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Abstract

Resident microglia in the central nervous system (CNS) are activated rapidly in response to even minor pathologic
changes in the CNS, releasing various cytokines, growth factors, reactive oxygen species and other bioactive
substances, in addition to eliminating synapses and degenerating cells through phagocytosis. Monocytes in
circulation invade the inflamed brain tissues and develop into macrophages that also produce several bioactive
substances and engage in phagocytosis. This article introduces methods for distinguishing microglia and
macrophages. The pathophysiological roles of resident microglia and macrophages are discussed in animal models
with neuroinflammation in the brain either with or without disruption of the blood-brain barrier. Both cell types have
ameliorating and aggravating effects on the pathologic CNS, and their different roles are addressed in this article.
Furthermore, this article compares the effects of some pharmacological interventions to induce phenotypic cellular
changes for improved outcomes of the pathologic CNS.

Keywords: Parkinson's disease, stroke, traumatic brain injury, axotomy, spinal cord, glucocorticoid, noradrenaline,
bromovalerylurea

INTRODUCTION

Microglia and blood-borne macrophages play major roles in the pathophysiological processes in various
kinds of pathologies of the central nervous system (CNS) by releasing numerous bioactive substances,
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including cytokines, growth factors, and reactive oxygen/nitrogen species, and phagocytosing degenerating
cells and materials" ™. In this article, we use “microglia” to denote resident microglia in the CNS, and
“macrophages” to denote cells derived from circulating monocytes that have invaded (typically inflamed)
CNS lesions with a disrupted blood-brain barrier (BBB). The two types of mesoderm-derived cells share
many kinds of characteristics and surface antigens™*. In particular, when microglia become activated in
response to severe pathologic events, such as stroke or traumatic brain injury (TBI), which accompany
BBB breakdown, both cell types resemble each other in terms of morphology, functions, and cell marker
expression. The term “amoeboid microglia”” has long been used to denote extremely activated microglia
displaying almost the same morphology as brain macrophages in severe lesions. Therefore, it is generally
difficult to distinguish one from the other. This assumption originated from the historical observation by
Rio—Hortega[S], who reported that ramified microglia in the normal mature brain can, in severely damaged
brains, turn into phagocytes exhibiting spherical shapes of the same morphology as that of blood-borne
macrophages'”. Therefore, numerous studies have described CD11b-expresssing (in the case of the rat brain,
a monoclonal antibody OX-42-immunoreactive) spherical cells in severely injured brains in the acute phase
as activated microglia, although most of them should be recognized as invading neutrophils®™.

More recently, it is well-known that both cell types play major roles in pathophysiological processes™""?.
The neuroinflammatory processes influence outcomes of CNS diseases or injuries in both favorable and
unfavorable ways. In this review, “favorable” is used to describe microglia and macrophages that are
neuroprotective cells bringing about the better outcome in the pathologic CNS than “unfavorable” ones
that exert deleterious effects on the survival of neurons and other parenchymal cells. Therefore, various
kinds of interventions, including pharmacological treatment and rehabilitation, have been studied in
laboratory and clinical settings to determine if they enhance favorable responses while also suppressing
the deleterious effects of microglia and macrophages™"*"*. This aim may be interpreted as attempting
to induce M2-polarized or alternatively activated phenotypes of these cells"*"”. However, phenotypes
of activated microglia and macrophages cannot be classified clearly into Mi-polarized or M2-polarized

cells"**,

Diseases and injuries of the CNS can be categorized by the absence of BBB disruption”*". In the absence
of BBB disruption, the infiltration of circulating leukocytes is limited, and microglia play a central role
as immune cells. When the BBB is disrupted, infiltrating leukocytes play much more significant roles™™*”.
In particular, invading monocytes increase hugely in number because of their strong proliferative nature
and end up occupying almost the entire area of the lesion in either stroke or traumatic injury"""”. Marked
accumulation of blood-borne macrophages is seen in malignant brain tumor masses, which are termed
tumor-associated macrophagesm’“l. Tumor-associated macrophages contribute to tumor growth and
angiogenesis by secreting many kinds of growth factors, including vascular endothelial growth factor.
Tumor-associated macrophages are not discussed in this article.

Thus, microglia and macrophages are the critical cells in CNS diseases and injuries and have a profound
impact on patient outcomes. Therefore, many studies have investigated interventions to both suppress the
unfavorable effects of microglia and macrophages and induce their favorable functions. This article also
deals with several interventions targeting microglia and macrophages. There are three types of resident
macrophages that are distinct from microglia and the invaded blood-borne macrophages. Those are the
meningeal, perivascular and choroid plexus macrophages. Although they play significant roles in health
and pathology, they are not discussed in this review.

DISTINGUISHING BETWEEN MICROGLIA AND MACROPHAGES

Discriminating microglia from macrophages has been considered to be very difficult. This is partly due to
the old notion that microglia in the brain are derived from circulating monocytes[7’25]. Moreover, microglia
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have long been thought to be able to display almost completely spherical or amoeboid morphology
when they become fully activated in the core of severe brain insults such as stroke or trauma'. Both cell
types share numerous immune cell markers”. Therefore, distinguishing between them has been very
problematic. However, many methods have been now established for this purpose.

Morphological characteristics

Despite the historical view, even highly activated microglia do not display spherical morphology[g’”]. Ina
rat stroke model prepared by transient occlusion of middle cerebral artery (tMCAO), activated microglia
in the peri-ischemic regions exhibit enlarged somata and shortened processes that are distinct from spikes.
The processes can be identified with immunoreactivity to microglia/macrophage markers such as Iba1 or
CD11b. Conversely, blood-borne macrophages and neutrophils, the latter of which infiltrate in abundance,
do not have processes even though they may have a polygonal shape and short spikes””. Thus, microglia
can be distinguished from blood-borne cells via morphological observation"”. This may be the simplest
method for specific identification of microglia.

Specific markers to distinguish the two cell types in the pathologic brains

Ibai, CD11b, CD45, and CDeé8 have long been used to identify resident microglia; however, these markers
are more strongly expressed by infiltrating macrophages than by activated microglia”. As CD11b is a
marker for myeloid cells and CD45 is a marker for all of the leukocytes, they are not suitable for identifying
microglia in the pathologic CNS. To examine specific roles of resident microglia in CNS pathology, they
must be distinguished from blood-borne cells that are macrophages, lymphocytes, and neutrophils. Thus,
considerable effort has been dedicated to finding microglia-specific markers that are not expressed by
macrophages and other blood-borne cells””. Comprehensive gene analyses using RNAseq and/or microarray
analyses have identified genes that are expressed predominantly by microglia rather than by macrophages
such as Cx3cr1, Gpr34, P2ry12, P2ry13, Siglech, Tmem119, and Trem2"""", Of the specific marker candidates,
TMEMI119 and Siglec-H may be the most promising for immunohistochemical discrimination of microglia
from macrophages.

Transmembrane protein 119, commonly known as TMEM119, was identified by Bennet et al.” Specific
expression of TMEM119 by microglia has been demonstrated by immunohistochemical staining,
flow cytometry analyses, and in situ hybridization[“’“]. TMEM119 was identified originally as a type I
transmembrane protein expressed by murine osteoblasts and is responsible for their differentiation”. It
is not expressed by microglia in immature murine brains, but its expression increases along with their
development or ramification™. In aged human brains either with or without Alzheimer’s disease (AD),
microglia expressed TMEM119™". Activated microglia with enlarged somata in close proximity to amyloid
plaques are less immunoreactive to TMEM119 antibody than are resting (or homeostatic) microglia.
Moreover, TMEM119-expressing microglia in AD brains either do not or only weakly express the polarized
markers CD80, CD163, or CD206. In a TBI model, ramified or homeostatic microglia express TMEM119
at higher levels than do activated microglia[w]. Therefore, TMEM119 is particularly suitable for identifying
homeostatic microglia with a ramified shape in both the normal and the injured mature brain.

Sialic-acid-binding immunoglobulin-like lectin-H (Siglec-H) is another promising marker for
immunohistochemical discrimination of microglia from macrophages[36]. Siglec-H is a single-pass
transmembrane protein that was identified originally as a member of a CD33-related Siglec family. Siglec-H
is barely expressed by circulating monocytes and their derived macrophages. In contrast to TMEM119,
Siglec-H is expressed continually by activated microglia and by microglia in immature brains. Siglec-H
may mediate signals necessary for phagocytosis by microglia[m

Bone marrow transplantation

Bone marrow transplantation (BMT) has long been a reliable method for identifying blood-borne cells
in the CNS with BBB breakdown". After ~10 Gy irradiation to cause near-total death of the host’s bone
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marrow, the bone marrow from transgenic animals that ubiquitously express fluorescent proteins such as
enhanced green fluorescent protein is transplanted””. In the transplanted brain, blood-borne macrophages
bear fluorescence but not resident microgliam]. However, BMT usually leads to partial chimera, which can
make it difficult to analyze the results. With reconstruction of the bone marrow, it is a long time before
the anemia disappears. Radiation may cause degeneration of neural cells, such as NG2 glia and neurons,
which may affect the results”". As radiation disrupts the BBB while increasing monocyte infiltration, BMT
produces donor-derived microglia or microglia-like ramified cells in the brain parenchymam]. Thus, the
BMT may provide firm evidence showing the presence of blood-borne cells in the CNS, but it should be
noted that BMT itself will significantly change the brain functions due to the toxic effects on the neural
cells.

Flow cytometry

Microglial cells belong to a group of myeloid leukocytes and express a macrophage colony-stimulating
factor receptor known as CSF-1R. Therefore, microglia express a myeloid cell marker CD11b and a pan-
leukocyte marker CD45. Based on this finding, microglia have been analyzed by flow cytometry using
antibodies to CD11b and CD45"**". Because of faint expression of CD45 by homeostatic microglia,
immunohistochemical detection of this expression tends to be difficult. Conversely, macrophages and
neutrophils express CD45 rather strongly™”. However, weak CD45 expression can be detected easily by
flow cytometry and is an advantage in flow cytometry analysis; microglia can be defined as CD11b"/
CD45° and macrophages as CD11b"/CD45". Even activated microglia express at lower levels of CD45 than
do macrophages. Moreover, activated and homeostatic microglia can be distinguished by flow cytometry
based on forward and side scatter value; activated microglia have larger somata (larger forward scatter
values) and more intracellular organelles (larger side scatter values) than do homeostatic microglia[w]. Flow
cytometry analyses can be used to isolate the cells by cell sorting"**"". If the cells are treated appropriately
to prevent degradation of proteins, RNA, or DNA, the sorted cells can be used for either Western blotting
or PCR.

Flow cytometry analyses of either cultured microglia or circulating monocytes are simple"*”*".
Nevertheless, analyses of microglia and macrophages in brain tissues have been difficult because of
difficulties in dissociating the tissues into single cells. However, dissociation kits and apparatus are now
available for preparing neural cell suspensions and are designed appropriately for dissociation of rodent
and human brains"**”. The sorted cells can also be used for culturing and/or functional analyses.

RESPONSE OF MICROGLIA IN BRAIN PATHOLOGY IN THE ABSENCE OF BBB BREAKDOWN

Microglia become activated in response to even minor pathological events that do not involve BBB
disruption. This section discusses microglia in Parkinson’s disease (PD), peripheral nerve injury, and
Carbon monoxide (CO) intoxication. Minute activation of homeostatic microglia accompanying circadian
changes can be observed in the normal mature brain; microglia exhibit weakly activated phenotypes

[39]

around the time of onset of sleep ™.

PD

PD is the second most frequent neurodegenerative disorder after AD. As BBB breakdown is not apparent

in PD, infiltration of leukocytes, including monocytes, is not often seen. In PD pathophysiology,

dopaminergic (DA) neurons in the substantia nigra pars compacta (SNc¢) in the mesencephalon primarily
. . . . . . . e . [42-44]

undergo degeneration, leading to microglial activation in the vicinity of the degenerating neurons

The activated microglia release potentially neurotoxic substances, such as either reactive oxygen/nitrogen

. [45,46] . . . . . .
species or glutamate™ . The microglia-derived proinflammatory cytokines and chemokines may also
contribute to aggravation. Injection of 6-hydorxydopamine (6-OHDA) into the striatum or medial

forebrain bundle is used to prepare the PD rat model*”. In the model, DA neurons in the SN¢ primarily
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undergo degeneration, and microglia then become activated in response to damage-associated molecular
patterns (DAMPs), such as high mobility group box-1 protein (HMGB1) released from damaged neurons'”
The activated microglia may exacerbate the degenerative processes of DA neurons. Another rat PD model
is prepared via injection of lipopolysaccharide (LPS) either direct into the SNc or in its Vicinitym]. In this
model, microglial activation is primarily induced followed by DA neuron degeneration, suggesting that

activated microglia could be a key cause of neuronal degeneration.

The hematopoietic cytokines interleukin-3 (IL-3) and granulocyte/macrophage colony-stimulating
factor (GM-CSF) have been shown to modulate the phenotype of microglia in the SNc while suppressing
proinflammatory nature and increasing secretion of neurotrophic factors, insulin-like growth factor
1 (IGF-1), and hepatocyte growth factor (HGF)[“]. Following this, DA neurons increase the expression
of anti-apoptotic factor Bcl-xL, and the symptoms of PD are ameliorated. This suggests that further
investigation of microglial phenotypes would lead to a potential intervention for neurological disorders.

Microglia in the SNc have been the sole focus of studies investigating microglia in PD pathology. However,
upon immunostaining sections of the mesencephalon of PD model rats with antibodies to microglia
markers, activation of microglia in the substantia nigra pars reticulata (SNr) was more apparent than that
of those in the SNc'*”. The activated microglia in the SNr bore large CD6s" phagosomes in their cytoplasm,
in which synaptic proteins were included. In the PD pathology, glutamatergic neurons in the subthalamic
nuclei (STN) become hyperactivated and release excess amounts of glutamate in the basal ganglia outputs
that are the SNr and the internal segment of the globus pallidus (GPi). The change causes bradykinesia,
rigidity, and other PD symptoms. Activated microglia with large phagosomes are present not only in
the SNr but also in the GPi. They internalize the glutamatergic synapses from the hyperactive STN. As
the neurological deficits do not manifest until most DA neurons are lost, it is likely that there are some
significant compensatory mechanisms that prevent the symptoms from appearing””. Microglia should
contribute to this compensation by eliminating hyperactive glutamatergic synapses. Administration of a
single high dose of a synthetic glucocorticoid dexamethasone (Dex) to the PD model rats aggravated their
motor deficits. Dex suppresses CD68 expression in the SNr and GPi, suggesting suppression of microglial
phagocytosis.

Conversely, chronic administration of glucocorticoid[51’52] and other anti-inflammatory agents, such as
bromovalerylurea (BU)", has been shown in laboratory settings to ameliorate the outcome of the motor
deficits, likely because of suppression of proinflammatory activation of microglia in the SNc. These
findings reveal that microglia play both ameliorative and detrimental roles. There appear to be two forms
of microglia activation: one is characterized by the production of proinflammatory mediators found in the
SNc“* and the other is characterized by enhanced phagocytic ability in the SNr and GPi"”. The dual role
of microglia in the PD pathophysiology is summarized in a schematic diagram [Figure 1].

Despite significant evidence showing the involvement of microglia in the DA neuron loss in animal PD
models, it is not clear whether microglia actually affect the pathology of human PD cases. A few clinical
trials have shown the positive effects of antiinflammatory drugs™, and activated microglia are found in PD
patients’ brains by in vivo imaging with positron emission tomography”. However, there is still no firm
evidence demonstrating that microglia actually induce DA neuron death in human PD cases. Most anti-
inflammatory interventions are not ameliorative”*”. This contrasts with animal model cases, in which
anti-inflammatory interventions markedly suppress DA neuron death. The discrepancy between animal
PD models and human cases may be partially attributable to the speed of the pathological processes.
The animal model is acutely prepared, whereas human PD is a chronic disease. Furthermore, when PD
is diagnosed based on motor symptoms, more than 60 % of DA neurons in the SNc are degenerated. In
animal models, anti-inflammatory drugs are often given simultaneously with or even before administration
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Indirect pathway Favorable
Activated
Phagocytic
Microglia
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Microglia

GABArgic

Glutamatergic

Figure 1. Both favorable and unfavorable activated microglia participate in the pathophysiology of PD. Unfavorable microglia present
in the SNc release neurotoxic proinflammatory mediators while accelerating the degeneration of DA neurons. Favorable microglia
present in the SNr and GPi engage in eliminating hyperactive glutamatergic synapses from the STN in the indirect pathway of the
basal ganglia. This figure is based primarily on the study by Aono et a/."*”. PD: Parkinson’s disease; SNc: substantia nigra pars
compacta; DA: dopaminergic; SNr: substantia nigra pars reticulata; GPi: globus pallidus; STN: subthalamic nuclei; GPe: globus
pallidus pars externa

of neurotoxic substances causing DA neuron loss. Even if anti-inflammatory treatments could delay or
prevent progressive neuronal loss in PD pathology, it is a prerequisite for the treatments that diagnosis is
made at much earlier time points when most DA neurons in the SNc are still viable.

Peripheral nerve injury

Peripheral nerve injuries induce activation of microglia in close proximity to damaged neurons. In
particular, facial nerve transection has been used frequently to observe the response of microgliaM.
Microglia become activated and proliferate while attaching intimately to the axotomized neurons. Direct
contact with neurons may be one of the direct causes of the microglial activation””. The activated microglia
detach afferent axonal endings through “synaptic stripping”*”*”. In the axotomy model, the activated
microglia may be neuroprotective through releasing a plethora of neuroprotective factors®’. Axotomy
and spinal cord ischemia both caused similar changes of microglia around the alpha motoneurons in
the anterior horn'. Synapses surrounding the neurons disappeared when activated microglia attached
intimately to damaged neurons.

Constriction injury of the sciatic nerve is another model that is used often to study the responses of
microglia in the spinal cord. This model is well known to cause chronic neuropathic pain'*”. Microglia
exhibit activated morphology in the posterior horn, and they phagocytose myelin elements'*”. Constriction
injury-induced hyperalgesia and the activation of microglia in the posterior horn are sustained chronically.
Microglia in the anterior horn also become activated while surrounding damaged motoneurons and
remove afferent synapses, as do microglia do in the facial nerve axotomy model. Different from the
chronic sensory impairment, Constriction injury-induced motor deficits become ameliorated quite rapidly,
indicating that the activated microglia in the anterior horn may be neuroprotective. Thus, microglia could
become either protective/favorable or destructive/unfavorable cells.

CO intoxication

CO intoxication causes serious adverse effects in brain functions that are known as delayed encephalopathy.

Compared with hypoxia-induced disorder, CO intoxication causes more severe memory impairment and
. . . [64] . . .

more aggravated degeneration of neuronal cells in the hippocampus . Moreover, CO intoxication causes

damage of oligodendrocytes, myelin and NG2 glia. Notably, CO intoxication induces profound loss of

microglia. Expression of neurotrophic factors, such as IGF-1, HGF, platelet-derived growth factor, and
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basic fibroblast growth factor (bFGF) is reduced considerably, whereas expression of pro-apoptotic factors,
such as Bid, Bad, and Bax, is increased, leading to marked loss of the hippocampal neurons. These findings
indicate that microglia contribute significantly to supporting neuronal survival.

RESPONSE OF MICROGLIA AND MACROPHAGES IN THE BRAIN WITH ISCHEMIC AND
TRAUMATIC INJURIES THAT CAUSE BBB BREAKDOWN

Severe damage to brains and spinal cords disrupts the BBB, resulting in massive infiltration of blood-
borne cells, such as monocytes and neutrophils”™*”. Discrimination of the roles of these immune cell types
in pathophysiological processes is becoming possible, although further study is necessary"’. Different
responses of microglia and macrophages are seen in the ischemic lesion core and the ischemic penumbra
or peri-ischemic region™"*”. It should be noted that microglia are very vulnerable to various kinds of severe
brain insults, including CO intoxication, as mentioned above'®”. Six hours after reperfusion in tMCAO
(90 min-occlusion) in a rat model of severe stroke, microglia undergo apoptotic degeneration in the lesion
core, whereas neurons appear unchanged[g’“]. Therefore, blood-borne macrophages and neutrophils are
the main immune cells in the lesion cores and during the acute phase. However, microglia are both viable
and become activated in the peri-region neighboring the core of the lesion and modulate pathological
processes.

Roles of microglia

The activated microglia in the peri-ischemic regions bear large phagosomes that can be recognized by
immunohistochemical staining of CD68"”. Moreover, they frequently express NG2 chondroitin sulfate
proteoglycan (NG2), which may be another marker for phagocytosing microglia and macrophages[m
CD6s"-phagocytosing microglia in the SNr and GPi in the rat PD model brains also express NG2'".
Such NG2'/CDe68" microglia engage in phagocytosis of degenerating neurons in the very limited region
located along the border zone delineating the ischemic core and the penumbra”. The region is termed
the demarcation zone' and is characterized by high expression of NG2. Neurodegeneration, known
as delayed neuronal death, is still progressing in the zone in the subacute phase, which has long been a
therapeutic target in stroke research to ameliorate the outcome of stroke.

Microglia are assumed to eliminate still viable neurons via phagocytosis in the ischemic penumbra’®”
Because of decreased blood flow, neurons reduce their ATP synthesis and, thus, frequently externalize
phosphatidylserine (PS) on their surface. PS is a typical eat-me-signal molecule that is recognized by
molecules, such as either Milk fat globule EGF-like factor 8 (MFG-ES8) or protein S, which are, in turn,
recognized by either vitronectin receptor or Mer receptor tyrosine kinase (MerTK) expressed by microglia.
Expression of MFG-E8 and MerTK is enhanced either in activated microglia or in macrophages in the
ischemic lesions. Knocking out expression of MerTK or MFG-E8 by microglia prevented the delayed
neuronal loss considerably. These findings may indicate that CD68"/NG2'-phagocytosing microglia are
aggravating cells in stroke pathology.

Administration of the CSF1R antagonist PLX3397 to mice depletes microglia. This pharmacological
intervention was used to study the overall effects of microglia on the outcome of ischemic brain insults.
Eliminating microglia increases infarct volume, indicating that the overall effects of microglia on the
ischemic brain are ameliorative. Microglia in the non-ischemic regions may maintain the neuronal
circuitry, suppress proinflammatory activation of astrocytes, and prevent infiltration by various leukocytes,

such as T cells, monocytes, and granulocytes*®”.

Activated microglia in the ischemic brain release a considerable quantity of transforming growth factor
B1 (TGFp1)™", which is a strong immunosuppressive cytokine. Ischemic brain lesions should contain
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abundant DAMPs, such as HMGB1"" and peroxiredoxin”", which are potential ligands for toll-like
receptors (TLRs). DAMPs cause proinflammatory activation of microglia as lipopolysaccharide (LPS).
However, expression of proinflammatory cytokine by both microglia and macrophages in the ischemic
brain is not very remarkable”. TLR ligands strongly induce expression of inducible nitric oxide synthase
(INOS) by microglia in culture. However, microglia in the ischemic brain either do not express iNOS
protein or do so very faintly. TGFB1 expression increases gradually until 7 days after the ischemic insults.
Either LPS or DAMPs induce phosphorylation of IxB kinase (IKK), causing degradation of IkB, enabling
the major proinflammatory transcription factor NFkB to translocate into nuclei and resulting in increased
transcription of mRNA for proinflammatory mediators””. However, after being incubated with TGFp1 for
~24 h, primary cultured microglia do not respond to LPS treatments, even when the TGFf1 is removed
from the culture media. The TGFp1-treated microglia cannot be classified into M2 polarized cells as they
do not express M2 markers. TGFp1 also inhibits phosphorylation of signal transducers and activators of
transcription 1 (STAT1) and expression of interferon regulatory factor 1 (IRF1), both of which augment
proinflammatory reactions of microglia in a sustained manner. When injected into the parenchyma of
the ischemic brain, both microglia and macrophages lose their immunoreactivity to phosphorylated IKK
(pIKK). Expression of other anti-inflammatory cytokines, such as IL-4, IL-10, or IL-13, is much weaker
than is that of TGFp1. These findings indicate that TGFp1 is a key ameliorating factor released by both
microglia and macrophages.

Roles of macrophages

Macrophages accumulate densely in the core of the ischemic and traumatic lesions where almost all
microglia disappear'"**”, Therefore, macrophages play central roles in the immunological modulation
of pathophysiological processes in these lesions. As most of the accumulated macrophages express NG2"",
they have been called brain Iba1'/NG2" cells (BINCs)"". At least some are involved in removing degenerated
materials in the core. The macrophage-precursor monocytes invade inflamed brain tissues in ischemic
and traumatic injuries through recognizing chemokines that are typically either CCL2 or monocyte
chemoattractant protein 1 and either CX3CL1 or fractalkine™. Kinetic study in the rat tMCAO models
showed that expression of CCL2 and CX3CL1 disappeared rapidly after tMCAO, within 2 days. When
macrophage proliferation was inhibited by a single administration of the anti-cancer drug 5-fluorouracil
48 h after tMCAO, accumulation of macrophages at 7 dpr did not occur"”. Therefore, proliferation of
monocytes that infiltrate within 2 days of the onset of the events causes the massive accumulation of
macrophages in the core of the lesion"”. The reduction in number of the accumulated macrophages often
causes death of the model rats. When BINCs were isolated from ischemic rat brains and transplanted into
the core lesions of other stroke model rats, the BINCs proliferate hugely and the outcomes were ameliorated
greatly. BINCs express various neuroprotective factors, such as IGF-1 and HGF, that may contribute to
improved outcomes. Although BINCs were also found in lesions in aged human brains of stroke cases,
however, the density was considerably less than that in the young rat model lesions"”. This may be one
reason why human stroke cases become more severe than do the young rat models. Overall, the collective
effects of macrophages on ischemic brains appear to be ameliorative.

However, the effects of monocyte-derived macrophages may not be favorable during the acute phase.
Microglia and macrophages were isolated individually from TBI model rats at 1.5 days after injury using
a fluorescence-activated cell sorter based on the different levels of CD45 expression[m]. In this TBI model,
oxidative injury may play a significant detrimental role in inducing neuronal degeneration, as an oxidative
product 8-hydroxydeoxyguaine (8-OHdG) was found in neuronal nuclei. Reactive oxygen species (ROS) is
the cause for this product, and most of the ROS may be derived from the mitochondria of macrophages”.
Infiltrating macrophages produce much higher levels of mitochondrial ROS than do microglia. ROS is also
produced by NADPH oxidase activity, and macrophages express much higher levels of NADPH oxidase

than do microglia. Moreover, expression of IL-1B and iNOS is more significant in macrophages than in
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microglia. Although NO is occasionally described as a neuroprotective factor, it can bind to superoxide

77]

O, and form the highly toxic molecule peroxynitrite (ONOO")"””. Conversely, microglia can save neurons
from degeneration induced by oxidative stress”””. Collectively, the roles of blood-borne macrophages are
more detrimental than are those of microglia in the earliest phase of severe brain injuries.

Some different phenotypes of macrophages accumulate in the traumatic and ischemic lesion cores™*”.
During the acute phase, 2 days after the onset of stroke, most macrophages exhibit a rather neurotoxic
phenotype characterized by expression of IL-1f and iNOS and release of ROS". However, most
macrophages exhibit neuroprotective phenotypes characterized by expression of IGF-1 and HGF. This does
not imply that a single population of macrophages turns into the two different (neuroprotective and neuro-
destructive) populations depending on the pathological processes. As the neuroprotective macrophages
characteristically express NGz, they are termed BINCs. However, BINCs cannot be classified as M2-
polarized macrophages; they express a typical M1 marker CD86 and not an M2 marker CD163, whereas
they do not express IL-18 and iNOS in the ischemic lesion core. There is a minor subpopulation of Iba1’/
CDe68" macrophages; though they do not express either NG2 or CDss, they express IL-18, CCL2, and iNOS,
in addition to TLR4, which may be the source of the proinflammatory factors. Characteristically, they
express CD200""*
receptor CD200R. Though the CD200'/NG2™ macrophages are likely the predominant population during
the acute phase of severe brain injury, they undergo gradual apoptotic degeneration due to the oxidative
injury, as evidenced by the accumulation of SOHAG" materials in their nuclei"”. Importantly, as they are
not proliferative, they decline in number along with the pathological processes'”. Alternatively, BINCs
may be a small population during the acute phase, but they are highly proliferative and become the main
macrophage population in the lesion core. Figure 2 summarizes the two types of macrophages.

|, which mediates immunosuppressive signals primarily to myeloid cells expressing its

In conclusion, macrophages also play both favorable and unfavorable roles in brain pathology. However,
unlike the case with microglia, there are different macrophage populations that exert favorable and
unfavorable effects independently.

PHARMACOLOGICAL INTERVENTIONS

The term “double-edged sword” has been used frequently to describe the favorable and unfavorable effects
of microglia and macrophages™™ **. Pharmacological interventions have long been sought that would either
">*4 However, in the case of macrophages, it may
be more likely that there are different subpopulations with different effects on neurons rather than there
being opposing effects of a single population of macrophages. Nevertheless, numerous pharmacological
interventions have been shown to modulate the natures of both microglia and macrophages. Some of these
are discussed below. Here it is better to once again confirm the notion that the favorable and unfavorable

phenotypes for neuronal survival are incompatible with the M1 and M2 classifications”*"*".,

induce or strengthen the favorable effects of these cells

Glucocorticoids

Glucocorticoids have strong immunosuppressive effects on many kinds of cells and may be the most
often-used anti-inflammatory agent in laboratory and clinical settings. Glucocorticoids may have stronger
anti-inflammatory effects on microglia than do adrenergic agonists, minocycline, troglitazone, and
antidepressants [Figure 3]. They cause microglial cells to shrink, reduce lysosomal enzyme activities,
and suppress proliferation of primary cultured rat microglia®. They suppress expression of the
proinflammatory mediators by LPS-treated cultured microglia primarily at the transcription level ™.
Glucocorticoids can bind not only to the glucocorticoid receptor but also to the mineralocorticoid
receptor*”. Mineralocorticoid receptor may mediate activating effects on microglia rather than inhibitory
effects. As the major rodent glucocorticoid corticosterone has an affinity for both mineralocorticoid
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Two distinct brain macrophage populations
in ischemic lesion core
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Figure 2. Distinctions between two populations of blood-borne macrophages accumulated in ischemic core lesions of a rat stroke model
prepared by tMCAOQ. CD200/NG2"/Ibal” macrophages (BINCs) are the dominant populations occupying the most ischemic core
regions. The two populations cannot be classified into M1and M2 categories. The data come mainly from the data Matsumoto et a/."™’
(2015)

receptor and glucocorticoid receptor, it exerts biphasic effects on the microglial proinflammatory actions -
activation at low concentrations and inhibition at high concentrations.

A synthetic glucocorticoid dexamethasone (Dex), a specific ligand for glucocorticoid receptor, strongly
inhibits LPS-induced NO release and expression of mRNA for IL-18 and TNFo'*". When primary cortical
neurons were cocultured with microglia in the presence of LPS, neurons were degenerated. As this LPS-
induced neurodegeneration was prevented by an NOS inhibitor, L-NMMA, the neurodegeneration is
caused by NO derived from activated microglia. However, Dex, rather than the NOS inhibitor, suppresses
the release of NO more strongly and prevents the degeneration almost completely [Figure 3]. Moreover,
Dex increases the expression of mRNA for the neuroprotective factors HGF and IGF-1. The findings
indicate that glucocorticoids can induce a neuroprotective microglia phenotype even in the presence of
LPS in culture or of DAMPs in the damaged brain parenchyma.

Because of such favorable effects, glucocorticoids have been studied in various animal brain disease
models with neuroinflammation. As mentioned, in the rat 6-OHDA-induced PD model, microglia in the
SNc are activated in response to degeneration of DA neurons. Chronic administration of glucocorticoids
appears to inhibit microglia activation and enhance both the viability of DA neurons and the amount of
tyrosine hydroxylase, a rate-limiting enzyme for DA synthesis [Figure 3]. However, glucocorticoids have
several adverse effects, including induction of osteoporosis, impaired glucose tolerance, and increased
susceptibility to infection. Moreover, glucocorticoids potentially impair cognitive functions by damaging
the circuitry of the hippocampus, in which glucocorticoid receptor is expressed abundantly™**”.
Nevertheless, as shown in Figure 3, chronic oral administration of glucocorticoid at a rather low dose of
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Neuron-microglia coculture

Cont/LPS-
Tro
Min

e e e

Iso

Ter

Ibu

Ind

Imi

Ald
Dex
Control

o e

e e e

0

-LPS
Tro
Min

[so
Ter
Ind
Ibu
Flu
Inii
Ald

Dex
LPS

Bc

I'ro
Min
Iso
ler
Ibu
Ind
Flu
Imi
Ald
Dex

Control

80 120 160 200

Nitrite (uM)

40

Iso Min

1

=

1+
——
)

i

i

H
—
-

0 30 60 90
MAP2-immunoreactivity

(% of Control)

"HGF

[

[!uuwum

) 0.10 0.20

of GAPDH mRNA)

(
HGF mRNA (



Page 84 Tanaka. Neuroimmunol Neuroinflammation 2020;7:73-91 | http://dx.doi.org/10.20517/2347-8659.2020.04

=] |
T ]
40 60 0 0.01 0.02 0.03
C IL-1p mRNA (% of GAPDH mRNA) TNFa mRNA (% of GAPDH mRNA)
100
80
L2
TH £5°]
T U
23 o)
Sham 0 0.003 0.03 03 3.0 Eh "
6-OHDA + Dex mg/kg

0 0 0003 003 03 3

0
Da Db Sham 6-OHDA + Dex mg/kg

Figure 3. Immunomodulatory effects of a synthetic glucocorticoid Dex on microglia. A: effects of 10 agents on NO release by rat
primary microglia (A-a) and rat primary cortical neuron-microglia coculture (A-b) incubated for 48 h with LPS. Nitrite levels in
conditioned media were determined. Dex suppressed NO release most effectively. *£ < 0.05, **P < 0.01, ***P < 0.001, respectively
vs. LPS. B: effects of LPS and the agents on LPS-treated neuron-microglia cocultures. B-a: representative immunoblots showing the
contents of MAP2 and iNOS proteins in the cocultures. (-LPS) denotes an absence of LPS; B-b: statistical comparison of suppressive
effects on LPS-induced iNOS expression; B-c: neuroprotective effects of the 10 agents on the LPS-treated coculture. Strong
iNOS expression was correlated with loss of MAP2-immunoreactivity. Only Dex protected neurons significantly from microglial
neurotoxicity. Data from four independent cultures are expressed as mean + SEM. *£ < 0.05, **P < 0.01, ***P < 0.001, respectively,
vs. LPS. C: microglia were incubated with an indicated agent for 16 h in the absence of LPS. Only Dex increased expression of
mRNAs encoding IGF-1 and HGF significantly while suppressing expression of IL-1 and TNFao mRNAs. » = 4, *P < 0.05, **P < 0.01,
***P < 0.001, respectively, vs. control. D: dose-dependent ameliorative effects of Dex on a rat 6-OHDA-induced PD model. D-a:
representative immunoblots showing dose-dependent effects of Dex on the content of TH, a DA neuron marker; D-b: statistical
analyses of the dose-dependent effects of Dex. A dose 0.003 ng/kg weight of Dex significantly prevented the reduction in TH
immunoreactivity. Data from four rats for each dose were expressed as mean + SEM. *£ < 0.05, **P < 0.01, ***P < 0.001, respectively
vs. 6-OHDA/Dex 0. The data are from unpublished ones by Wada et a/. (unpublished data). Dex: dexamethasone; Ald: aldosterone;
Imi: imipramine; Flu: fluvoxamine; Ind: indomethacin; Ibu: ibuprofen; Ter: terbutaline; Iso: isoproterenol; Min: minocycline; Tro:
troglitazone; LPS: lipopolysaccharide; TH: tyrosine hydroxylase; DA: dopaminergic; PD: Parkinson's disease; HGF: hepatocyte growth
factor; IGF-1: insulin-like growth factor 1, 6-OHDA: 6-hydorxydopamine; iNOS: inducible nitric oxide synthase

3 ug/kg body weight for 6-OHDA-induced PD model rats prevented the reduction in tyrosine hydroxylase
immunoreactivity in the SNc to a significant extent. It may be worth administering this dose in a clinical
setting.

As mentioned above, microglia play a favorable role by eliminating hyperactive glutamatergic synapses
from STN in the PD pathophysiology"”. When 6-OHDA-induced PD model rats are administered a high
dose of glucocorticoid, the motor deficits are aggravated. This may be one example demonstrating that
strong immunosuppressive interventions for activated microglia and macrophages have an aggravating
effect, as they have both favorable and unfavorable roles.
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Noradrenaline and other cAMP-elevating agents

As shown in Figure 3, noradrenaline (NA) and related agents have significant inhibitory effects on
activated microglia. These effects have been attributed mainly to the adrenergic B2 receptor that
increases levels of intracellular cAMP"**". The B2 agonist terbutaline strongly suppressed LPS-induced
proinflammatory activation of microglia. cAMP-elevating agents, such as phosphodiesterase (PDE)
inhibitors also exhibited strong inhibitory effects on LPS-treated microglia™. Rolipram, an inhibitor of
the cAMP-selective hydrolase PDE4, may be the PDE inhibitor with the strongest inhibitory effects on rat
primary microglia. A cAMP-analogue, 8-bromo cAMP, and forskolin, an activator for adenylate cyclase,
also have strong inhibitory effects on microglia in vitro. Furthermore, the cAMP-elevating agents inhibit
proliferation of microglia in vitro””. However, it should be noted that adrenergic a1 receptor agonists
such as phenylephrine can inhibit microglial activation to an extent similar to that of terbutaline™*".
The inhibitory effects of NA cannot be eliminated by an inhibitor for cAMP-dependent protein kinase
NA, a1, and B2 agonists strongly prevent LPS-induced translocation into the nuclei of NFxB"". This
effect is mediated mainly by suppression of IxB degradation. NA and the agonists suppressed LPS-
induced phosphorylation of STAT1 and expression of IRF1. IRF1 may contribute significantly to microglia
activation™. However, the precise molecular mechanisms underlying the inhibitory effects of NA, in
addition to the agonists, remain to be identified.

[73]

These studies may indicate that BBB-permeable adrenergic agonists are promising agents for suppressing
neuroinflammatory processes in pathologic brains. The curative effects of BBB-permeable 2 agonists,
while preventing the proinflammatory nature of microglia in the SN¢, have been shown in murine PD
models””. In AD pathology, NA neurons in the locus ceruleus, which is the most important NA source
in the brain, undergo degeneration leading to microglia activation. This subsequently results in further
neuronal degeneration. However, there are many conflicting studies demonstrating the stimulatory

93]

actions of NA and the adrenergic agonists on microglia in the brain""’

TGFp1
TGEFB1 may be the most abundantly released cytokine from microglia and macrophages in severely damaged
brains”""*. TGFp1 suppresses iNOS expression by LPS-treated primary rat microglia almost completely
in culture at both mRNA and protein levels. The inhibitory effect of TGEF1 is as strong as is 100 nM
of Dex in culture experiments[n]. As mentioned above, once incubated with TGFp1, LPS cannot induce
NFkB translocation into nuclei in microglia. TGFp1 also inhibits LPS-induced phosphorylation of STAT1
and expression of IRF1. Although TGFp1 does not increase expression of the M2 markers CD206 and
Yms1, it increases expression of the neuroprotective factors HGF and bFGF. When TGFp1 was injected into
ischemic tissues 48 h after MCAO, the immunoreactivity of pIKK in the tissue surrounding the injection
site was suppressed markedly in a dose-dependent manner.

Severely damaged brain tissues contain DAMPs that should induce proinflammatory activation of
microglia and macrophages. DAMPs bind to TLRs on both microglia and macrophages, resulting in
translocation of NFkB into nuclei. Microglia and macrophages should then display proinflammatory
phenotypes expressing proinflammatory mediators. However, there were very few pIKK-bearing or
iNOS-expressing microglia/macrophages in the lesion, especially during the subacute phase when TGFp1
expression is high. Interventions to increase the actions of TGFp1 for stroke models have been shown to
ameliorate the outcomes for severely damaged brains”*. Thus, TGFB1 may ameliorate severe CNS damage
through inducing anti-inflammatory phenotypes of microglia and macrophages.

Bromovalerylurea

Bromovalerylurea (BU; C H, BrN,O,, CAS: 496-67-3) is a hypnotic/sedative that was developed more than
a century ago™. It is not prescribed currently because of its weak actions as a hypnotic/sedative compared
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with newer agents such as benzodiazepines and also due to dependency. Recently, it has been found to have
strong anti-inflammatory effects"****”, The effects of BU on LPS-treated primary rat microglia are as
strong as those of Dex*”. Like Dex, BU increases the expression of neuroprotective factors such as HGF or
IGF-1 by LPS-treated primary microglia while inhibiting the expression both of proinflammatory factors
and of the proinflammatory transcription factors IRF1, IRF7, and IRFs"****. Although BU does not suppress
LPS-induced NF«B translocation into nuclei, its inhibitory effects are exerted at the transcriptional level.
BU inhibited ATP synthesis in mitochondria; this may be related to its anti-inflammatory effects™™*.
Moreover, BU inhibits Janus kinase 1 activity, thus suppressing the phosphorylation of STAT1 and the
subsequent expression of IRF1**.,

BU prevented the death of rats with cecum ligation and puncture-induced sepsis by suppressing the
proinflammatory activation of peritoneal macrophages[97]. Oral administration of BU ameliorated PD in rat
models while inhibiting the expression of proinflammatory mediators in the ventral midbrain*”. When BU
is added to the LPS-treated microglia/neuron coculture, it can almost completely inhibit neuronal death by
almost completely suppressing the release of NO. In rat TBI models, BU ameliorated neurological deficits
considerably while inhibiting expression of chemokine CCL2 and suppressed monocyte infiltration of the
lesion™. Furthermore, BU inhibited mitochondrial ROS release by macrophages strongly. On the other
hand, BU did not affect the accumulatio of favorable macrophages at later time points.

As BU is a hypnotic/sedative, it crosses the BBB easily. It may hold promise as an agent for ameliorating a
range of brain diseases and injuries. However, BU is associated with marked dependency, and it has been
used for suicide. Nevertheless, recent research has shown that the sleep-inducing effects of BU necessitate
a higher dose than that required to produce the anti-inflammatory effects. As a hypnotic, BU increases the
total sleeping period while reducing rapid eye movement sleep at a dose of 250 mg/kg for rats (Takeda et al.,
unpublished observation). Conversely, BU has been administered to sepsis, TBI, and PD model rats at a
dose of 50 mg/kg. The findings suggest that BU could be used as a specific anti-inflammatory drug without
significant dependency.

Agents that elevate expression of antiapoptotic factors in neurons

Microglia and macrophages can be activated by the presence of damaged neurons because of released
DAMPs. Moreover, damaged neurons will reduce the activity of flippase, which is required for asymmetric
distribution of phospholipids. Flippase reverses the translocation of PS to the exoplasmic face of the plasma
membrane in an ATP-dependent manner. Therefore, even weak neuron damage that reduces intracellular
ATP results in translocation of PS to the exoplasmic surface of the plasma membrane. The PS will be
recognized by proteins such as MFG-E8 and also by complement C1™. These changes stimulate phagocytic
elimination of neurons by microglia and macrophages in a process called phagoptosis®”. Therefore, either
suppression of the apoptotic changes or mitochondrial damage will suppress the unfavorable activation of
microglia and macrophages™**"*".

A hematopoietic cytokine IL-3 has been shown to increase Bcl-xL expression in neurons in ischemic
hippocampi® and in the SNc of PD model rats"*. Moreover, GM-CSF also increases Bcl-xL expression™”
Simultaneous administration of IL-3 and GM-CSF shows more marked ameliorative effects in TBI and PD
model rats. The mixture of the cytokines also inhibited neuronal loss in a rat stroke model prepared by
MCAO. Subcutaneous administration of the cytokine mixture to PD model rats inhibited IL-18 and TNFa
expression in the ventral midbrain, whereas the expression of IGF-1 and HGF was increased. The favorable
changes in microglia may be mediated by the ameliorated survival of neurons. The cytokines also have
specific direct effects on microglia and macrophages[“’m]. Addition of cytokines to the culture of isolated
macrophages (BINCs) from TBI lesions increased HGF and IGF-1 expression, whereas it did not affect IL-
1B expression"”. This indicates that inhibition of the proinflammatory nature of the cytokines may be
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attributed to ameliorated neuronal survival rather than the direct effects on macrophages and microglia.
Thus, an agent that can increase expression of anti-apoptotic factors in neurons would increase the number
of favorable microglia and macrophages.

Ginsenosides are natural products isolated from the plant ginseng. Among the ginsenosides, ginsenoside
Rbi and its derivatives strongly ameliorate the outcome of stroke* and TBI"* models, while increasing
Bcl-xl expression. Along with their direct effects on neurons, ginsenosides have been shown to inhibit the

proinflammatory activation of microglia. It remains to be determined whether they inhibit LPS-induced

proinflammatory activation of microglia and macrophages™™"".

CONCLUSION

Microglia and macrophages have profound effects on the pathophysiological processes of several brain
pathologies. They become activated in response to pathological changes of neurons that produce DAMPs
and express PS on their surface. Microglia and macrophages can have ameliorative and/or deleterious
effects on the CNS depending on the severity of the disease or injuries, time course, and BBB disruption.
Even within the same pathology, the cells exert both different effects in completely different ways, as
described in the cases of PD and the spinal cord of the peripheral nerve injury model. The development
of pharmacological interventions to regulate the response of microglia and macrophages has long been
anticipated. However much more research into their responses is required before that goal can be attained.
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