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ABSTRACT
The neural control system underlying breathing is sexually dimorphic with males being more vulnerable to
dysfunction. Microglia also display sex differences, and their role in the architecture of brainstem respiratory
rhythm circuitry and modulation of cervical spinal cord respiratory plasticity is becoming better appreciated. To
further understand the molecular underpinnings of these sex differences, we performed RNA-sequencing of
immunomagnetically-isolated microglia from brainstem and cervical spinal cord of adult male and female rats.
We used various bioinformatics tools (GO, KEGG, Reactome, STRING, MAGICTRICKS) to functionally
categorize identified gene sets, as well as to pinpoint common transcriptional gene drivers that may be

transcriptomes derived from the brainstem, but several hundred genes were differentially expressed by sex in
cervical spinal microglia. Comparing brainstem and spinal microglia within and between sexes, we found that
the major factor guiding transcriptomic differences was CNS location rather than sex. We further identified key
transcriptional drivers that may be responsible for the transcriptomic differences observed between sexes and
CNS regions; EZH2 emerged as the predominant driver of the differentially downregulated genes. We suggest
that functional gene alterations identified in metabolism, transcription and intercellular communication underlie
critical microglial heterogeneity and sex differences in CNS regions that contribute to respiratory disorders
categorized by dysfunction in neural control. These data will also serve as an important resource database to
advance our understanding of innate immune cell contributions to sex differences and the field of respiratory
neural control.

Significance statement: The contributions of CNS innate immune cells to sexually dimorphic differences in the
neural circuitry controlling breathing are poorly understood. We identify key transcriptomic differences, and their
transcriptional drivers, in microglia derived from the brainstem and the C3-C6 cervical spinal cord of healthy adult
male and female rats. Gene alterations identified in metabolism, gene transcription and intercellular
communication likely underlie critical microglial heterogeneity and sex differences in these key CNS regions that
contribute to the neural control of breathing.
3

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023

responsible for the observed transcriptomic differences. We found few sex differences in the microglial
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INTRODUCTION
Breathing is a critical physiological process that must be fully operational at birth and adapt to ever changing
needs throughout the lifespan, until death. Regardless of its necessity in both sexes, the respiratory system
displays significant sex differences including airway and lung anatomy, respiratory muscle oxygen consumption,
and importantly, the respiratory-related neuronal network (Becklake and Kauffmann, 1999; Behan and
Wenninger, 2008; Dominelli et al., 2015; Dougherty et al., 2017; Iturri et al., 2017; Lozo et al., 2017; Rousseau

regarding sex-dependent dimorphisms in the respiratory control system, although reports suggest dimorphisms
in response to ventilatory challenges (Jensen et al., 2005; Ahuja et al., 2007) and the capacity for respiratory
plasticity (Zabka et al., 2006; Dougherty et al., 2017). There is also clear evidence of sex differences in some
ventilatory control disorders, such as sudden infant death syndrome and central sleep apnea, which are more
prevalent in males (Rousseau et al., 2017; Townsel et al., 2017). Disruptions in brainstem respiratory rhythm
generation and pattern formation circuits contribute to these pathologies (Benarroch, 2018; Kinney and Haynes,
2019).
Little is known about the mechanistic underpinnings of sexual dimorphism in the neural circuits controlling
breathing, including the role of intercellular communication between respiratory neurons and other cell types.
CNS resident innate immune cells (microglia) are becoming better appreciated as important players both in the
architecture of the medullary respiratory rhythm generator (Thoby Brisson et al., 2019) as well as potentially
contributing to neuroinflammation induced by various stimuli that is now well-established to impair respiratory
plasticity in adult animals and humans (Huxtable et al., 2013; Huxtable et al., 2015; Hocker et al., 2017; Lynch
et al., 2017; Agosto-Marlin et al., 2018; Hocker and Huxtable, 2019; Sandhu et al., 2019). An adverse maternal
and/or early life environment can also negatively impact the developing respiratory control system (Fournier et
al., 2013; Gulemetova et al., 2013; Delhaes et al., 2014; Fournier et al., 2015; Soliz et al., 2016; Baldy et al.,
2018), an effect that may be due to inflammation (Johnson et al., 2018; Hocker et al., 2019; Kiernan et al., 2019;
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Knutson and Watters, 2020). Interestingly, these early life exposures appear to impact the male respiratory
neural control system more severely than the female.
Based on the expression of select markers and morphology, microglia have long been believed to be functionally
heterogeneous (Lawson et al., 1990; Schmid et al., 2002; Hanisch, 2013; De Biase et al., 2017; McCarthy, 2017)
and sexually dimorphic cells, showing alterations in morphology and transcriptomes in various forebrain regions
(Schwarz et al., 2012; Hanamsagar and Bilbo, 2016; Hanamsagar et al., 2017; Bordeleau et al., 2019; Kodama
and Gan, 2019). Although the molecular and functional contributions of microglia to neural function have been
widely studied in forebrain CNS regions (like the cortex and hippocampus), the same is not true of microglia from

suggest that microglia also locally impact the neural control of breathing and physiologic adaptations to
respiratory challenge (Stokes et al., 2017; Tenorio-Lopes et al., 2017; Baldy et al., 2018), although to our
knowledge, no studies have investigated the microglial transcriptome in CNS regions responsible for respiratory
rhythm and patterning, or sex or region-specific differences in microglial transcriptomes in respiratory control
regions.
Here, we investigated the transcriptomes of microglia derived from two regions important for respiratory control,
the brainstem and the cervical spinal cord in adult male and female rats. The brainstem houses the neuronal
circuitry responsible for generating and sculpting the neuronal signal to breathe (Ikeda et al., 2017; Del Negro et
al., 2018), which is then transmitted to inspiratory motor neurons, the most important of which reside in the
cervical spinal cord (Fogarty et al., 2018; Shinozaki et al., 2019). We report that while there were significant
sexual dimorphisms in the genes expressed in microglia derived from the cervical spinal cord, few sex differences
were noted in brainstem microglia. Moreover, the greatest factor driving transcriptomic differences between
microglia from both sexes and regions appeared to be the CNS region from which they were derived.
Interestingly, there were significant sex differences in the functional classes of genes expressed by microglia
derived from the cervical spinal cord compared to those from the brainstem; however, most of the functional
gene categories lacked overlap between sexes. Lastly, we identified unique transcriptional drivers responsible
for the region- sand sex-dependent differences in microglial gene signatures.
5
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CNS regions in which the respiratory neural control circuitry is housed. Nevertheless, evidence is emerging to
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MATERIALS AND METHODS
Animal procedures
All animal experimental procedures were performed according to the NIH guidelines set forth in the Guide for
the Care and Use of Laboratory Animals. All protocols were approved by the University of Wisconsin-Madison
Institutional Animal Care and Use Committee. Rats were housed in AAALAC-accredited facilities on a 12:12
light:dark cycle, with food and water ad libitum. Because maternal inflammation can impact respiratory frequency

maternal inflammation that can cause fetal growth restriction, low birth weights and premature birth in some
human studies (reviewed in (Izci Balserak, 2015)), we used adult rats born from dams that were reared in
controlled room air conditions during their pregnancy. Due to our interest in studying microglia from CNS regions
involved in respiratory neural control, we housed timed pregnant Sprague-Dawley rats (Charles River;
Wilmington, MA; arrived day E9) in environmentally controlled conditions from gestational days 10 through 21.
The conditions consisted of computer-controlled room air delivery to maintain CO2 levels below 0.3%. Pups
were birthed in filter-topped cages and each litter was culled to 8 (4 males and 4 females whenever possible) by
postnatal day 3 to control for potential differences arising due to maternal care. Microglia from ~8 wk old young
adult rats (1 male and 1 female from each of 5 independent litters; n=5 each sex) were immunomagnetically
isolated and sent for RNA sequencing (Novogene, Sacramento, CA).
Data presented in this study represent a sub-analysis of a larger study investigating the impact of maternal
intermittent hypoxia on microglia from respiratory control regions in adult offspring. Here, we describe results
from the control animals which were exposed to normoxia.
CD11b+ cell isolation
Offspring were euthanized and perfused with cold phosphate buffered saline (PBS) to remove circulating immune
cells from the vasculature of the central nervous system. Whole brainstems were dissected between the
pontomedullary junction and the obex. Spinal cervical C2-C6 vertebrae were removed, and dorsal/ventral C36
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C6 cervical spinal segments were extracted based on identification of the spinal roots. Tissues were dissociated
into single cell suspensions using papain enzymatic digestion. CD11b+ cells were immunomagnetically isolated
as previously described (Crain et al., 2009; Crain and Watters, 2009; Nikodemova and Watters, 2012; Crain et
al., 2013). Isolated CD11b+ cells will be hereafter referred to as “microglia”.
RNA Sequencing and Analysis
Total RNA was extracted from freshly isolated microglia with TriReagent according to the manufacturer’s protocol
(Sigma-Aldrich, St. Louis, MO) as we have done before (Crain et al., 2009; Crain and Watters, 2009; Nikodemova

construction and paired-end (PE-150) sequencing with an Illumina NovaSeq. Index of the reference Rnor6.0
genome was built using Bowtie v2.2.3. Reads were aligned using TopHat v2.0.12. Gene counts were made
using HTSeq v0.6.1. Count files were imported to R and filtered such that only genes with a CPM >1 expressed
in three samples were retained. Counts were normalized using the Trimmed Mean of M-Values method (TMM),
and analyzed for differential expression using EdgeR (Robinson et al., 2010). Differentially expressed genes
were identified as statistically significant if the false discovery rate (FDR) was < 5%. Results were uploaded to
NCBI GEO Datasets GSE142478 (https://www.ncbi.nlm.nih.gov/gds). The STRING database (Szklarczyk et al.,
2019) was utilized to visualize functional network associations and to perform gene ontology analyses for KEGG
Pathway enrichment (Kanehisa et al., 2019), Reactome Pathway enrichment (Fabregat et al., 2018), and GO
class Biological Process (The Gene Ontology Consortium, 2018).
MAGICTRICKS Analysis
To determine if there were common transcriptional drivers of the observed gene expression differences between
sexes and CNS regions, differentially expressed genes were evaluated for putative regulatory factors using
MAGICTRICKS (Khan et al., 2019; Roopra, 2019). Background lists of genes were created based off the criteria
used for differential expression analyses (CPM >1 in 3 samples). The list of background genes and the list of
upregulated or downregulated genes for each comparison were used as MAGICTRICKS input according the
software instructions. Cumulative distribution graphs and summary scores were generated by the
MAGICTRICKS software, and the top 30 transcriptional drivers are shown.
7
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RESULTS
The transcriptomes of adult brainstem-derived microglia are similar between males and females
To examine microglia in regions of respiratory control, CD11b+ cells were immunomagnetically isolated from the
brainstem (n=5 independent adult male and female rats). We first compared microglial gene expression in the
brainstem between males and females (Fig. 1). In brainstem-derived microglia, principle component analysis
showed no major overall difference between male and female transcriptomes (Fig. 1A), indicating that both

>13,500 of them were shared, only 28 were differentially expressed by sex (FDR < 0.05; Fig. 1B). Of these
differentially expressed genes, 12 were upregulated in females compared to males (Fig. 1C), and 16 were
downregulated in females compared to males (Fig. 1D). Interestingly, several of the upregulated genes (Stab1,
Mrc1, Lyve1, Cd163, and F13a1) were related to angiogenesis and lymphocyte homing, and have been
described to be expressed in different functional populations of macrophages derived from the lung (Poczobutt
et al., 2016). Conversely, within the downregulated genes, several (Lcn2, Defa5, Np4 and Irf3) were involved in
the immune response to bacterial and fungal infections (Takeuchi and Akira, 2010; Chakraborty et al., 2012;
Zhao and Lu, 2014). As expected, approximately 40% of the differentially expressed genes were encoded on
sex chromosomes. For example, of the 12 upregulated genes, four (Eif2s, AABR07039356.2, Gm27733,
LOC680227) were X chromosome-linked; Eif2s is involved in initiation of protein translation and this gene
escapes X-chromosome inactivation (Ehrmann et al., 1998). Of the 16 downregulated genes, only one gene
(Dkc1; dyskerin 1, involved in maintaining telomere length (Chatterjee, 2017)) was encoded on the X
chromosome (pink shading), and six (AC2392701.1, AC2392701.4, AC24187.1, Ddx3, Eif2s3y, Kdm5d) were Y
chromosome-linked (blue shading). Ddx3 encodes an RNA helicase involved in viral innate immunity (Fullam
and Schroder, 2013), Eif2s3y encodes a Y-chromosome-specific initiation factor involved in protein translation
(Armoskus et al., 2014) and Kdm5d encodes a Jumonji family histone demethylase that targets di- and trimethylated histone 3 lysine 4 (H3K4 me2/me3) to repress gene transcription (Wynder et al., 2010).

8
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The transcriptomes of adult cervical spinal cord-derived microglia are sexually dimorphic
We next examined sex differences in the transcriptomes of microglia immunomagnetically isolated from a region
of the cervical spinal cord containing the phrenic motor neurons that innervate the diaphragm, the major
inspiratory muscle (Fig. 2). In contrast to the brainstem, principle component analysis of microglia from the male
and female cervical spinal cord displayed no overlap (Fig. 2A), suggesting significant sex differences in their
transcriptomes. Of the 12,517 total genes expressed in males and 12,534 genes expressed in females, a volcano
plot of the RNA-seq analyses revealed that 906 of these genes were differentially expressed between male and
female microglia. Of these, 395 genes were upregulated compared to males, and 511 genes were downregulated

Process Category), KEGG and Reactome analyses on the 395 genes that were upregulated in female spinal
microglia to determine whether they segregated into specific functional gene categories. Neither GO nor
Reactome analyses pinpointed functional gene categories, although KEGG analysis identified mTOR and breast
cancer signaling pathways as common functional categories into which several of the upregulated genes fell
(Fig. 2C, red bars). Conversely, there were several functional categories identified for the 511 downregulated
genes in females (Fig. 2C, blue bars). For example, processes involved in cellular and protein metabolism were
identified by GO. Genes involved in ribosome and proteasome function, oxidative phosphorylation and
neurodegenerative diseases were identified by KEGG, and RNA splicing and metabolism as well as ribosome
activity were pinpointed by Reactome analysis. We next performed STRING analyses to identify putative
relationships between the proteins encoded by the differentially expressed genes. First, we examined the genes
that were differentially upregulated in female microglia, and identified a very small network of nodes, with proteins
such as the monomeric G protein Nras, the microtubule associated dynein complex, and the p300 histone
acetyltransferase being at the hubs (Fig. 2D). On the other hand, several large gene network clusters appeared
upon STRING analysis of the downregulated genes including hubs involved in oxidative phosphorylation,
ribosome, and proteasome function (Fig. 2E). The gene networks identified to be downregulated in female
cervical spinal microglia suggest that male spinal microglia may have higher protein synthesis and posttranslational protein regulatory capacity, as well as higher oxidative metabolism than female microglia from the
same region.
9
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MAGIC analysis indicated that the top-most major transcriptional drivers (MAFK, BATF, SP1, FOXA1, TAL1) of
the differentially upregulated genes (Fig. 2F) differed significantly from those (TAF1, PHF8, GABPA, TBP, PLU1)
driving the expression of the differentially downregulated genes (Fig. 2G; Supplemental Table 9).

Microglia derived from the cervical spinal cord and brainstem are transcriptomically distinct in males
Given the region-specific sexual dimorphism in brainstem and cervical spinal cord microglia, we next interrogated
whether within the same sex, there were general transcriptomic differences between brainstem and cervical

indicated significant differences between both regions (Fig. 3A). We found that over 1400 genes were
differentially expressed between the two CNS regions, 826 of which were higher in cervical spinal microglia, and
636 of which were lower, relative to expression in brainstem microglia (Fig. 3B; Supplemental Tables 3 and 4).
GO, KEGG and Reactome analyses were performed to determine whether the 826 differentially upregulated
genes were segregated into specific functional gene categories (Fig. 3C, red bars). GO analysis indicated that
the most upregulated functional gene categories included DNA and RNA synthesis, metabolism and
transcription, while KEGG analysis identified proinflammatory cytokine and NF-ĸB (nuclear factor kappa B)
signaling as common functional categories into which the upregulated genes fell; Reactome analysis identified
no functional gene categories. Of the 636 differentially downregulated genes in male cervical spinal microglia,
GO analysis pinpointed cell communication, signaling/signal transduction and response to stimulus as functional
gene categories (Fig. 3C, blue bars). KEGG analysis identified cytoskeleton and extracellular matrix functional
gene categories, and Reactome analysis pinpointed extracellular matrix and receptor tyrosine kinase signaling.
STRING analyses of the differentially upregulated genes showed clustering into distinct hubs at which
complement C3, RhoB GTPase, and transcriptional regulators such as c-Jun, and TFIIF were at the nodes (Fig.
3D). Conversely, analyses of the 636 genes that were lower in spinal microglia compared to brainstem microglia
had multiple small, loosely grouped gene clusters, some of which had nodes revolving around cytoskeletal
protein paxillin, thrombospondin 1, the extracellular matrix protein laminin subunit beta 2 and the complement
component 5a receptor (Fig. 3E). Together, these data suggest that cervical microglia may be more metabolically
10
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and transcriptionally active than brainstem microglia, and perhaps less mobile and interactive with other cells as
well.
Interestingly, MAGIC analysis identified that the differentially upregulated genes were driven by multiple
transcriptional regulators including EBF1 (early B cell factor-1), NF-ĸB, the glucocorticoid receptor and EGR1
(early growth response factor 1) (Fig. 3F; Supplemental Table 10), whereas the most significant transcriptional
driver of the differentially downregulated genes in cervical spinal microglia was identified as the repressive
histone H3 lysine 27 (H3K27) histone methylase EZH2 (Nutt et al., 2020) (Fig. 3G; Supplemental Table 10).

We next evaluated microglial transcriptomic differences between respiratory control regions in females (Fig. 4).
Principle component analysis of female brainstem and cervical microglial transcriptomes indicated significant
differences between both regions (Fig. 4A). We found that over 1900 genes were differentially expressed, 1167
of which were differentially upregulated, and 786 which were downregulated in female cervical spinal microglia
compared to brainstem microglia (Fig. 4B; Supplemental Tables 5 and 6). GO, KEGG and Reactome analyses
were performed to determine whether the 1167 differentially upregulated genes segregated into specific
functional gene categories (Fig. 4C, red bars). GO analysis indicated that the most upregulated functional gene
categories included regulation of RNA transcription and gene expression, together with macromolecule
metabolism, while KEGG analysis identified proinflammatory cytokine viral infection and spliceosome as
common functional categories into which the upregulated genes fell. Reactome analyses identified mRNA
processing and termination as well as chromatin modifying enzymes as key functional categories that were
upregulated in female spinal microglia. Of the 786 differentially downregulated genes in female cervical spinal
microglia, GO analysis pinpointed nitrogen compound biosynthesis, protein translation and peptide metabolism
as functional gene categories. KEGG analysis identified oxidative phosphorylation, ribosome and
neurodegenerative disease categories while Reactome analysis pinpointed mitochondrial electron transport and
RNA splicing as functional gene categories into which the differentially expressed genes fell (Fig. 4C, blue bars).
STRING analyses of the upregulated genes revealed several clusters with ubiquitin E3 ligase, complement C3,
11
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c-Jun, Crebbp, histone H3.3 at their hubs (Fig. 4D) whereas STRING analysis of the downregulated genes
demonstrated multiple, larger gene network clusters with protein phosphatase 2A, ndufc2 mitochondrial
respiratory chain protein and the complement C5a receptor at their hubs (Fig. 4E). These data imply that in
females, cervical spinal microglia are more transcriptionally active and may have higher resting levels of proinflammatory cytokines than brainstem microglia, but that they are less metabolically active.
MAGIC analysis of the upregulated genes in females showed that they were driven by multiple transcriptional
drivers, some of which were similar to those found in males. The top driver identified was TCF3 (T cell factor 3)
and others included SP1 and other interacting factors such as ZBTB7a, EBF1 and NF-ĸB (Fig. 4F; Supplemental

driver, EZH2, similar to what was observed in male cervical spinal microglia (Fig. 4G).

Gene Ontology, KEGG and Reactome functional gene categories poorly overlap in males and females
An initial principle component analysis of both sexes and CNS regions, revealed that CNS region was a stronger
driver of differential gene expression than was sex (Fig. 5A). We found that 13,120 genes were expressed both
in male and female spinal microglia. Male spinal microglia expressed 826 differentially upregulated genes
compared to male brainstem microglia, and females 1167 genes (Figs. 3 and 4). Of these upregulated genes,
304 were shared between male (green) and female (purple) spinal microglia (Fig. 5B, Supplemental Table 7).
Male spinal microglia expressed 636 differentially downregulated genes compared to male brainstem microglia,
and females 786 genes (Figs. 3 and 4). Of these downregulated genes, 514 were shared between male (green)
and female (purple) spinal microglia (Fig. 5C, Supplemental Table 8). However, to determine whether the gene
categories into which the most differentially expressed genes fell were similar between the sexes, we compared
the top five up- and down-regulated GO (Fig. 5D), KEGG (Fig. 5E) and Reactome pathway (Fig. 5F) categories
in spinal microglia (compared to expression in brainstem microglia) derived from data in figures 3 (males) and 4
(females). Upregulated (red) and downregulated (blue) gene categories are shown in males (left column) and
females (right column). We noted in all cases, that functional gene categories into which the differentially
expressed genes fell, differed between males and females, with the exception of two overlapping categories in
12
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GO Biological Process terms and three terms in the KEGG pathway analysis. The very slight overlap in functional
gene categories between male and female microglia suggests that there is significant functional divergence
between male and female cervical microglia, perhaps underscoring potential functional differences between the
sexes.

DISCUSSION
Microglia, resident CNS macrophages, play a role in both respiratory rhythm generation and the

CNS cells (diminishing in the rostral-caudal direction), they have the ability to alter brain architecture in all brain
regions, including in the vicinity of brainstem respiratory neurons (Thoby Brisson et al., 2019). While microglial
number and morphology has been studied in brainstem regions involved in autonomic regulation of
cardiovascular function (Kapoor et al., 2016a; Kapoor et al., 2016b; Cohen et al., 2019), here, we analyze the
transcriptomes of microglia isolated from the brainstem and cervical spinal cord, and report significant sexual
dimorphism in cervical spinal microglial gene signatures. These observations are consistent with the profound
differences in morphology and transcriptome in male and female forebrain microglia (Schwarz et al., 2012;
Hanamsagar and Bilbo, 2016; Hanamsagar et al., 2017; Bordeleau et al., 2019; Kodama and Gan, 2019). Sex
differences in respiratory anatomy and function are well-known, including the tendency for the female diaphragm
to be shorter (Bellemare et al., 2003) and a higher ratio of large to small airways in females, enabling higher flow
rates than in males (Becklake and Kauffmann, 1999). Males also have larger nasal cavities and longer nasal
floors than females of comparable size (Garcia-Martinez et al., 2016).
Despite these significant and well-studied anatomic differences in breathing between the sexes, comparatively
less is understood about sexual dimorphisms in respiratory neural control, including responses to ventilatory
challenges (Jensen et al., 2005; Ahuja et al., 2007) and the capacity for respiratory plasticity (Zabka et al., 2006;
Dougherty et al., 2017). The transcriptomic differences identified here may begin to shed light on cellular
mechanisms underlying these differences. Indeed the impact of stress and neuroinflammatory challenge on the
developing respiratory control system also differ by sex; early life stress more strongly impacts respiratory control
13
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neuroinflammation that can impair respiratory motor neuronal control. Although microglia make up 5-10% of all
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in male offspring (Fournier et al., 2013; Fournier et al., 2015; Rousseau et al., 2017), effects which were
associated with alterations in microglial density and morphology in the medulla of both sexes (Baldy et al., 2018).
While sex differences in brainstem microglial responses to early life stress were not detected in this model (Baldy
et al., 2018), male and female microglia from the ventrolateral periaqueductal grey of adult rats (another
brainstem region involved in respiratory neural control), do behave dimorphically following endotoxin challenge
(Doyle et al., 2017). Profound sex-specific differences have also been reported in microglial inflammatory
responses from non-respiratory associated spinal regions (Sorge et al., 2011; Nacka-Aleksic et al., 2015;
Mapplebeck et al., 2016; Taves et al., 2016; Fernandez-Zafra et al., 2019), suggesting that sex differences may

respiratory function or neuroplasticity; studies are underway to evaluate this.
Here we report that the microglial transcriptome exhibits both sex- and region-specific differences in CNS regions
important for respiratory rhythm generation and patterning. Because male-prevalent breathing disorders such as
SIDS, and central sleep apnea among others, may result from irregularity or interruption in the drive to breathe,
often attributed to brainstem dysfunction (Benarroch, 2018; Kinney and Haynes, 2019), we initially predicted
considerable sex differences in brainstem microglial gene signatures. Surprisingly, we found that brainstem
microglia exhibited few gene expression differences based on sex (only 28 genes were differentially expressed
between males and females). Also, unexpectedly, unlike brainstem microglia, we found marked sex differences
in the transcriptomes of microglia isolated from the cervical spinal cord. Principal component analyses indicated
a greater impact of CNS region than sex on the microglial transcriptome. We surmise that transcriptomic
conservation in brainstem microglia between the sexes may sub serve the importance of maintaining universal
cardio-respiratory control in both sexes. One caveat to our study is that due to technical limitations, microglia
were harvested from the entirety of the brainstem and cervical spinal cord, and as such, do not necessarily
represent exclusively “respiratory” regions. A more detailed analysis of microglia isolated solely from the vicinity
of respiratory neurons would be of considerable interest in future studies.
The functional gene categories into which the differentially expressed genes in male and female cervical spinal
microglia segregated suggest that male spinal microglia may have greater capacities for oxidative metabolism,
14
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also exist in spinal microglia from breathing associated regions. It is not yet clear how microglia impact normal
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protein synthesis and post-translational protein regulation than female spinal microglia, potentially indicating that
they may be more robust than female microglia. When comparing cervical spinal to brainstem microglia in males,
brainstem microglia appeared to be less metabolically and transcriptionally active than cervical microglia, and
potentially more mobile and interactive with other CNS cell types, indicating that brainstem microglia may be
more readily impacted by disruptions in brainstem function. This was similar in females as well, where brainstem
microglia were less transcriptionally, but more metabolically active. However, when compared to spinal microglia,
female brainstem microglia appeared to have lower basal transcript levels of pro-inflammatory cytokines,
possibly indicating that brainstem microglia may be more sensitive to the impact of inflammation than spinal

expressed genes in male and female cervical spinal microglia suggests that microglial activities in the cervical
spinal cord in each sex likely differs. Consistent with this notion is the observation that phrenic nerve
neuroplasticity appears to be more labile in males than females. For example, phrenic long-term facilitation
diminishes with age in males (Zabka et al., 2001a) while it increases with age in females (Zabka et al., 2001b).
Since pro-inflammatory microglia impair phrenic long-term facilitation in males (Huxtable et al., 2011; Huxtable
et al., 2013; Huxtable et al., 2015), future studies should address a specific role for microglia in their sexually
dimorphic contributions to spinal respiratory plasticity.
We performed bioinformatic analyses to identify whether common transcriptional drivers of the differentially
expressed genes in microglia from both sexes and CNS regions. To our surprise, although there were significant
sex differences in cervical spinal microglial transcriptomes, we found that the primary transcriptional modulator
driving repression of the differentially downregulated genes in spinal microglia in both sexes was the histone
methylase EZH2, an enzymatic subunit of the polycomb repressive complex 2 (PRC2) that catalyzes the
trimethylation of H3K27(me3) involved in gene silencing. EZH2 plays an important role in microglial plasticity
and the rapid changes in gene expression that support their phenotype adaptations in different environmental
situations (Cheray and Joseph, 2018). Conversely, the differentially upregulated genes in spinal microglia of both
sexes were driven by combinations of essentially the same transcriptional regulators; in males EBF1 and TCF3
were the first and second most influential gene drivers, whereas in females, the top two drivers were TCF3 and
SP1. Multiple other factors within the top several transcriptional regulators overlapped in both sexes. EBF1 is
15
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well known to regulate diversity in immune and inflammatory gene expression in microglia (Natoli et al., 2011;
Griffin et al., 2013; Grabert et al., 2016). TCF3 often functions as a repressor that interacts with the Wnt signaling
pathway to enhance the Th2 T cell response (Cadigan and Waterman, 2012; Marchetti and Pluchino, 2013).
SP1 is a pleiotropic repressive transcription factor that controls microglial development and expression of
multiple genes including immune genes (Delpech et al., 2016). It is interesting to note that our MAGIC analyses
indicated that some of the major transcriptional factors driving differentially upregulated genes in both sexes
often appear to function as transcriptional repressors; perhaps their binding is relieved to enable upregulation of
these genes, or their binding removes another repressive factor to enable transcription. Additional studies are

One caveat important to mention here is that although the brainstem and cervical spinal cord house circuitry
integral to breathing, these regions are also involved in other important physiological systems, such as
cardiovascular function, neuromodulation and forelimb control. Thus, the differences in microglia that we report
here will likely also impact several other critical physiologic systems in addition to breathing. Although females
were included in all analyses in the present studies, we did not control for estrous cycle stage which may
contribute to the biological variability observed in the principle component analyses of female transcriptomes in
both CNS regions. This may be especially relevant to respiratory neuroplasticity given that it varies across the
estrous cycle (Dougherty et al., 2017) as does the microglial transcriptome in cortical brain regions (Duclot and
Kabbaj, 2015).
In summary, we provide an important transcriptomic resource database to the field of respiratory neural control.
The significant variations in microglial transcriptomes between male and female brainstem and cervical spinal
cord, and differences in their functional gene categories, may underlie important, sexually dimorphic
physiological divergences in the control of breathing. We also identify novel transcriptional drivers that may be
important for regulating these sex- and CNS region-specific differences in microglial transcriptomes. This
information will be useful for future studies aimed at harnessing advantageous sex and regional differences in
microglial gene expression to treat breathing disorders.

16
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FIGURE LEGENDS
Figure 1. Female and male brainstem microglia share similar transcriptomes. A) Principle component
analysis of male and female brainstem microglia (n=5/treatment). B) Venn diagram showing the total numbers
of shared and unique genes between males and females. There were 13,517 shared genes that did not
significantly differ in either sex. There were 28 differentially expressed genes that significantly differed (FDR <
0.05) between females and males. Upregulated genes are shown in red, and downregulated genes are shown
in blue. C) Significantly upregulated genes (12) in female brainstem microglia vs. males. Genes highlighted in
pink are X chromosome-linked. D) Significantly downregulated genes (16) in female brainstem microglia vs.

Figure 2. Cervical spinal cord microglial transcriptomes vary in females compared to males. A) Principle
component analysis of male and female cervical spinal cord microglia (n=5/treatment). B) Volcano plot of
differentially expressed genes in female vs. male cervical spinal cord microglia. Red dots represent significantly
(FDR < 0.05) upregulated genes, while blue dots represent significantly downregulated genes. C) Functional
enrichment analyses of differentially expressed genes from biological process (Gene ontology (GO); left), KEGG
pathway (middle), and Reactome pathway (right). Shown are the top 5 most significant functional enrichments
in upregulated genes (red) and in downregulated genes (blue). Enrichment categories are displayed on the yaxis and graphed by FDR, with lower FDR values indicating greater significance. Parentheses show the number
of genes differentially expressed compared to the number of total background genes expressed in that category.
Biological Process (GO) categories: translation; peptide metabolic process (Pep Met Proc); cellular amide
metabolic process (Cell Am Met Proc); organonitrogen compound biosynthetic process (Org Comp Bio Proc);
organonitrogen compound metabolic process (Org Comp Met Proc). KEGG pathway categories: mTOR signaling
pathway (mTOR); breast cancer; ribosome; proteasome; oxidative phosphorylation (Ox Phos); Huntington’s
disease (Huntington’s); Alzheimer’s disease (Alzheimer’s). Reactome pathway categories: nonsense mediated
decay enhanced by the exon junction complex (NMD En EJC); antigen processing – cross presentation (Antigen
Proc – Cross Pres); metabolism of RNA (RNA Met); formation of the ternary complex, and subsequently, the
43S complex (Ternary Complex). D) STRING network analyses of the 395 upregulated genes. E) STRING
22
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network analyses of the 511 downregulated genes. F) MAGICTRICKS summary output for upregulated genes
in female cervical spinal microglia (top 30 factors). G) MAGICTRICKS summary output for downregulated genes
in female cervical spinal microglia (top 30 factors).
Figure 3. Transcriptomic divergence between male cervical spinal and brainstem microglia. A) Principle
component analysis of male cervical spinal cord and brainstem microglia (n=5/treatment). B) Volcano plot of
differentially expressed genes in male cervical spinal cord microglia. Red dots represent significantly (FDR <
0.05) upregulated genes, blue dots represent significantly downregulated genes. C) Functional enrichment
analyses of differentially expressed genes from biological process (Gene ontology (GO); left), KEGG pathway

upregulated genes (red) and in downregulated genes (blue). Enrichment categories are displayed on the y-axis
and graphed by FDR, with lower FDR values indicating greater significance. Parentheses show the number of
genes differentially expressed in that category compared to the number of total background genes expressed in
the category. Biological Process (GO) categories: positive regulation of nucleic acid-templated transcription (Pos
Reg NA Trans); positive regulation of RNA metabolic process (Pos Reg RNA Met Proc); positive regulation of
transcription by RNA polymerase II (Pos Reg RNA Poly II Trans); positive regulation of transcription; DNA
templated (Pos Reg DNA Trans); positive regulation of nucleobase-containing metabolic compound (Pos Reg
Nuc Met Proc); cell communication (Cell Comm); ion transmembrane transport (Ion Transm Transport);
signaling; response to stimulus (Resp to Stim); signal transduction (Sig Transd). KEGG pathway categories: TNF
signaling pathway (TNF); IL-17 signaling pathway (IL-17); osteoclast differentiation (Osteo Diff); NF-kappa B
signaling pathway (NF-kappa B); hepatitis B; focal adhesion; ECM-receptor interaction (ECM Int); regulation of
actin cytoskeleton (Reg Act Cyto); arrhythmogenic right ventricular cardiomyopathy (ARVC); hypertrophic
cardiomyopathy (HCM). Reactome pathway categories: extracellular matrix organization (Extra Mat Org);
signaling by receptor tyrosine kinases (Sig Rec Tyr Kin); transport of small molecules (Trans Sm Molec). D)
STRING network analyses of the 826 upregulated genes. E) STRING network analyses of the 636
downregulated genes. F) MAGICTRICKS summary output for upregulated genes in male cervical spinal
microglia (top 30 factors). G) MAGICTRICKS summary output for downregulated genes in male cervical spinal
microglia (all 22 factors).
23

Downloaded from jpet.aspetjournals.org at ASPET Journals on January 9, 2023

(middle), and Reactome pathway (right). Shown are the top 5 most significant functional enrichments in
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Figure 4. Transcriptomic divergence between female cervical spinal and brainstem microglia. A) Principle
component analysis of female cervical spinal cord and brainstem microglia (n=5/treatment). B) Volcano plot of
differential gene expression changes in female C3-C6 cervical spinal cord vs. brainstem microglia. Red dots
represent significantly (FDR < 0.05) upregulated genes and blue dots represent significantly downregulated
genes. C) Functional enrichment analyses of differentially expressed genes from biological process (Gene
ontology (GO); left), KEGG pathway (middle), and Reactome pathway (right). Shown are the top 5 most
significant functional enrichments in upregulated genes (red) and in downregulated genes (blue). Enrichment
categories are displayed on the y-axis and graphed by FDR, with lower FDR values indicating greater

number of total background genes expressed in the category. Biological Process (GO) categories: positive
regulation of transcription by RNA polymerase II (Pos Reg RNA Poly II Trans); regulation of RNA metabolic
process (Reg RNA Met Proc); regulation of gene expression (Reg Gene Exp); regulation of macromolecule
metabolic process (Reg Macro Met Proc); positive regulation of macromolecule metabolic process (Pos Reg
Macro Met Proc); organonitrogen compound biosynthetic process (Org Comp Bio Proc); translation; cellular
process; cation transport; peptide metabolic process (Pep Met Proc). KEGG pathway categories: TNF signaling
pathway (TNF); Epstein-Barr virus signaling pathway (EBV); IL-17 signaling pathway (IL-17); osteoclast
differentiation (Osteo Diff); spliceosome; oxidative phosphorylation (Ox Phos); Parkinson’s disease
(Parkinson’s); ribosome; Alzheimer’s disease (Alzheimer’s); Huntington’s disease (Huntington’s). Reactome
pathway categories: mRNA 3’-end processing (mRNA 3’ Proc); chromatin modifying enzymes (Chrom Mod Enz);
cleavage of the growing transcript in the termination region (Transcript cleavage); respiratory electron transport,
ATP synthesis by chemiosmotic coupling, and heat production by uncoupling proteins (Elect. Transp. Chain);
the citric acid cycle and respiratory electron transport (TCA and Resp ET); respiratory electron transport (Resp
ET); complex I biogenesis (Comp Bio); nonsense mediated decay enhanced by the exon junction complex (NMD
Enh EJC). D) STRING network analyses of the 1167 upregulated genes. E) STRING network analyses of the
786 downregulated genes. F) MAGICTRICKS summary output for cervical spinal cord upregulated genes (top
30 factors). G) EZH2 is the sole factor identified from MAGICTRICKS summary output for downregulated genes
in cervical spinal microglia.
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significance. Parentheses show the number of genes differentially expressed in that category compared to the
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Figure 5. Functional gene categories have little overlap between males and females.

A) Principle

component analyses of microglia from male and female brainstem and cervical spinal cord (n=5/treatment) show
that CNS region, not sex, is the stronger driver of differential gene expression. B) Venn diagram showing the
total number of differentially upregulated genes in male and female spinal microglia compared to brainstem
microglia. Of the differentially upregulated genes in spinal compared to brainstem microglia, 304 were shared by
both sexes, and 522 genes were unique to males, and 863 unique to females. Genes expressed in males are
shown in green, and genes expressed in females are shown in purple. C) Venn diagram showing the total number
of differentially upregulated genes in male and female spinal microglia compared to brainstem microglia. Of the

122 genes were unique to males, and 272 unique to females. Genes expressed in males are shown in green,
and genes expressed in females are shown in purple. Tables D) Biological process (GO class), E) KEGG
Pathway, and F) Reactome Pathway summarize the top 5 functional gene categories into which the differentially
expressed genes in spinal microglia fall, among both both sexes. Categories which are comparatively
upregulated (↑ red shading) and downregulated (↓ blue shading) in male and female spinal microglia (relative to
the expression of those genes in male and female brainstem microglia) are shown separately, and demonstrate
that very few functional gene categories overlap between the sexes.

Supplemental Table 1: Upregulated genes female vs. male cervical spinal cord microglia
Supplemental Table 2: Downregulated genes female vs. male cervical spinal cord microglia
Supplemental Table 3: Upregulated genes male cervical spinal cord vs. brainstem microglia
Supplemental Table 4: Downregulated genes male cervical spinal cord vs. brainstem microglia
Supplemental Table 5: Upregulated genes female cervical spinal cord vs. brainstem microglia.
Supplemental Table 6: Downregulated genes female cervical spinal cord vs. brainstem microglia
Supplemental Table 7: Upregulated genes in spinal vs brainstem microglia shared between males and females
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differentially upregulated genes in spinal compared to brainstem microglia, 514 were shared by both sexes, and
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Supplemental Table 8: Downregulated genes in spinal vs brainstem microglia shared between males and
females
Supplemental Table 9: MAGICTRICKS enriched transcriptional factors for differentially expressed genes in
female vs. male cervical spinal cord microglia
Supplemental Table 10: MAGICTRICKS enriched factors for differentially expressed genes in male cervical
spinal cord vs. brainstem microglia
Supplemental Table 11: MAGICTRICKS enriched factors for differentially expressed genes in female cervical
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spinal cord vs. brainstem microglia
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