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Abstract

Microglia is considered the central nervous system (CNS) resident macrophages that

establish an innate immune response against pathogens and toxins. However, the

recent studies have shown that microglial gene and protein expression follows a cir-

cadian pattern; several immune activation markers and clock genes are expressed

rhythmically without the need for an immune stimulus. Furthermore, microglia

responds to an immune challenge with different magnitudes depending on the time

of the day. This review examines the circadian control of microglia function and the

possible physiological implications. For example, we discuss that synaptic prune is

performed in the cortex at a certain moment of the day. We also consider the impli-

cations of daily microglial function for maintaining biological rhythms like general

activity, body temperature, and food intake. We conclude that the developmental

stage, brain region, and pathological state are not the only factors to consider for the

evaluation of microglial functions; instead, emerging evidence indicates that circadian

time as an essential aspect for a better understanding of the role of microglia in CNS

physiology.
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1 | INTRODUCTION

Physiological processes are studied under the precept that every

bodily function is temporally organized to adapt to the daily alter-

nation between day and night. Every cell of the body is subjected

to this daily change whereby the intrinsic capacity to present a

24-h oscillatory activity pattern (circadian rhythms) came about as

an adaptation to this geophysical phenomenon (Bollinger &

Schibler, 2014).

Circadian rhythms are generated by biological clocks. In mam-

mals, the suprachiasmatic nucleus (SCN) of the hypothalamus, is

considered the master clock. This specialized nucleus shows self-

sustained rhythms in its neuronal activity that is adjusted to the

24-h light–dark cycle. Then, the SCN coordinates whole-body circa-

dian rhythms by transmitting its cyclical message to other brain

regions as well as peripheral clocks, thereby modulating distinct

physiological processes such as hormone secretion, glucose produc-

tion, autonomic output, alertness, among others (Buijs et al., 2019).

In this way, several brain regions show daily oscillations in neuronal

activity.

This capacity is provided by clock genes that have been identified

to codify transcription factors which activity is regulated by negative

feedback loops operating within a � 24 h period. Specifically, one of

the products of these clock genes, the CLOCK protein forms a hetero-

dimer with BMAL1, another clock gene product, acting as a transcrip-

tional activator that is active during the day and promotes the

expression of the Per gene as well as other output genes whose

expression oscillate in a circadian fashion. In the cytoplasm, PER forms

a dimer with CRY which stabilizes it; the PER/CRY complex then

moves to the nucleus where it represses its own expression by inhibit-

ing CLOCK/BMAL1 activity (Albrecht, 2002; Cermakian et al., 2013;

Cox & Takahashi, 2019; Ko & Takahashi, 2006)

Recent evidence has shown that besides neurons, glial cells in

the SCN also have fluctuating functions essential for maintaining

whole-body circadian rhythms (Brancaccio et al., 2017; Sueviriyapan

et al., 2020) indicating that neurons are not the only oscillating cells

in the central nervous system (CNS). Specifically, it has been dem-

onstrated that microglia, the resident macrophages of the CNS, also

have circadian rhythms in clock gene expression, macrophage

markers, cytokine production and secretion (Wang et al., 2021) and

in the magnitude of their response to immune stimuli (Fonken

et al., 2015). The circadian fluctuation in microglial function may

also place this cell population as a new player regulating the circa-

dian system since it was recently shown that depleting microglial

cells induces arrhythmicity in several complex physiological pro-

cesses (De Luca et al., 2019).

The present review will discuss the studies describing the circa-

dian rhythm of microglia functions. We will also discuss the possible

cues that provide a temporal timestamp to these cells and the phys-

iological implications of this circadian regulation. Finally, we will pro-

pose circadian time as a novel factor to be considered when

studying microglial activity under physiological and pathological

conditions.

2 | MICROGLIAL PHYSIOLOGICAL
FUNCTIONS

In the last decade, microglial studies have focused on the molecular

signature of microglia determining that their molecular signature is

subjected to the individual's developmental stage, brain region, patho-

logical condition, sex, species and even whether these cells are stud-

ied in vivo or in vitro. The results derived from transcriptomics

suggest that microglia is a more diverse dell population than previ-

ously thought and may acquire different functionalities depending in

several factors.

One of the most relevant functions of microglia is their surveil-

lance capacity. Two-photon imaging have shown that microglial pro-

cesses are in constant motility, which is necessary for monitoring the

brain parenchyma (Davalos et al., 2005; Nimmerjahn et al., 2005). This

brain surveillance and directed process motility are aimed to monitor

the activity and conditions of synapses (Nimmerjahn et al., 2005) to

prevent hyper-excitability of activated brain areas under physiological

conditions (Merlini et al., 2021), and to phagocytize synapses during

development (Schafer et al., 2012; Stevens et al., 2007) and even in

adulthood by motoring the status of said synapses. The movement of

microglial processes is also directed to either mechanically damaged

tissue, dying neurons and invading microorganisms (Haynes

et al., 2006).

Previously, it was considered that upon stimulation with an

immune challenge microglial cells could polarized into one of two

states; a “classical” pro-inflammatory (M1) profile that expresses

inducible nitric oxide synthase (Paxinos) for nitric oxide production,

pro-inflammatory cytokines (TNF-α, interleukin [IL]- 1β, IL-12)

(Gordon & Taylor, 2005; Villalta et al., 2009),and an “alternative” anti-
inflammatory (M2) state that expresses arginase 1 (ARG1), anti-

inflammatory cytokines (Il4, Il10, Il13, and TGF-β), CD206, among

others (Colton, 2009; Novak & Koh, 2013; Shechter &

Schwartz, 2013; Stein et al., 1992). Nonetheless, the concepts of M1

and M2 polarization were coined based on data suggesting that mac-

rophages could activate as T-cells are activated into T helper 1 and

2 (TH1 and TH2). Furthermore, the fact that macrophage surface

markers can elicit one of these two T-cell phenotypes, helped to

establish that macrophages would adopt the same nomenclature to

describe its activation state. However, the recent studies have chal-

lenged this dichotomous classification (Ransohoff, 2016). As it was

noted, the only studies that have been able to obtain the M1 and M2

phenotypes were done by exposing cells in vitro to immune chal-

lenges including LPS or diverse combinations of cytokines, while

in vivo microglial phenotypes are only described with one or two

markers that do not demonstrate a pro or anti-inflammatory function.

Furthermore, in 2013, Butovsky et al. demonstrated that the tran-

scriptomic profile of freshly isolated microglia and that of the BV2 cell line

was significantly different and that many microglial markers were not

even present in any of the cell lines employed (Butovsky et al., 2014).

Suggesting that microglial immune response and physiological functions

most be analyzed considering all the previously mentioned factors (brain

region, sex, developmental stage, etc.). In the next sections we will
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propose the time of the day as another factor to be taken into consider-

ation while studying microglial functions, that is, the time of the day.

3 | EVIDENCE OF THE CIRCADIAN
OSCILLATIONS OF MICROGLIAL CLOCK
GENES

In mammals, the molecular clock consists of interlinked auto-

regulatory transcriptional–translational feedback loops that drive

rhythmic �24-h protein expression patterns in individual cells

(Reppert & Weaver, 2002). The main loop, called the core clock,

includes the following genes: circadian locomotor output cycles kaput

(clock), brain and muscle ARNT like protein1 (bmal1), period (per 1, 2,

and 3), and cryptocrome (cry 1 and 2). As stated above, CLOCK and

BMAL1 form a dimer that promotes the transcription of per and cry

(1 and 2). As these genes are expressed, their protein products dimer-

ize to form a complex that represses clock and bmal1, inhibiting their

own transcription (Albrecht, 2002). In addition, the gene npas2 is an

ortholog of clock, and can substitute for clock in clock-mutant mice

(DeBruyne et al., 2007; Reick et al., 2001).

Additional loops are formed by retinoic acid-related orphan

nuclear receptors Rev-Erba and RORs, along with D-box binding pro-

tein (DBP), which fine-tune the oscillations generated by the core

clock and contribute to the strength of the molecular clock circuitry

(Albrecht, 2002; Cox & Takahashi, 2019). Clock proteins also regulate

other target genes known as clock-controlled genes (CCGs) through

the binding of the CLOCK: BMAL1 dimer to the E-box element in

their promoter region.

One of the first studies demonstrating the presences of clock

genes in microglial cells was published in 2011, by Nakazato and col-

leagues showing that microglia isolated from neonatal mouse brains

and the microglial cell line BV-2 expressed: Per1, Per2, Per3, Cry1-2,

Bmal1, Clock Dec1-2, and Npas2 (Nakazato et al., 2011). Later, the cir-

cadian oscillations of BMAL, CLOCK, CRY1 and 2, PER 1 and 2, and

Nr1d1 (which encodes the Rev-Erba protein), and DBP proteins was

described in the BV-2 microglial cell line (Wang et al., 2020), confirm-

ing that microglia do not only express clock genes, but also they actu-

ally have an oscillating molecular clock in vitro.

It was not until 2013, which Hayashi and colleagues demon-

strated that Per1 and Per2 present the highest levels within the first

2 h of the night (the active phase in nocturnal rodents) and that

Rev-erbα showed peaked in the middle of the dark phase. In the

same study. In contrast, the acrophase of the core transcription fac-

tor Bmal1 was observed at the beginning of the day (the resting

phase). Later the work of Fonken et al. demonstrated the presence

of clock genes in rat hippocampal microglia (Fonken et al., 2015)

(Figure 1).

In chronobiology, to determine if a particular oscillation, either

physiological, behavioral, or genetic, is endogenous and not the

product of changes in the environment, it is necessary to evaluate if

the temporal changes persist even in the absence of time cues like

the daily alternation between light and dark periods. Studies deter-

mined that the circadian oscillations of microglial clock genes per-

sisted in mice kept in constant darkness for a full 24 h cycle,

indicating that these rhythms are intrinsic (Hayashi, Koyanagi,

et al., 2013). Accordingly, microglia isolated from the cortex of

clock-mutant mice does not show a significant time-of-day differ-

ence in the expression of clock genes in cortical microglia (Fonken

et al., 2015; Hayashi, 2013). Together, these data demonstrate that

microglial cells in at least some brain areas express the molecular

machinery to generate circadian oscillations. More studies are nec-

essary to further characterize the circadian expression of microglial

clock genes in the entire brain and to determine if these oscillations

F IGURE 1 Time of maximal clock gene expression map for BMAL1, PER1 and 2 and REV-ERB in the hippocampus (Hipp) and the cortex.
Yellow panels indicate the light phase, and blue panels show the dark phase. ZT refers to Zeitgeber time, which literally means “provider of time”
and refers to an environmental signal that indicates time, like the onset of light (ZT = 0)
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are indeed linked to oscillatory functions and are necessary to main-

tain normal microglial function.

Importantly, circadian oscillations in microglial clock genes could

provide the basis for the oscillations of microglial function. Hippocam-

pal microglia expresses both Bmal-1 and pro-inflammatory cytokines

at relatively high levels during the light phase (Fonken et al., 2015).

Bmal1 deficiency reduced mRNA levels of IL-1β, TNF-α, and IL-6 in

response to LPS administration in the microglial BV-2 cell line. In con-

trast, IL-10 mRNA levels were increased (Wang et al., 2020). In pri-

mary microglia from the neocortex of Bmal-1 deficient mice, LPS

administration induced a lower IL-6 expression than in wild-type mice

(Nakazato et al., 2017). Together, these data suggest that Bmal-1 pro-

motes the expression of pro-inflammatory cytokines and decrease the

expression of anti-inflammatory cytokines in physiological conditions

and upon LPS administration. The molecular pathways of this interac-

tion are still unknown, but Bmal-1 modulation of cytokine production

could be carried out through the NRF2 transcription factor, which is

known to promote IL-1β expression in macrophages after Bmal-1

binds to its E-box (Early et al., 2018).

The relationship of Bmal-1 with cytokine expression has also

been studied in APP-KI mice, which over-express amyloid precursor

protein. Microglia of these mice showed malfunctioning of the

CLOCK/BMAL1 feedback loops. A reduced expression of BMAL1 in

these mice was related to increase TNF-α and IL-1β levels in cortical

microglia (Ni et al., 2019). Furthermore, Bmal1-deficient

B6.129-Arntltm1Bra/J mice exhibit increased gene expression of anti-

oxidative and anti-inflammatory factors in microglia, and Bmal1

knock-down microglial BV-2 cell showed reduced responses to LPS,

suggesting that the different elements of the molecular clock are cru-

cial for the correct expression of microglial physiological and immune

functions (Wang et al., 2020) (Table 1).

Oscillating clock genes provides cells with the molecular mecha-

nism to oscillate in a circadian manner, but the following question

remains: Besides clock genes: are there other microglial genes that

present circadian oscillations? In the next section, we will discuss the

studies that report daily changes in genes or proteins involved known

as microglial markers or functional products.

4 | OTHER MICROGLIAL GENES AND
PROTEINS THAT EXPRESS A CIRCADIAN
RHYTHM

Although clock genes are rhythmically expressed in microglial cells, it

is unclear whether they promote oscillation of genes that determine

the function in these macrophages. Nevertheless, reports show that

other microglial proteins besides clock genes also display circadian

oscillations.

Under physiological conditions several microglial markers exhibit

a rhythm. The expression levels of the macrophage marker, the ion-

ized calcium-binding adapter molecule 1 (Iba-1) varies according to

the time of the day in the hippocampus of male mice, with signifi-

cantly more Iba-1 positive cells in the day, which corresponds to the

resting phase in rodents (Griffin et al., 2019). Although, Iba-1 is not

considered a functional marker for macrophages, we can hypothesize

that circadian changes in its expression might be indicative of an oscil-

latory pattern in microglial functions.

Besides Iba-1, other microglial markers in the hippocampus

exhibit a circadian rhythm for example; the cluster of differentia-

tion 68 (CD68) which peaks during the day (Choudhury

et al., 2020). Although pathological models such as stroke, have

proposed CD68 as a general marker of phagocytic macrophages

(Perego et al., 2011). CD68 is a marker related to lysosomal glyco-

proteins transported through vesicles between lysosomes, endo-

somes, and the plasma membrane thus, its circadian expression

could be related to either phagocytosis, autophagy or even the

secretion of lytic enzymes.

Choudhury et al, reported circadian changes in matrix metallopro-

teinases (MMPs) 2, 13, and 14 in the prefrontal cortex of adult mice

(PFC) that could be involved in microglial migration and invasion

(Lively & Schlichter, 2013; Nakanishi, 2003; Sacks et al., 2018). In

addition, the expression of CD11b and CD45 was also increased dur-

ing the sleeping phase as compared to the active phase. The microglial

cells expressing CD11b in the day time also presented larger cell bod-

ies and contained more synapsin I protein (Choudhury et al., 2020),

suggesting that these cells are performing phagocytosis, this possible

functional implication of microglial rhythmicity will be discussed in

detail in the later section.

Another region that exhibits daily changes in the expression of

microglial markers is the medio-basal hypothalamus (MBH) of male

mice. The number of Iba-1-positive cells, the number of ramifications

per microglial cell, and TNF-α expression is higher at night than in the

day. Importantly, this difference is lost after 24 h of fasting (Yi

et al., 2017), suggesting that the signal conveying rhythmicity to hypo-

thalamic microglia is related to food intake. Supporting this data,

obese mice fed a high-fat diet (HFD) also show an arrythmic Iba-1 and

TNF-α expression throughout the day (Yi et al., 2017), suggesting that

the rhythm of these cells in the hypothalamus is determined by meta-

bolic signals.

Furthermore, the same research group also reported that CD68

levels in the MBH are also higher during the day, and that this expres-

sion is under the control of clock genes, since microglial knock-down

of Bmal-1 up-regulates CD68 along the entire light–dark cycle (Wang

et al., 2021). Altogether, these results suggest that some microglial

markers might be clock controlled genes, further studies should assess

this hypothesis.

Besides the circadian oscillation in macrophage markers, micro-

glial cytokine expression also exhibits circadian changes under basal

conditions. Wang et al. described a rhythm in the expression of the

pro-inflammatory cytokines IL1-β, and IL-6 in primary microglial cul-

tures with the highest expression in the light phase (Wang

et al., 2020). In addition, Hippocampal microglia in rats show a daily

rhythm in the expression of IL1-β, IL-6, and TNF-α and the major his-

tocompatibility complex II (MHC-II), each reaching their maximal

expression at different time points of the light phase (Fonken

et al., 2015) while cortical isolated microglia also display daily
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differences in the mRNA expression of TNF-α, IL1-β, and the myeloid

differentiation primary response 88 (Myd88), an adaptor for pro-

inflammatory pathways located downstream of IL1-β (Milanova

et al., 2019). All together these data demonstrate that the basal cyto-

kine levels oscillate daily under physiological conditions without the

need of an immune stimulation. Moreover, it is possible that microglial

physiological functions might employ cytokines secretion to maintain

parenchymal homeostasis in a circadian manner. More studies are

necessary in order to corroborate this.

The relationship between microglial immune products and clock

genes has also been described, so that deletion of clock genes induces

a higher production of inflammatory cytokines and chemokines (Sato

et al., 2014; Vieira et al., 2020),

Bmal1 deficiency reduces mRNA levels of IL-1β, TNF-α, and IL-6,

and increases IL-10 in response to LPS administration in the microglial

cell line BV-2 (Wang et al., 2020). Additionally, the primary microglia

cultures from the neocortex of Bmal-1 deficient mice treated with

LPS, secrete less IL-6 than the microglia isolated from wild-type mice

(Nakazato et al., 2017), suggesting that Bmal-1 deficiency decreases

the inflammatory response of cortical microglia.

Furthermore, Rev-erbα is considered one of the links between circa-

dian rhythms and immune functions as it modulates the expression of

genes involved in innate immunity, such as Il6, Il19, Cxcl6, Cxcl11, and

Ccl2 in immune cells including macrophages (Gibbs et al., 2012; Sato

et al., 2014). In accordance, Rev-erbα-deficient mice lose the daily oscilla-

tion of hippocampal Iba-1 and CD68 and present constantly high levels

throughout the day (Griffin et al., 2019).These data suggest that Rev-

erbα deficiency is necessary to maintain the proper oscillations in hippo-

campal microglial markers. Future studies should assess the functional

implications of the lack of oscillations in the hippocampal microglia.

The circadian differences in the expression of cytokines, clock

genes, and functional microglial markers suggest that these cells

change their cell function in accordance with the time of the day

and most importantly they do so in the absence of pathogens or

injury.

If microglial cells are able to modulate their function in accor-

dance with the time of the day, then what are the mechanisms

that synchronize them to the light–dark cycle? In the next sec-

tion, we will discuss how these cells may acquire an oscillatory

profile.

TABLE 1 Circadian oscillation of clock genes in microglia

Model Brain region

Circadian peak
Reference

Per1 Per2 Per3 Cry1 Cry 2 Bmal1 Clock Npas2 Nr1d1 Dbp RevErb-α

Neonatal mice Whole brain P P P P P P P P - P - Nakazato et al.

(2011)

BV-2 microglia

cell line

- P P P P P P A P - P - Nakazato et al.

(2011)

BV-2 microglia

cell line

synchronized

with

dexamethasonea

- 4 4 24 and

8

8 4 4 - 16 - - - Nakazato et al.

(2017)

8–10 week

old mice

Cortex 14 14 - - - 2 - - - - 18 Hayashi,

Koyanagi,

et al. (2013)

2- month

old mice

Cortex 18 18 - - - 2 - - - - 10 Ni et al. (2019)

MG6 microglia

cell line

synchronized

with

dexamethasonea

- - - - - - 18 - - - - 24 Ni, Wu, Stoka,

et al. (2019)

Sprague–Dawley

rats

Hippocampus 6 6 - - - 24 NR - - - 12 Fonken et al.

(2015)

Fischer-Brown

Norway rats

Hippocampus 6 12 - - - 24 - - - - 12 Fonken, Kitt,

et al. (2016)

and Fonken,

Weber, et al.

(2016)

BV-2 microglia

cell line

- 24 8 - 4 NR 4 8 - 16 8 - Wang et al.

(2020)

557BL/6 J

10- week-old

mice

Whole brain 13.5 15 - 15 13.5 4.5 7.5 - 12 12 - Wang et al.

(2021)

Abbreviations: P, the presence of the gene was measured but not its oscillation; -, not measured; a, absent; NR, non-rhythmic.
aZT is considered as the moment of adding dexamethasone to the medium.
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5 | POSSIBLE MECHANISMS IMPOSING A
TIME STAMP ON MICROGLIA

Until now, there is no evidence that the SCN, the biological clock, may

directly regulate the circadian oscillations in microglia since there are

no anatomical reports of SCN neurons contacting these macrophages

in the different nuclei in which they present daily changes in gene

expression. One possibility is that oscillating changes in the levels of

metabolites, neurotransmitters and hormones known to modulate

microglial function could provide an indirect temporal signal to these

cells (Desale & Chinnathambi, 2020; Fonken et al., 2015; Fonken, Kitt,

et al., 2016; Fonken, Weber, et al., 2016; Logiacco et al., 2021).

Neuronal activity is known to vary throughout the day in several

nuclei (Caba et al., 2014; Iyer et al., 2014; Kononen et al., 1990). Fur-

thermore, circulating metabolites like free fatty acids (Panda

et al., 2002) and glucose (Hsieh et al., 2019; Kalsbeek et al., 2014) or

hormones like leptin (Gao et al., 2018; Schoeller et al., 1997; Yildiz

et al., 2004), and glucocorticoids (Buijs et al., 2019; Halberg et al., 1959;

Leliavski et al., 2015; Oster et al., 2006) display circadian rhythms that

may potentially synchronize microglial function within a 24 h period

(Desale & Chinnathambi, 2020; Fonken et al., 2015; Fonken, Kitt,

et al., 2016; Fonken, Weber, et al., 2016; Logiacco et al., 2021).

Hormones like insulin, glucocorticoids and leptin are known to reach

areas like the hypothalamus, hippocampus, amygdala, and the prefrontal

cortex (Banisadr et al., 2005; McGregor & Harvey, 2018; Thundyil

et al., 2012; Trujeque-Ramos et al., 2018; van Swieten et al., 2014; Weisz

et al., 2017). Although, it is unknown whether their brain levels may oscil-

late along the light–dark cycle, there are some reports suggesting that glu-

cocorticoids might act as a synchronizing signal for microglial cells.

The oscillation of glucocorticoids in plasma have one of the best

described circadian rhythms,with the highest levels just before thewaking

hours and lower levels while organisms are resting (Buijs et al., 2019;

Halberg et al., 1959; Leliavski et al., 2015; Oster et al., 2006). Fonken et al.

demonstrated that corticosterone stimulation restored Per1 expression in

hippocampal microglia isolated from aged rats. Interestingly, the authors

employed low doses of corticosterone (10 or 100 nM) for only 2 h, sug-

gesting that this hormone may synchronize microglial function under

physiological conditions. Importantly, microglia isolated from adrenalecto-

mized rats maintain the oscillation of clock and inflammatory genes, indi-

cating that glucocorticoids are not the only signal sustaining circadian

gene expression but also may convey an entraining signal (Fonken

et al., 2015; Fonken, Kitt, et al., 2016; Fonken,Weber, et al., 2016).

Plasmatic glucose levels also oscillate daily (Kalsbeek et al., 2014).

This is an essential metabolite for microglial function that in their qui-

escent state mainly express the glucose transporter 5 (Glut5), a trans-

porter with low glucose affinity, while in response to an immune

challenge like LPS, microglia over-express the high affinity glucose

transporter 1 (Glut1) thus, elevating their intracellular glucose levels

and promoting an anaerobic glycolytic metabolism (Bernier

et al., 2020; Lauro & Limatola, 2020; Orihuela et al., 2016).

Fluctuating glucose levels in the milieu can also influence microglial

functions. Hsieh et al. demonstrated that increasing glucose concentra-

tions in murine BV-2 cultures promotes cell proliferation and TNF-α

production (Hsieh et al., 2019; Wang et al., 2020). Furthermore, hypo-

thalamic microglial cells rearrange around neuropeptide y (NPY) neurons

during hypoglycemia (Winkler et al., 2019), suggesting that glucose

levels may modulate microglial surveillance state in response to glucose.

In addition, there are several brain regions that show a circadian

rhythm in glucose utilization (Crane et al., 1980; Newman

et al., 1992). Recently, Rodríguez-Cortes et al. demonstrated a circa-

dian rhythm in the entry of glucose into the hypothalamic arcuate

nucleus (Rodríguez-Cortés et al., 2022), suggesting that the daily vari-

ations in glucose levels in different brain areas could also be a cyclic

signal modulating microglial function.

The peak of microglial oscillations depends on the brain region,

and therefore, it is unlikely that a single cycling cue may be able to

entrain every microglial cell in the brain. It is also improbable that neu-

rotransmitters, metabolites, and hormones present the same rhythm

among the different brain areas. Therefore, we believe that the char-

acteristics of each brain region, together with the patterns of neuronal

activity and the access of metabolites and hormones, might provide a

specific timestamp to the daily functions of microglia. Future studies

should address if the daily changes observed in microglia result from

the circadian oscillations in blood-borne hormones and metabolites.

We have presented evidence showing that microglial function is

controlled in a circadian manner, but why do these cells oscillate every

day? The following section will discuss the possible physiological

implications of the circadian rhythm in microglial activity.

6 | PHYSIOLOGICAL IMPLICATIONS OF
MICROGLIAL CIRCADIAN CONTROL

As previously discussed, several microglial genes oscillate but the

physiological implication of these cyclic patterns remains poorly

understood.

Synaptic prune is one of the main functions that microglial cells

perform (Hong & Stevens, 2016; Paolicelli et al., 2014; Sacks

et al., 2018). One possibility for the circadian changes observed in

microglial gene and protein expression might be related with the

reduction in the number of synapses widely reported during the rest-

ing phase (Acsády & Harris, 2017; de Vivo et al., 2017; Diering

et al., 2017; Vyazovskiy et al., 2008).

The microglia-specific protease cathepsin S show a circadian pat-

tern (Hayashi, Koyanagi, et al., 2013) and deletion of CatS causes an

arrhythmic phenotype in locomotor activity and inhibits the diurnal

variations in the synaptic activity and spine density in cortical neurons

(Hayashi, Koyanagi, et al., 2013; Takayama et al., 2017). Furthermore,

Choudhury et al, reported the possible phagocytic synaptic elimina-

tion in the PFC during the resting phase. In Choudhury's study,

synaptophysin-immunoreactive synapses were found co-localizing

with complement C3 immunoreactivity, which were presumably inside

of phagosomes in the microglial soma (Choudhury et al., 2020). These

data suggest that microglia is involved in the remotion of synapses

during the resting phase in the PFC. Future studies should asses if this

is a functional implication for the daily changes in gene and protein
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expression reported in the microglia of areas like the hippocampus

and the medio basal hypothalamus (Figure 2).

The circadian variations of immune functions are ubiquitous in

immunology, and microglial daily oscillations might be important for

the modulation of their immune response (Wang et al., 2022).

Although the exact physiological significance behind the time-

dependent sensitivity to immune challenges is unclear, the daily differ-

ences in response to immune challenges might be one of the most

illustrative examples of microglial rhythms.

In two different studies, Fonken et al. reported higher mRNA

levels of IL-1β, TNFα, and IL-6 in response to ex vivo LPS administra-

tion in hippocampal microglia isolated from rats during the day as

compared to those isolated during the night

(Fonken et al., 2015; Fonken, Kitt, et al., 2016; Fonken, Weber,

et al., 2016). In contrast, IL-10 mRNA levels were higher after LPS in hip-

pocampal microglia isolated in the middle of the night. Furthermore,

infecting cultured MG6 microglial cell line with P. gingivalis (a pathogenic

bacterium that causes periodontitis) induced process extension in corti-

cal microglia that were significantly greater when the immune challenge

was given during the day (Takayama et al., 2016). Together, these results

suggest that the elevated pro-inflammatory cytokine expression in the

hippocampus and cortex observed during the resting phase (light) could

favor microglial pro-inflammatory response at this particular time of the

day (Figure 3) (Fonken et al., 2015).

Time-of-day dependent responses to stress have been also

reported in microglia exposed to an inflammatory stimulus (Fonken,

Kitt, et al., 2016; Fonken, Weber, et al., 2016). Rats exposed to tail

shocks during the day have increased ex vivo microglial activation in

response to an LPS challenge than those exposed during the night

(Weber et al., 2015). In addition, hippocampal microglia isolated from

rats that underwent inescapable stress during the day showed

increased mRNA expression of the inflammatory cytokines IL-1β, IL-6,

and TNF-α. In contrast, the inflammatory response of the microglia

isolated from rats that were subjected to a stress challenge during the

night was similar to that of non-stressed animals (Fonken, Kitt,

et al., 2016; Fonken, Weber, et al., 2016). These studies suggest that

the particular time of the day in which an immune stimulus is given

will determine how microglia will respond to an infection or injury.

A clear example can be observed in a study by Martinez-Tapia

et al. that demonstrated that the outcome of a traumatic brain injury

(TBI) differs depending on the moment of the light–dark cycle in

which the injury occurs. In this study, the rats subjected to a TBI pro-

tocol at midnight had better behavioral outcome than those subjected

during the light phase (Martinez-Tapia et al., 2020). Coincidentally the

F IGURE 2 Circadian rhythm of microglia in the hippocampus and hypothalamus. Under physiological conditions, microglial genes are
rhythmically expressed in the hippocampus and hypothalamus of rodents. In the hippocampus (a) CD11B+, CD68, CD45, Iba-1, IL-1β, TNF-α, and
IL-6, are higher in the day than at night. Conversely, the microglial profile in the mediobasal hypothalamus (b) is inverted, with higher levels of
Iba-1, and TNF-α during the night, in contrast, CD6 increases during the day
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moment of the worst behavioral outcome coincides with the time of

the day in which microglia has the highest levels of pro-inflammatory

cytokines in the cortex (Ni et al., 2019). Importantly the moment of

the worst behavioral outcome coincides with the time of the day in

which microglia has the highest levels of pro-inflammatory cytokines

in the cortex (Ni et al., 2019). Therefore, the nocturnal low pro-

inflammatory cytokine levels could explain why cortical microglia

might be less reactive to TBI event at this moment, leading to a better

outcome. Future studies should assess the gene expression profile of

cortical microglia before and after the TBI inductions to determine the

implication of the time of this type of microglial immune response.

Besides immune challenges, microglial function seems to respond

to neuronal activity as well by increasing its surveillance state in

response to neurotransmitter release when neurons are most active

(Logiacco et al., 2021). Studies have shown that cortical microglia

rearrange their filopodia towards firing neurons; this re-direction of

microglial processes is necessary to prevent neuronal network hyper-

excitability (Li et al., 2013; Merlini et al., 2021).

Similarly, hypothalamic neuronal activity in response to acute

hypoglycemia rapidly induces the activation of NPY positive neurons

thus, promoting the reorganization of surrounding microglial cells and

increasing their Iba-1+ immunoreactivity (Winkler et al., 2019).

Conversely, activating the microglial toll-like receptor 2 (TLR2) by

its ligand Pam3CSK4 (a synthetic triacylated lipopeptide) also induces

the rearrangement of hypothalamic microglia toward proopiomelano-

cortin (POMC) neurons in the hypothalamus, which correlates with

increased glutamatergic inputs towards these neurons (Jin

et al., 2016). All together, these studies indicate that microglial

F IGURE 3 Circadian differences in the microglial response to immune challenges. Hypothetical outcomes of an intraperitoneal
(IP) lipopolysaccharide (LPS) administration and a traumatic brain injury (TBI) performed either during the light (resting) phase or at night (activity).
In the resting phase, microglia expresses higher levels of pro-inflammatory cytokines which could contribute to the exacerbation of inflammation
after an immune challenge. Instead, during the active phase microglia mainly express IL-10, which probably ameliorates the damage caused by
either an LPS administration or a TBI
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processes move towards actively firing neurons, that probably, as

Merlini et. al, demonstrated could help prevent hyper-synchronization

and hyper excitability of neuronal circuits that consequently could

lead either to neuronal death or pathologies (Merlini et al., 2021). The

daily microglial activity might contribute to the maintenance of the

local milieu and the orchestration of complex physiological processes.

Finally, daily microglial activity might also be involved in the orches-

tration of complex physiological processes in the overall physiology as

demonstrated by Sominsky et al. which employed a genetic rat model of

microglial depletion using DTR expression driven by the CX3CR1 pro-

moter; these rats upon the administration of the diphtheria toxin under-

went a significant microglial depletion, resulting in a significant loss in

the circadian organization of body temperature, energy expenditure,

and locomotor activity (De Luca et al., 2019; Sominsky et al., 2021).

Furthermore, Lorea-Hernández et al. showed that the inhibition

or depletion of microglia reduces the respiratory rhythm, suggesting

that the microglial release of excitatory modulators such as cytokines

might be involved in the daily respiratory rhythm (Camacho-

Hernández et al., 2019). These results suggest that microglia is not

only necessary for the maintenance of local brain homeostasis but is

also important for ensuring the proper physiological and behavioral

output of the central nervous system.

7 | CONCLUSIONS AND FUTURE
DIRECTIONS

One of the main questions arising from the present review is why the

time of the day also shapes microglial functions? Moreover, why

should we consider this circadian variation in future studies of micro-

glial functions? The answers might reside in the results of recent

single-cell studies demonstrating that microglial transcriptional pro-

files vary depending on a wide variety of factors such as; the develop-

mental stage, brain region, and health status of an individual (Bennett

et al., 2016; Gosselin et al., 2017; Keren-Shaul et al., 2017; Li

et al., 2019; Masuda et al., 2019).

In 2019, Hammond et al. described the transcriptomic profiles of

developing microglia; they found the highest diversity during early

development and demonstrated that specialized subpopulations of

microglia exist within the brain during development (Hammond

et al., 2019). Later, Matsuda and collabs described distinct subclasses of

microglial populations in both mice and humans, revealing four major

clusters of microglial cells in healthy humans similar to the genetic pro-

files of mouse microglia (Masuda et al., 2019). In the same study, micro-

glial cells derived from the cerebellum, spinal cord, forebrain, midbrain,

cortex, hippocampus, corpus callosum, and facial nucleus were further

classified into different sub-clusters; therefore, various spatiotemporal

subclasses of microglial populations were defined (Masuda et al., 2019).

Another study by Zheng et al. also determined that cortical and spinal

microglia differ, finding three subtypes in the cortex and two in the spi-

nal cord (Zheng et al., 2021). Given the daily changing physiology of the

body and the brain, the study of microglial subtypes and their immune

responses might benefit from considering microglial circadian rhythms

as another factor influencing microglial function and immune response.

Nowadays, chronobiologists are convinced that it is crucial to under-

stand the daily changes of every system in the body, and the brain is no

exception. Therefore, it is vital to consider the perspective of chronobi-

ology to elucidate whether pharmacological therapies aimed to regulate

microglial function will provide the optimal outcome (Corsi et al., 2021).
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