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Abstract

Sexual differentiation of the brain during early development likely underlies the strong sex biases 

prevalent in many neurological conditions. Mounting evidence indicates that microglia, the innate 

immune cells of the central nervous system, are intricately involved in these sex-specific processes 

of differentiation. In this review, we synthesize literature demonstrating sex differences in 

microglial number, morphology, transcriptional state, and functionality throughout spatio-temporal 

development as well as highlight current literature regarding ontogeny of microglia. Along with 

vanRyzin et al in this issue, we explore the idea that differences in microglia imparted by 

chromosomal or ontogeny-related programming can influence microglial-driven sexual 

differentiation of the brain, as well as the idea that extrinsic differences in the male and female 

brain microenvironment may in turn impart sex differences in microglia.

Sexual differentiation of the brain: How understanding intrinsic and 

extrinsic developmental influences can sculpt the future of microglial sex 

differences research

Sexual differentiation of the brain is the process in which sex-linked neural and behavioral 

phenotypes are coordinated with the gonadal sex of the organism. In the brain, sexual 

differentiation is primarily influenced by the sex chromosome complement of the animal as 

well as gonadal sex hormones. For instance, male sex behavior and physiology are heavily 

influenced by a surge of androgens and their metabolites that occurs during a critical period 

surrounding birth (Konkle and McCarthy 2011; McCarthy 2008; Zuloaga et al. 2008). 

Importantly, it is increasingly recognized that microglia play an important role in the 

processes of brain sexual differentiation (Lenz et al. 2013, 2018; VanRyzin, Pickett, and 

McCarthy 2018; McCarthy et al. 2015; Kopec et al. 2018). Notably, many early-onset 

neurodevelopmental disorders show a strong sex-bias toward males (Thibaut 2016) while 

adult-onset neurological disorders are female-biased (Zagni, Simoni, and Colombo 2016). 

Thus, it is critical to understand how and when sexual differentiation of the brain occurs as 
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this allows for the study of where, when, and how sex differences in neural phenotypes arise, 

as well as what machinery could be dysfunctional when these processes go awry.

In this issue of Glia, we present coordinated reviews on sex differences in microglial 

function. The purpose of these joint reviews is to identify the emerging questions 

surrounding microglia, sex differences, and brain development. VanRyzin et al focus on the 

role of extrinsic factors influencing microglial function and identity (i.e. hormonal fluxes 

and microglial communication with microenvironmental factors). We focus on factors that 

may program intrinsic microglial identity and function such as ontogeny and metabolic 

programming. Of course, differentiating between intrinsic and extrinsic influences is a 

blurred line, as extrinsic factors may alter the intrinsic nature of an individual cell, and vice 

versa. For example, any programming imparted upon cells during their developmental 

journey from their place of origin to place of residence could be considered as either an 

extrinsic factor (programmed after the birth of the cell) or an intrinsic factor (programmed 

prior to its arrival in its tissue or place of residence). On the other hand, an individual cell’s 

transcriptome or proteome (intrinsic factor) could influence how that cell responds to 

extrinsic factors. For purposes of this review, we will broadly consider ontogeny as an 

intrinsic factor that guides cellular functions. It is our goal to move the field of microglial 

sex differences forward through identification of these major questions from both an 

intrinsic and extrinsic point of view.

Microglia are unique immune cells of the central nervous system

Microglia, the primary innate immune cells of the central nervous system (CNS), comprise 

~10% of the total cellular population in the adult human brain (Lyck et al. 2009; Pelvig et al. 

2008). Traditionally, microglia were often referred to as ‘activated’ or ‘quiescent’ 

macrophages, but this terminology is a massive oversimplification (Ransohoff 2016). These 

small cells play an outsized role in maintaining tissue homeostasis, responding to CNS 

perturbations through rapid protrusion into the site of insult (Davalos et al. 2005; 

Nimmerjahn, Kirchhoff, and Helmchen 2005), induction of phagocytic activity, and release 

of neuroprotective or cytotoxic signaling factors (Hanisch and Kettenmann 2007). While 

early microglia research focused on these cells’ roles in the innate immune response, 

microglia are increasingly recognized for their importance in shaping early brain 

development. For example, they are heavily involved in the sculpting of neural circuitry in 

the developing visual system through the refinement of projections from the retina to the 

LGN in activity- and complement-dependent manners (Schafer et al. 2012; Schafer, 

Lehrman, and Stevens 2013), in the laminar positioning of interneurons in upper layers of 

the cortex (Squarzoni et al. 2014), and play an important role in the organization of social 

behavior (Kopec et al. 2018; VanRyzin et al. 2019). Recent studies show robust sex 

differences in microglial morphology, maturation, and function (Schwarz, Sholar, and Bilbo 

2012; Villa et al. 2018; Hanamsagar et al. 2017; Thion et al. 2018). Many behaviors differ 

between males and females early in development, and microglia are intimately involved in 

sculpting many of these behaviors. This suggests that microglia - and their intrinsic sex - 

may be intimately involved in sculpting sex-specific behaviors, or even behavior writ large.
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What makes a microglia male or female?

Male and female microglia are differentially influenced by gonadal hormones and early 

postnatal environment (reviewed in VanRyzin et al, this issue) as well as the chromosomal 

sex of the cell. The X chromosome contains the largest number of immune-related genes in 

the human genome (Fish 2008). X chromosome inactivation serves to match levels of X 

chromosome gene expression in males and females by silencing one set of X chromosome 

genes in females. In placental mammals, the paternal X-chromosome is inactivated in extra-

embryonic tissues as early as the 8-cell stage (Heard and Disteche 2006). By embryonic day 

6.5 in the mouse, random X chromosome inactivation occurs in embryonic tissues (Cheng 

and Disteche 2004). However, recent studies have suggested that this inactivation is not 

random at all. Examination of neonatal brains revealed that the paternal X chromosome is 

consistently inactivated (X. Wang, Soloway, and Clark 2010). The male X chromosome is 

always maternal, suggesting that in both the yolk sac and the brain, where microglia 

eventually reside, the maternal X chromosome has elevated expression. These studies raise 

two interesting considerations: Firstly, if the brain preferentially silences the paternal X 

chromosome, do other tissues also preferentially silence one chromosome over the other? 

Secondly, considering that microglia progenitors travel through different tissues, would 

preferential silencing of the maternal X chromosome in these tissues, such as the 

vasculature, impact microglial trajectory differentially in males and females? The X 

chromosome deserves further attention due to the fact that some X chromosome genes, 

particularly immune-related genes such as toll-like receptor 7 (Tlr7), escape this inactivation 

(Souyris et al. 2018). Microglial TNF-α release can be stimulated by the miRNA let-7 in a 

Tlr7-dependent manner (Lehmann et al. 6/2012), and thus biallelic expression of Tlr7 in 

female microglia may contribute to intrinsic differences in immune response between males 

and females. The human X chromosome also contains ~10% of all miRNAs (Pinheiro, 

Dejager, and Libert 2011), and a variety of X-linked miRNAs have been shown to play a 

role in immune function. One of the more well characterized miRNAs found on the X 

chromosome is miR-223, which is upregulated in immune cells, including microglia, from 

human multiple sclerosis (MS) patients. Overexpression of miR-223 diminishes LPS-

dependent pro-inflammatory responses (Galloway et al. 2018). Although limited information 

is available about miR-223 expression in males and females, MS predominantly affects 

females (Harbo, Gold, and Tintoré 2013), and it stands to reason that X-chromosome 

miRNAs contribute to intrinsic sex differences in microglia and phenotype/disease state. 

Furthermore, polymorphisms in genes on the Y chromosome have been associated with 

differing susceptibility to infection or autoimmune disease (Case et al. 2013; Teuscher et al. 

2006; Spach et al. 2009). Together these recent studies highlight the importance of 

chromosomal genotype on immune function. Studies have additionally highlighted the 

impact of transgenerational influences on microglia development, suggesting that epigenetic 

changes may also contribute to sex differences in microglia (see van Ryzin et al, this issue). 

Despite evidence delineating the intrinsic sex of microglia, more research in this area is 

needed to understand how “maleness” and “femaleness” are programmed and what factors 

influence the identity of a male vs. a female microglia.
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Sex influences the developmental trajectory of microglia

Emerging literature suggests robust sex differences in microglial developmental trajectories 

and function early in life. There are significant sex differences in microglial morphology 

from in vitro cultures, as male-derived cells show more amoeboid-like morphologies 

compared to female-derived microglia (Villa et al. 2018), indicating inherent differences in 

male and female microglia where male microglia may be more reactive in culture. In rats 

there are no sex differences in microglial number at embryonic day 17 (E17) in the 

hippocampus, parietal cortex, amygdala, or paraventricular nucleus of the hypothalamus, 

though in general embryonic microglia are more amoeboid and stout rather than ramified 

(Schwarz, Sholar, and Bilbo 2012). In early postnatal stages (PN2–4), males have more 

microglia than females in the highly sexually dimorphic preoptic area (Lenz et al. 2013) as 

well as in the parietal cortex, hippocampus, and amygdala (Schwarz, Sholar, and Bilbo 

2012). Male microglia were generally more amoeboid than female microglia at these times 

(Schwarz, Sholar, and Bilbo 2012), and the number of phagocytic microglia was higher in 

the early postnatal male amygdala (VanRyzin et al. 2019). However, the number of 

phagocytic microglia was higher in the female hippocampus than in males in PN3 rat pups 

and PN8 mice (Nelson, Warden, and Lenz 2017; Weinhard et al. 2018), suggesting sex 

differences in microglial functionality during early development. Interestingly, the sex 

difference in microglial morphology evident at early postnatal stages was reversed by PN30, 

when females were observed to have more microglia with thick and long processes in the 

hippocampus, amygdala, and parietal cortex (Schwarz, Sholar, and Bilbo 2012).

Microglia may also play a key and sex-specific role in the shaping of brain development 

during the highly plastic developmental time period that is adolescence. Microglial and 

complement-dependent processes mediate elimination of dopamine D1 receptors in 

adolescent male rats, which shapes social behavior changes occurring during the adolescent 

period (Kopec et al. 2018). Although D1 receptors are eliminated in females, these changes 

do not appear to be dependent upon the microglial complement system (Kopec et al. 2018), 

suggesting a differential role for microglial sculpting of social behavior in developing male 

vs. female rats. Of course, microglia could still be involved in the organization of female 

social play behaviors in a manner other than the direct elimination of receptors. For instance, 

microglia in the preoptic area can impact dendritic spine density through the release of the 

molecule prostaglandin E2 (PGE2), producing sex-specific brain development of this area 

(Lenz et al. 2013). It is possible that microglia influence social behavior in females through 

a similar complement-independent process. These findings demonstrate regional 

heterogeneity in microglial characteristics as well as a robust sex difference in number and 

function early in development. The developmental timing of the noted sex differences is 

concurrent with the well-described male-specific gonadal hormone surge that regulates male 

sexual differentiation by pairing behavioral and molecular phenotypes to gonadal phenotype 

(VanRyzin, Pickett, and McCarthy 2018). In rodents, this male-specific surge in testes-

produced testosterone begins at ~E16–18, after microglial colonization of the CNS, and lasts 

until a few hours after birth (Weisz and Ward 1980; Konkle and McCarthy 2011). As the 

majority of microglial studies have been performed at postnatal stages, more work remains 

to be done to understand how this sex-specific perinatal hormonal organization both 
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influences and is influenced by microglial function, establishing acute or long-lasting sex 

differences in microglia themselves (see vanRyzin et al, this issue). Indeed, RNA sequencing 

(RNA-seq) data of isolated microglia from ovariectomized versus control adult female mice 

did not show significant transcriptomic differences in NF-kB-driven genes, indicating that 

long-lasting organizational effects and not acute sex hormone circulation primarily influence 

microglial gene expression (Villa et al. 2018). Additional evidence for early-life sex-specific 

organization of the brain heavily influencing microglial function comes from the same study 

in which microglia were depleted using PLX3397, an antagonist of the colony-stimulating 

factor 1 receptor (CSF1R), which can deplete ~99% of microglia from the adult rodent brain 

(Elmore et al. 2015). Microglia from 12 week old female mice were transplanted into male 

brains that had been depleted of microglia, and instead of taking on a male-like 

transcriptional profile, these female-derived microglia kept a gene expression profile similar 

to that of microglia from control females (Villa et al. 2018), suggestive of lasting intrinsic 

differences between male and female microglia. To determine whether this sex-specific 

differentiation remained under pathological states, the authors utilized permanent middle 

cerebral artery occlusion (pMCAO), a rodent model of ischemic stroke (McBride and Zhang 

2017) in which males tend to have worse neurological outcomes than females. Male or 

female microglia were transplanted into male mice that had undergone pMCAO. 

Transplantation of female microglia into the brains of pMCAO-injured males resulted in a 

significantly lessened injury progression compared to pMCAO-injured males that received 

transplantation of microglia from other males (Villa et al. 2018), suggesting that microglia 

can retain sex-specific differentiation even in response to injury.

The use of RNA sequencing technologies has vastly improved our understanding of 

microglial developmental trajectories. A foundational study demonstrated that there are at 

least three distinct temporal developmental stages in microglial development that are 

characterized by discrete transcriptional patterns referred to as early (~E10.5-E14), pre-

microglia (E14-PN9), and adult microglia (4 weeks of age and older) (Matcovitch-Natan et 

al. 2016). Interestingly, the pre-microglia category encompasses a wide time frame including 

the gonadal sex hormone surge and concurrent critical period surrounding birth for sexual 

differentiation of the brain. A more recent study identified two distinct groups of 

transcriptional patterns within this time, grouping microglia into an embryonic phase 1 

(E12.5-E14.5) and a phase 2 (E16.5-birth) (Thion et al. 2018). This suggests that the 

perinatal hormone surge may influence the microglial transcriptome, and a deeper temporal 

investigation may reveal additional distinct transcriptional stages of microglial development. 

Further studies using bulk RNA-seq of purified hippocampal microglia assessed the role of 

sex in microglial developmental trajectories. Intriguingly, microglia isolated from males 

showed a developmental delay when compared to females. In response to an acute immune 

challenge, male microglia demonstrated a female-like developmental trajectory. Notably, 

immune stimulation did not impact microglia developmental trajectories in females 

(Hanamsagar et al. 2017). One interpretation of these findings is that female microglia are 

more resilient than male microglia in the context of an immune challenge. Alternatively, 

male microglia may be more adaptive than female microglia, and the adoption of the 

‘female-like’ trajectory in response to an immune challenge could represent a protective 

response.

Bordt et al. Page 5

Glia. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Microglia continually survey their environment and expand or retract various processes in a 

time scale of minutes (Nimmerjahn, Kirchhoff, and Helmchen 2005; Davalos et al. 2005). 

Such highly dynamic cells are also likely to be highly heterogeneous, even within 

canonically-defined brain regions. Recent advances using single-cell RNA sequencing 

(scRNA-seq) allow for individual cell analysis of heterogeneous microglial populations 

within a single brain or brain region. An exhaustive scRNA-seq study examining whole 

brain microglia isolated from mice at E14.5, PN4–5, PN30, PN100, and PN540 revealed 

nine unique clusters of microglial states across all ages and conditions (Hammond et al. 

2019). The authors found higher microglial diversity at early ages (E14.5 and PN5) than in 

older mice, suggestive of increased microglial transcriptomic heterogeneity early in 

development (Hammond et al. 2019), a finding echoed by another scRNA-seq study 

showing greater transcriptomic heterogeneity earlier in microglial development (Li et al. 

2019). Surprisingly, (Hammond et al. 2019) did not find any sex differences in the 

transcriptomes of these microglia, while (Li et al. 2019) only studied microglia isolated from 

male mice. That (Hammond et al. 2019) did not find any differences in clustering between 

males and females is in distinct opposition to the bulk RNA-seq and morphological/cytokine 

findings of several other studies (Hanamsagar et al. 2017; Guneykaya et al. 2018; Villa et al. 

2018). It may be that gene expression differences between males and females are not 

detected by the relatively shallow sequencing depth (40,000–60,000 reads per sample in 

(Hammond et al. 2019) compared to ~2 million reads/sample in (Hanamsagar et al. 2017), 

highlighting the need for deep scRNA-seq (on the scale of 1 million reads/cell as in (Li et al. 

2019)) of both male and female microglia across development.

While the recent rise of single cell technologies in microglial research is highly promising, 

one concern stems from the method of isolation of cells to be analyzed. For example, the 

majority of scRNA-seq studies in microglia have used FACS sorting of various myeloid cell 

markers prior to sequencing (Hammond et al. 2019; Li et al. 2019). A comparison of 

microglial transcriptome analyses using Ribo-Tag and FACS techniques found that the 

isolation procedures used for FACS sorting resulted in transcriptional artifacts such as an 

upregulation of pathways involved in nitric oxide and reactive oxygen signaling, as well as 

phagocytosis and TLR signaling (Haimon et al. 2018). Other studies have also found that the 

isolation protocols used during FACS can induce upregulation of immediate early gene 

expression (van den Brink et al. 2017; Ayata et al. 2018). Indeed, using FACS sorting on 

Tmem119+ cells, (Li et al. 2019) found significant expression of immediate early genes in 

sequencing experiments that were not found in vivo by immunohistochemistry, highlighting 

an important caveat in interpretation of single cell sequencing data. Importantly, given that 

immune activation accelerates the maturation of microglia only in males (Hanamsagar et al. 

2017), essentially making the male cells appear transcriptionally more “female-like”, the 

isolation techniques used may be masking baseline sex differences in scRNAseq studies. 

Advances in technologies such as antibody-dependent bead isolations are promising as they 

are faster and involve fewer mechanical stressors, though a comprehensive comparison of 

activation states in response to this technique has not been reported. Overall, current 

technical limitations require compromise between obtaining single-cell specificity and 

maintaining in vivo conditions, and specific experimental questions should instruct the 

optimal technique.
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Taken together, sex differences in microglial number, morphology, transcriptome, and 

function have been reported in various brain regions throughout early brain development 

when sexual differentiation of the brain is occurring. Whether these sex differences in 

microglial functionality drive how the brain develops or whether microglia are simply 

responding to differences in the male vs. female brain remains an open question.

Sex differences in their developmental journey may program sex 

differences in microglial behavior

Fate mapping studies demonstrate that microglia are derived from fetal yolk-sac myeloid 

progenitors (Ginhoux et al. 2010; Hoeffel and Ginhoux 2015). An initial wave of primitive 

hematopoiesis in mice is observed ~E7.5 with the generation of macrophages and nucleated 

red blood cells that will colonize the embryo (Thion, Ginhoux, and Garel 2018). These yolk-

sac-derived macrophage precursors colonize the central nervous system (CNS) in sequential 

waves via the vasculature beginning at ~E9, prior to the closure of the blood brain barrier 

(BBB), an event which occurs ~E13-E14.5 in mice (Ginhoux et al. 2010; Hoeffel and 

Ginhoux 2015). Correspondingly in humans, microglia arise early in the processes of neural 

development, first appearing in the forebrain ~4.5 weeks into gestation with early routes of 

entry thought to be through the choroid plexus, ventricles, and meninges (Verney et al. 

2010). A second wave of microglia was observed in the white matter ~10–13 weeks into 

gestation (Verney et al. 2010). Indeed, microglial brain colonization during embryonic 

development is conserved across vertebrate species (Schlegelmilch, Henke, and Peri 2011; 

Herbomel, Thisse, and Thisse 2001; Hanisch and Kettenmann 2007; Swinnen et al. 2013). 

As neural progenitors at this stage are primarily differentiating into neurons and do not 

generate astrocytes/oligodendrocytes until later in embryonic life, microglia comprise the 

majority of the fetal glial population (Thion, Ginhoux, and Garel 2018).This suggests that 

microglia can play diverse roles in promoting the organization of neural circuitry. Further, 

these roles are likely to be sex-specific as male and female microglia follow temporally 

distinct developmental trajectories (Hanamsagar et al, 2017). Although often referred to 

simply as the macrophages of the CNS, the distinct ontogeny of yolk-sac derived microglia 

is likely to influence their development and function. For example, the adult CNS is unable 

to induce full microglia-like differentiation of bone marrow-derived monocytes that were 

injected into the brain (Cronk et al. 2018), suggesting that simply any background of 

macrophage will not be as fully differentiated as yolk sac-derived microglial cells. It must be 

noted that traditional techniques used to distinguish microglia from peripheral macrophages 

utilized expression of the antigen CD45, with microglia generally thought to have lower 

CD45 expression than peripheral macrophages (Ford et al. 1995). However, brain-resident 

microglia can upregulate CD45 expression in response to pathological insults (Sedgwick et 

al. 1991), indicating difficulty in the use of canonical markers to delineate microglia versus 

microglia-like cells. However, a recent study identified Ms4a3 as a marker specific for 

granulocyte-monocyte progenitors, and generated a Ms4a3Cre-RosaTdT fate mapper mouse 

to specifically follow monocytes and their progeny (Liu et al. 2019). These mice could be 

used in parallel with newly created Tmem119-eGFP and Tmem119-CreERT2 transgenic 

mice (Kaiser and Feng 2019) to faithfully distinguish between processes carried out by 

brain-resident microglia and infiltrating monocytes. That bone marrow-derived monocytes 
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do not fully differentiate in the brain indicates that some intrinsic programming that 

microglia possess, but bone marrow-derived monocytes do not possess, is important for their 

interactions with and integration into the brain microenvironment. As there are known sex 

differences in both the developmental trajectories and adult behaviors of microglia, it is 

possible that sex differences may arise as early as hematopoiesis in the embryonic yolk-sac, 

or during the process of CNS colonization that occurs during early embryonic development. 

While here we highlight the colonization of microglia in the brain, it is also likely that other 

factors such as proliferative capacity and/or apoptosis influence microglial number and 

location in the developing brain. However, investigations into microglial proliferation in the 

PN2 hippocampus (Nelson, Warden, and Lenz 2017) and at 3 months (Villa et al. 2018) 

found no basal sex differences. Given the variation in overall brain maturational trajectory in 

males and females (Giedd 2004) it may be that embryonic microglia colonize the CNS at a 

different rate in males and females, either due to intrinsic sex differences or due to 

differential extrinsic signals stemming from regional differences in brain maturation. For 

instance, neural progenitor cells are known to influence microglial colonization (Arnò et al. 

2014). Therefore, differing maturational states of neural progenitor cells between males and 

females may signal for microglial colonization at different time points or to a different 

degree (VanRyzin, Pickett, and McCarthy 2018). A recent report using intravital microscopy 

of CX3CR1GFP/+ mice to trace pre-macrophage trafficking from the fetal yolk sac to the 

embryo found that CX3CR1+ pre-macrophages primarily entered the yolk sac vasculature 

and trafficked towards the embryo, and that the principal target of these yolk sac-derived 

pre-macrophages was the developing brain (Stremmel et al. 2018). However, the use of 

CX3CR1 to track pre-macrophages may not be completely reflective of microglial 

colonization, as CX3CR1 is not expressed until ~E9.5, two days after yolk-sac progenitors 

arise (Ginhoux et al. 2010; Hoeffel and Ginhoux 2015). Other markers such as Runx1 or 

Csf1r are expressed earlier (Samokhvalov, Samokhvalova, and Nishikawa 2007; Qian et al. 

2011). This could indicate a change in transcriptional profile between the appearance of 

yolk-sac progenitors and the start of trafficking, or it could be indicative of different 

populations of progenitor cells. Lineage tracing studies using intersectional genetic 

approaches would help address this issue. Recently, Tmem119-EGFP and Tmem119-

CreERT2 mouse models have been described that would help address this question (Kaiser 

and Feng 2019). However, the transcriptomic and proteomic expression patterns of 

Tmem119 are conflicting. RNAseq has demonstrated that Tmem119 is expressed early in 

embryonic yolk-sac progenitors, while protein reactivity is only seen postnatally 

(Matcovitch-Natan et al. 2016; Bennett et al. 2016). In support of the idea of distinct 

progenitor lineages, Tmem119 reporter animals showed expression in neonatal vasculature 

in addition to microglia, while Runx1 lineage progenitors did not contribute to early 

embryonic vasculature (Samokhvalov, Samokhvalova, and Nishikawa 2007; Kaiser and Feng 

2019). While the molecular calling cards responsible for pre-macrophage migration from the 

yolk sac to the brain are still unknown, the time-frame of pre-macrophage migration to the 

developing brain is similar to the early establishment of a vascular network in the brain 

(Stremmel et al. 2018). In NCX1 knockout mice lacking a heartbeat and functional blood 

circulation, microglia do not reach the brain (Ginhoux et al. 2010), suggesting that microglia 

migrate from the yolk sac to the fetal brain through the vasculature. As such, any sex 

differences in fetal vasculature may impart sex-specific programming onto these trafficking 
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cells. Indeed, differences in how and where microglia enter the brain from the vasculature 

may differ between males and females, potentially imparting lasting sex differences in their 

functionality. While little has been determined regarding sex differences in cerebral 

vasculature or blood flow during fetal development, several studies in adult humans have 

determined that cerebral blood flow is higher in females than males throughout much of life 

(Aanerud et al. 2017; Rodriguez et al. 1988; R. E. Gur and Gur 1990; Amen et al. 2017; 

Esposito et al. 1996), although the sex difference diminishes by age 60 (Aanerud et al. 

2017). A study focusing on sex differences in earlier human life found that females had 

lower cerebral blood flow than males prior to age 13, which began to change during mid-

adolescence, and that by late adolescence female cerebral blood flow was greater than that 

seen in males (Satterthwaite et al. 2014), indicating a fluidity in sex-specific vasculature 

function. Differences in the rate at which microglia traffic through the vasculature from the 

fetal yolk sac to the brain could impact the timing of their arrival in the brain. Given the 

ability of neural progenitors to influence microglial colonization (Arnò et al. 2014), a slight 

change in the timing of microglial arrival to certain brain regions could lead to microglia 

interacting with progenitors at different stages of either microglial or neural progenitor 

differentiation, resulting in varied microglial outcomes. What could underlie these sex 

differences in the vasculature? While outside of the scope of this review, yolk sac 

vasculature formation/remodeling is dependent upon VEGF signaling, of which there are 

known sex differences early in development, and is a possible explanation for sex 

differences in vasculature functionality.

The somewhat controversial idea that microglia may traffic via alternative routes from the 

fetal yolk sac to the brain gained support from the finding that a proportion of microglia in 

the brain are derived from fetal yolk sac cells expressing the homeobox 8 (Hoxb8) gene 

(Greer and Capecchi 2002; Chen et al. 2010). These Hoxb8-lineage microglial progenitors 

are generated during the second wave of fetal yolk-sac hematopoiesis and are not detected in 

the brain until ~E12.5, with strong expression apparent in the brain from E14.5 onward (De 

et al. 2018). Evidence suggesting that these Hoxb8-lineage microglia do not migrate directly 

from their fetal yolk-sac origin to the brain (Fig. 1) came as Hoxb8-lineage cells were 

observed in the fetal liver and aorto-gonad-mesonephros (AGM) prior to infiltration of the 

brain at E12.5 (De et al. 2018). Of note, Hoxb8-labeled hematopoietic progenitor cells 

isolated from the E12.5 fetal liver were capable of giving rise to mature Tmem119-

expressing parenchymal microglia when transplanted into the mouse brain, supporting the 

idea that Hoxb8-lineage cells destined to become brain microglia may traffic through the 

fetal liver (De et al. 2018). Intriguingly, Hoxb8-lineage microglia showed a higher 

proliferation rate than canonical (non-Hoxb8) microglia soon after birth (De et al. 2018). 

That certain subpopulations of microglia are highly proliferative during the end of the 

critical period in which there is an organizational male gonadal hormone surge is of interest. 

It may be that the extrinsic impact of gonadal hormones in males differentially affects the 

highly proliferative microglial population to a different degree than the less-proliferative 

microglial population. Any differential programming that male or female microglia acquired 

during their trafficking through the fetal liver and AGM (or other as-of-yet undefined routes) 

could also result in different responses to the gonadal hormone surge. Although the potential 

for microglia to migrate from the fetal yolk sac to the brain via different routes remains open 
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ended, the findings of a possible second source of brain microglia that traffic through the 

fetal liver and AGM on their developmental route from the fetal yolk-sac to the brain may 

provide numerous chances for the acquisition of novel programming that may result in 

altered functionality of these alternatively-trafficked microglia. For example, significant sex 

differences were found in the expression of various genes within the human fetal liver 

(O’Shaughnessy et al. 2011). One gene that was differentially expressed in male and female 

fetal liver was the aryl hydrocarbon receptor (Ahr), which limits microglial inflammatory 

response via SOCS2-dependent inhibition of NF-kB (Rothhammer et al. 2018). Differential 

exposure to Ahr within the male or female fetal liver could program Hoxb8-lineage 

microglial reactivity to immune stimulators of NF-kB later in life. Controversy remains 

however over the early trafficking routes of microglia from the fetal yolk sac to the 

embryonic brain, and greater characterization of the developmental journeys of these 

fascinating cells is likely necessary to understand the potential programming that they 

experience during their migration into the brain.

As mentioned briefly above, a study exploring intrinsic vs extrinsic factors in the 

determination of microglial identity depleted microglia in male or female mice with CSF1R 

antagonist treatment, and then transplanted microglia isolated from either male or female 

mice into depleted brains. Female microglia from 12 week old mice that were transplanted 

into depleted male brains retained a gene expression profile similar to that seen in control 

female mice, suggesting lasting sex-specific transcriptomic identity (Villa et al. 2018). These 

results presumably suggest the importance of both intrinsic and extrinsic 

microenvironmental factors in the sex-specific identity of microglia, as it is likely that the 

microenvironment during development imparts changes that will persist in female or male 

microglia, but that cannot be changed by later life exposure to different extrinsic 

environments. The same study suggested that this sex-specific identity may also persist 

during the injury response. Young adult female rodents sustain a lesser injury than males in 

response to forebrain or focal ischemia (Smith et al. 2014; Demarest et al. 2016). RNA-seq 

findings that female microglia had a higher propensity to express genes involved in cellular 

repair and inflammatory control (Villa et al. 2018), suggesting that these microglial 

transcriptional differences may underlie female resilience to injury. Regardless of their exact 

route of trafficking, microglia are likely to be programmed by the various environments to 

which they are exposed on their developmental journey to the brain. Given the many studies 

highlighting sex differences in microglial developmental trajectories and later life functions, 

it is surprising that relatively little attention has been given to whether the complex ontogeny 

of microglia may be influenced by any sex-specific programming. Future studies examining 

microglial ontogeny in males and females will likely have a significant impact on the field.

Intrinsic differences between brain regions may impart sex-specific 

regional heterogeneity in microglial function

That significant sex differences have been found in microglial number and function in 

different brain regions suggests that there may be sex-dependent spatial heterogeneity in 

microglial function/activity (Fig. 2). Brain regions are often defined by the primary neuronal 

subtype contained within that region, as well as to which other regions these neurons 
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connect. However, recent scRNA-seq and proteomics studies have observed a high level of 

heterogeneity within individual brain regions (Tasic et al. 2016; Zeisel et al. 2015), 

indicating that in addition to heterogeneity between traditionally-defined brain regions, there 

may also be significant intra-regional heterogeneity (Silvin and Ginhoux 2018; Ayata et al. 

2018). Early flow cytometry-based studies examining the potential for spatial heterogeneity 

of microglial phenotypes described marked variations of canonical microglial markers from 

microglia isolated from the hippocampus, spinal cord, cerebellum, cerebral cortex, and 

striatum of 11–12 week-old male mice (de Haas, Boddeke, and Biber 2008). More recent 

findings using CD11b+CD45low gating to select for microglia found MHCI expression in 

cortex and hippocampus to be higher in males than females, while MHCII expression was 

higher only in the male cortex (Guneykaya et al. 2018). A recent landmark study examined 

microglial transcriptomic, morphological, and functional heterogeneity within different 

regions of the basal ganglia and ventral tegmentum (De Biase et al. 2017). Microglial 

density was found to vary significantly across the different subregions studied. Similar to 

density measures, significant regional heterogeneity was also found in microglial structural 

complexity (De Biase et al. 2017). Of course, microglial morphology is not a perfect proxy 

for the ‘activational state’ of the cell (Ransohoff 2016). Indeed, several reports have noted 

that microglia show upregulation of both classically pro-inflammatory and anti-

inflammatory markers in development (Crain, Nikodemova, and Watters 2013; Lenz et al. 

2013), suggesting that an individual cell, which can have only one morphology, can express 

both types of markers. On a functional level, the same study observed regional differences in 

microglia-lysosome co-localization and microglial resting potentials (De Biase et al. 2017). 

At a transcriptomic level, the ventral tegmental area (VTA) was found to have the lowest 

gene expression overlap compared to other regions, whereas the cortex and nucleus 

accumbens were once again seen to have the most similarity (De Biase et al. 2017). While 

no sex-stratified data was reported, the authors of this study stated that no sex differences 

were observed in any of their measures. However, seemingly disparate results were found in 

a similar study comparing microglial densities as measured by staining for the microglial 

marker Iba1 across cortex, hippocampus, amygdala, striatum, and cerebellum at both 3 and 

13 weeks of age. Although direct comparisons of densities between regions were not 

reported, heterogeneity was evident across the studied regions (Guneykaya et al. 2018). 

Significant sex differences were found in Iba1+ cell density, with males showing increased 

densities compared to females in the cortex, hippocampus, and amygdala at 13 weeks of age, 

and varying sex biases in Iba1+ density across regions at 3 weeks (Guneykaya et al. 2018). 

A comparison of differentially expressed genes in male and female cortex and hippocampus 

found 1,109 genes that were differentially expressed between the sexes in the hippocampus, 

55 genes in the cortex, and 46 genes differentially regulated between the sexes in both brain 

regions (Guneykaya et al. 2018). The same study performed proteomic analyses on whole-

brain microglia and found that 268 proteins were expressed at higher levels in male 

microglia compared to 96 proteins more expressed in females (Guneykaya et al. 2018). 

Intriguingly, when this same study compared the transcriptomic and proteomic datasets, the 

authors reported no strong correlations (Guneykaya et al. 2018). While this may be 

suggestive of further sex differences in the translation machinery, the lack of similarities 

may also be explained by the simple fact that transcriptomic datasets were obtained from 

individual brain regions whereas the proteomic dataset was obtained from whole-brain 
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microglia, and by the differences in sensitivity levels between the two methodologies. The 

increased cell yield necessary to run proteomic studies compared to transcriptomic studies 

necessitates either the pooling of brain regions from multiple animals or the study of cell 

types isolated from whole brain rather than from precise regions, lessening our ability to pull 

apart complex regional heterogeneities in microglial proteomic profiles. Although not yet at 

the depth of mass spectrometry-based proteomics, single-cell protein techniques such as 

mass cytometry (CyTOF) are beginning to enable protein-level analyses of single cells, 

essential for addressing cell-type specific questions, as the transcriptome is not always 

reflective of the changes translated to the proteome.

Although mass cytometry is currently slower and less efficient than traditional flow 

cytometry, it does offer compelling benefits. For one, the discrete nature of elemental 

isotopes removes inherent variability in terms of both probe sensitivity and autofluorescence 

issues common with fluorescent probes (Bendall et al. 2012). The use of elemental isotopes 

also increases the number of available parameters, with over 40 unique probes being used at 

the single cell level in practice, and over 100 available in theory (Bendall et al. 2012). 

Further, combinatorial approaches to investigate protein and transcript levels simultaneously 

have also been developed, and allow for a unique breadth and depth of characterization of 

cell function (Frei et al. 2016). Mass cytometry has recently been effectively used in 

investigations into the heterogeneity of microglia in both rodents and humans (Böttcher et al. 

2019; Mrdjen et al. 2018; Ajami et al. 2018), with particular attention being paid to how 

subpopulations of microglia respond differently in disease state. Of note, subsets of 

microglia respond to disparate insults such as aging or immune challenge differently. For 

example, disease associated microglia with a unique transcriptional pattern were first 

described using an Alzheimer’s disease mouse model (Keren-Shaul et al. 2017), and other 

single-cell level analyses have revealed distinct microglial subsets in varying conditions 

(Mrdjen et al. 2018). These studies are a strong first step investigating potential sex 

differences in unique microglial subtypes such as disease-associated microglia, and highlight 

the practical usage of new single-cell techniques. Interestingly, a model of 

neuroinflammation revealed combinatorial cytokine secretion, specifically of TNF-ɑ and 

GM-CSF, whereas microglia isolated from models of neurodegeneration maintained 

monosecretion (Ajami et al. 2018). Unfortunately, these current rodent studies utilizing 

CyTOF have either used one sex or do not report on the sex of the animals used. In total, 

CyTOF is proving useful in delineating spatially and temporally controlled microglial 

responses in disease states, though many questions remain, especially in the field of sex 

differences.

One interesting possible explanation for the widespread spatial heterogeneity observed in 

microglial profiles may stem from the distribution of canonical and Hoxb8-lineage 

microglia, as Hoxb8-lineage microglia are more abundant in the cortex and dorsal striatum 

than in regions such as the substantia nigra and ventral pallidum (De et al. 2018). 

Considering the potential difference in lineage between Hoxb8 and canonical microglia, we 

speculate that exposure of similar progenitors to disparate developmental environments may 

differentially impact their final colonization and/or function.
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Intrinsic immunometabolic programming may impart sex differences in 

microglial innate immune function

As described previously, (De Biase et al. 2017) found that gene expression of many classical 

microglial expression programs were relatively conserved across regions whereas many 

genes involved in mitochondrial function, reactive oxygen species homeostasis and oxidative 

signaling, as well as general cell metabolism, were differentially expressed across brain 

regions. Notably, microglia within the VTA were observed to show low expression of 

glycolytic and mitochondrial oxidative phosphorylation genes (De Biase et al. 2017). 

Although they did not note any sex differences in their findings, these findings suggest 

significant regional heterogeneity in gene expression of mitochondria, an organelle that is 

primarily maternally inherited (Sato and Sato 2013; Camus, Clancy, and Dowling 2012). 

Such a sex-biased inheritance pattern is likely to lead to sex-biased functions as well, 

alluding to the possibility of sex differences in microglial mitochondrial metabolism.

While there are few studies into mitochondrial metabolism within microglia themselves, 

there are many examples of sex differences in overall metabolism (reviewed by (Widdowson 

1976)) and total brain metabolic outcomes. For example, women have ~20% higher brain 

glucose metabolic rates as measured by positron emission tomography (PET) than men 

(Baxter et al. 1987). Another study in adult humans found that males had higher glucose 

metabolism in lateral and ventro-medial aspects of the temporal lobe regions and the 

cerebellum, whereas women had higher metabolism in middle and posterior cingulate gyrus 

(R. C. Gur et al. 1995). Similarly, a more recent study found that women had higher overall 

cerebral glucose metabolism than males, but lower metabolism in the cerebellum and 

bilateral inferior temporal gyri (Yoshizawa et al. 2014). Isolated brain mitochondria from 3-

month-old female mice were shown to have a higher NADH-like respiratory rate than males 

(Gaignard et al. 2015), although no sex differences in this measure have been reported in 3- 

or 6-month-old Wistar rats (Moreira et al. 2013; Guevara, Gianotti, Oliver, et al. 2011; 

Guevara, Gianotti, Roca, et al. 2011). Intriguingly, ovariectomy dropped the female 

respiratory rate to that of males (Gaignard et al. 2015), suggesting an impact of extrinsic 

circulating sex hormones on whole brain mitochondrial metabolism. In addition to sex 

differences in basal brain metabolism, overall brain mitochondrial bioenergetics are altered 

differently in males and females in response to perturbations. Following cerebral neonatal 

hypoxia ischemia in rats, brain mitochondrial oxidative phosphorylation-dependent 

respiration was more impaired in males than in females (Demarest et al. 2016). The field of 

microglial immunometabolism is still widely unexplored, particularly when it comes to sex 

differences, but whole brain sex differences and known changes in microglial metabolic flux 

in response to immune challenges suggest that there may be sex differences in microglial 

bioenergetic function.

The various processes associated with microglial functionality require precise regulation of 

cellular energy homeostasis. As the major regulators of cellular energy metabolism, cell 

death, and the maintenance of calcium and redox homeostasis, mitochondria are uniquely 

positioned to modulate the innate immune response (Mills, Kelly, and O’Neill 2017). 

Indeed, emerging literature suggests an intimate link between the metabolic state of immune 
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cells and their differentiation and activation (Olenchock, Rathmell, and Vander Heiden 

2017). While research into immunometabolic states of microglia is still in its infancy, 

characterization of closely-related macrophages has recently begun to flourish. Macrophages 

activated with the classical inflammatory factors LPS and IFN-ɣ quickly enhance glycolytic 

metabolism and downregulate oxidative phosphorylation mechanisms (Pearce and Pearce 

2013; O’Neill, Kishton, and Rathmell 2016; Galván-Peña and O’Neill 2014; Haschemi et al. 

2012; L. Wang et al. 2019). LPS + IFN-ɣ-activated macrophages use this enhanced 

glycolytic metabolism to both produce cellular energy in the form of ATP as well as to feed 

the pentose phosphate pathway, generating amino acids necessary for the synthesis of 

inflammatory proteins, and NADPH for reactive oxygen species production (Van den 

Bossche, O’Neill, and Menon 2017; Nagy and Haschemi 2015). For an excellent review on 

the non-metabolic role of glycolytic enzymes in immunity, see (Seki and Gaultier 2017).

While the majority of metabolic research has been performed in peripheral macrophages, 

recent in vitro studies using cell lines or primary cultures of microglia have found similar 

results, with a shift from mitochondrial respiration to glycolysis and the pentose phosphate 

pathway following stimulation with LPS or LPS+IFN-ɣ (Orihuela, McPherson, and Harry 

2016; Jaber et al. 2017; Voloboueva et al. 2013; L. Wang et al. 2019). Whereas classically-

defined anti-inflammatory macrophages activated by IL-4 upregulate fatty acid metabolism, 

glucose uptake, and mitochondrial biogenesis (Vats et al. 2006), mouse microglia in vitro 
showed decreased lactate production and glucose consumption in response to IL-4 

(Orihuela, McPherson, and Harry 2016), highlighting an important difference between the 

immunometabolic response of microglial cells and peripheral macrophages. Although many 

immunometabolic studies lack sex-specific clarification, a recent manuscript using 

neonatally-derived primary cultures of rat cortical microglia found no sex difference in 

microglial mitochondrial respiration in response to LPS+IFN-ɣ (Jaber et al. 2017). In 

addition to being activated by direct immune challenges, microglia have also been shown to 

be particularly responsive to diet, specifically saturated fatty acids from a high fat diet 

(HFD). Interestingly, HFD resulted in diminished CX3CL1/CX3CR1 signaling specifically 

in microglia of male mice, which corresponded with increased hypothalamic inflammation 

and glucose intolerance in these mice. Knockout of CX3CR1 in females resulted in a similar 

male-like phenotype (Dorfman et al. 2017). The female-specific protections were not altered 

by acute estradiol injection, suggesting intrinsic differences in hypothalamic male and 

female microglia in response to HFD that impact whole body glucose homeostasis. 

Although this particular study found no effect of estrogens, circulating and local hormone 

levels certainly play a role in promoting sex-specific responses (see van Ryzin et al, this 

issue). The majority of studies that focus on microglia or macrophage metabolism 

investigate changes in the context of a single immune challenge, a simplistic approach that is 

not necessarily representative of an in vivo state. There is a need to expand these studies to 

account for situations, such as chronic inflammation, where microglia have long been in a 

metabolically active state. It is likely that chronic inflammation alters the metabolic state of 

microglia, and that the metabolic and inflammatory response of chronically activated 

microglia to another immune challenge would be different than the response of naive 

microglia.
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Although the field of microglia bioenergetics is still relatively young, extrapolating 

information from sex differences in whole brain glycolytic flux and in vitro studies of 

macrophages suggests that further investigations into microglial immunometabolism will 

yield fascinating sex differences. Microglia respond/migrate in response to insult (Davalos et 

al. 2005; Nimmerjahn, Kirchhoff, and Helmchen 2005), and these challenges surely require 

significant alterations in energy production and usage. It is also likely that microglial 

metabolism contributes to whole body metabolic homeostasis, as evidenced by changes in 

microglial metabolism in response to diet changes and resulting blood glucose homeostasis 

changes (Dorfman et al. 2017). Microglial metabolism is fluid; microglia display energetic 

shifts in response to pro- and anti-inflammatory stimuli as well as in a spatiotemporal 

manner. This corresponds with their known roles in promoting brain development such as 

axon guidance (Squarzoni et al. 2014), production of growth factors (Lenz et al. 2013, 2018; 

VanRyzin, Pickett, and McCarthy 2018; McCarthy et al. 2015; Kopec et al. 2018; Parkhurst 

et al. 2013), neurite outgrowth (Pont-Lezica et al. 2014), synaptic organization (Paolicelli et 

al. 2011), and elimination of apoptotic neurons (Cunningham, Martínez-Cerdeño, and 

Noctor 2013) among many other functions. While we have highlighted several intrinsic sex 

differences in microglial metabolism and function, the question of to what degree of 

influence a male versus female microenvironment contributes to intrinsic sex differences still 

lingers.

Conclusions and future directions

It is evident that microglia play an intimate role in the sexual differentiation and overall 

development of the brain, and that the functions of microglia themselves may be sexually 

dimorphic in some instances. Here we have focused on the intrinsic factors that may 

program male or female microglia during their developmental journeys, while vanRyzin et al 

in this issue have focused upon extrinsic factors that likewise influence microglia. While we 

briefly alluded to possible interactions between these intrinsic and extrinsic factors 

throughout the scope of this review, a greater focus must be placed on this interplay if we are 

to better understand the unique role of sex differences in microglia in sculpting the 

developing brain. For instance, the ability of gonadal sex hormones or endocannabinoids 

(extrinsic factors) to modify microglia is likely to be influenced by microglial chromosomal 

complement or programming during fetal ontogeny (intrinsic factors). The field of sex 

differences in microglial development and function is wide open. In this review and the 

parallel review by vanRyzin et al in this issue we have speculated on sex differences in 

microglia in developmental trafficking, metabolic flux, and contributions to behaviors, as 

well as highlighted sex-biases in spatiotemporal microglia density, phagocytic capacity, and 

responses to stress or stimuli. The degree to which these sex differences are influenced by 

intrinsic or extrinsic factors remains to be fully disseminated.
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Figure 1. Ontogeny-specific programming may lead to sex-specific differences in microglial 
development.
Canonical microglia appear in the fetal yolk sac ~E7.5 in rodents, whereas Hoxb8-lineage 

microglia appear in the fetal yolk sac ~E8.5. (i) Canonical microglia traffic through the 

vasculature or (ii) through the fetal liver and aorto-gonad mesonephros, whereas (iii) Hoxb8-

lineage microglia traffic through the fetal liver and aorto-gonad mesonephros on the way to 

the brain. (iv) There is a potential for alternative routes for microglia to traffic from the fetal 

yolk sac to the brain. The blood brain barrier closes around E13-E14.5, cutting off further 

migration of monocytes into the healthy developing brain. Around birth, during the time 

frame of the male-specific gonadal sex hormone surge, there are more canonical microglia in 

the brain than Hoxb8-lineage microglia. While both subsets of microglia proliferate and 

mature following birth, the first postnatal week is characterized by a higher rate of 

proliferation of Hoxb8-lineage microglia than is observed in canonical microglia.

This figure is based on data presented in (Ginhoux et al. 2010; Chen et al. 2010; De et al. 

2018; VanRyzin, Pickett, and McCarthy 2018; Hoeffel and Ginhoux 2015)
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Figure 2. Sex- and spatial- heterogeneity of microglia early in development.
A. (i) There are no sex differences in microglial number or morphology in the E17 

amygdala, with the majority of both male and female microglia showing amoeboid 

morphology. (ii) By PN4 male amygdala had more microglia and a higher proportion of 

microglia with amoeboid morphology than females. (iii) On PN2 and PN4, male microglia 

within the amygdala had more microglia with phagocytic cups than did females. (iv) By 

PN30, microglial morphology within the amygdala had shifted towards a more ramified/

complex state. At this time females had more microglia with long, thick processes than 

males.
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This figure is based on data presented in (Schwarz, Sholar, and Bilbo 2012; VanRyzin et al. 

2019)

B. (i) There are no sex differences in microglial number or morphology in CA1 or CA3 

regions of the hippocampus at E17, with the majority of both male and female microglia 

showing amoeboid morphology. (ii) At PN3, female rat hippocampus had more microglia 

with phagocytic cups than male hippocampus. (iii) By PN4 male hippocampus had more 

microglia and a higher proportion of microglia with amoeboid morphology than females. 

(iv) Females in PN8 hippocampus had more microglia and more CD68 intensity within 

microglia than males. (v) By PN30, microglial morphology within the hippocampus had 

shifted towards a more ramified/complex state. At this time females had more microglia 

with long, thick processes than males. (vi) 3-week old male mice had more MHC I 

expression on microglia (CD11b+CD45high cells) isolated from hippocampus than females. 

(vii) Microglial maturation (determined by microglial developmental index) was lower in 

microglia isolated from the hippocampus of a PN60 male mouse than from a female mouse.

This figure is based on data presented in (Schwarz, Sholar, and Bilbo 2012; Hanamsagar et 

al. 2017; Nelson, Warden, and Lenz 2017; Weinhard et al. 2018; Guneykaya et al. 2018)

C. (i) Dopamine D1 receptor levels in the nucleus accumbens peak at PN20 in females and 

are downregulated by PN30, whereas D1R levels peak at PN30 in males, and are then 

downregulated. (ii) Co-localization of microglial C3 and D1R peak in males at PN30 and 

PN38, with only a small upregulation seen by PN38 in females. (iii) CD68+ microglial 

lysosomes containing co-localized C3 and D1R peak in males at PN30, with a minor dip 

seen in females at PN38.

This figure is based on data presented in (Kopec et al. 2018).
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Figure 3. Effects of microglial activation on metabolism.
(A) Stimulation with the classic anti-inflammatory interleukin, IL-4, decreases glucose 

uptake and lactate production. IL-4 stimulated microglia also downregulate Nitric Oxide 

(NO) and TNF-ɑ production as glucose is preferentially metabolised through oxidative 

phosphorylation (OxPhos) to increase ATP production. (B) The microglial inflammatory 

response is stimulated in a number of ways, such as infection (classically simulated with 

LPS and/or IFNɣ) or naturally through aging. These stressors have been shown to increase 

levels of the glucose transporter GLUT1 and thereby increase glycolytic and pentose 

phosphate pathway (PPP) flux, resulting in increased NADPH and ribose 5-phosphate 

availability to favor nucleotide synthesis versus ATP production. This push towards 
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glycolysis and PPP is coupled with a decrease in mitochondrial respiration (OxPhos) and 

increased mitochondrial fission, resulting in increased mitochondrial number, but decreased 

mitochondrial size. Reactive oxygen species (ROS) production through NOX2 and Nitric 

Oxide (NO) production are increased in a manner dependent on glucose uptake. Prolonged 

increases in NO can inhibit oxidative phosphorylation further. (C) Interestingly, the 

inflammatory response is also activated following High Fat Diet (HFD) in hypothalamic 

microglia only in males. HFD in males diminished CX3CR1 signaling and led to an 

enhanced inflammatory response, while in females CXCL1 protein was increased, but 

overall CXC3R1 signaling remained relatively unaffected, and no increased inflammation 

was observed.

This figure is based on data presented in (Orihuela, McPherson, and Harry 2016; Jaber et al. 

2017; Voloboueva et al. 2013; L. Wang et al. 2019; Dorfman et al. 2017)
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