MS. Association analysis for 
corticotropin releasing hormone polymorphisms with the risk of major 
depressive disorder and the response to antidepressants. Behav Brain Res 
(2015) 292:116–24. doi: 10.1016/j.bbr.2015.06.005

 191. Kelly B, O’Neill LA. Metabolic reprogramming in macrophages and dendritic 
cells in innate immunity. Cell Res (2015) 25(7):771–84. doi: 10.1038/cr.2015.68

 192. Corcoran SE, O’Neill LA. HIF1α and metabolic reprogramming in 
inflammation. J Clin Invest (2016) 126(10):3699–707. doi: 10.1172/JCI84431

 193. Raison CL, Miller AH. Is depression an inflammatory disorder? Curr 
Psychiatry Rep (2011) 13(6):467–75. doi: 10.1007/s11920-011-0232-0

 194. Dooley LN, Kuhlman KR, Robles TF, Eisenberger NI, Craske MG, Bower JE. 
The role of inflammation in core features of depression: insights from 
paradigms using exogenously-induced inflammation. Neurosci Biobehav Rev 
(2018) 94:219–37. doi: 10.1016/j.neubiorev.2018.09.006

 195. Kopschina Feltes P, Doorduin J, Klein HC, Juárez-Orozco LE, Dierckx RA, 
Moriguchi-Jeckel CM, et al. Anti-inflammatory treatment for major depressive 
disorder: implications for patients with an elevated immune profile and 

non-responders to standard antidepressant therapy. J Psychopharmacol 
(2017) 31(9):1149–65. doi: 10.1177/0269881117711708

 196. Heninger GR, Delgado PL, Charney DS. The revised monoamine theory of 
depression: a modulatory role for monoamines, based on new findings from 
monoamine depletion experiments in humans. Pharmacopsychiatry (1996) 
29(1):2–11 doi: 10.1055/s-2007-979535.

Conflict of Interest: The author declares that the research was conducted in the 
absence of any commercial or financial relationships that could be construed as a 
potential conflict of interest.

Copyright © 2019 Yanuck. This is an open-access article distributed under the 
terms of the Creative Commons Attribution License (CC BY). The use, distribution 
or reproduction in other forums is permitted, provided the original author(s) and 
the copyright owner(s) are credited and that the original publication in this journal 
is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org
https://doi.org/10.1016/j.bbr.2015.06.005
https://doi.org/10.1038/cr.2015.68
https://doi.org/10.1172/JCI84431
https://doi.org/10.1007/s11920-011-0232-0
https://doi.org/10.1016/j.neubiorev.2018.09.006
https://doi.org/10.1177/0269881117711708
https://doi.org/10.1055/s-2007-979535
http://creativecommons.org/licenses/by/4.0/

	Microglial Phagocytosis of Neurons: Diminishing Neuronal Loss in Traumatic, Infectious, Inflammatory, and Autoimmune CNS Disorders
	Introduction
	Neuron-Microglial Interactions in the Healthy Brain
	The Error Rate

	Biology of Neuron-Microglial Interactions
	Microglia in the Healthy Brain
	Microglia in the Dysfunctioning Brain
	Mechanisms of Neuron-Microglial Regulation
	Neural Self-Control

	Factors Affecting the Biochemistry of “On” and “Off” Signaling in Neurons 
and Microglia
	Changes Affecting Outer Membrane PS Expression
	Changes in Neuronal Metabolic Integrity Affecting Multiple Factors
	Changes Driving Brain Inflammation

	Microglial Priming
	Electrical Cell-Signaling Effects
	The Role of Neuronal Electrical Activity in Maintenance of Neuron-Microglial Homeostasis

	More Inflammation Yields Further Consequences
	Still More Consequences

	Further Neuroimmune Triggers
	Pathogens or Damaged Neuronal Debris Evoke Excitotoxicity and Neuronal Cell Death

	Other Views and Questions Going Forward
	Conclusion
	Neuropsychiatric Disorders 
Involve Neuroinflammatory and 
Related Comorbidities
	Time-Course Issues Matter for Patients With Brain Insults

	Author Contributions
	Acknowledgments
	References


