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Abstract
Microglia Regulation of Sexually Dimorphic Amygdala Development
Jonathan W. VanRyzin, Doctor of Philosophy, 2018
Dissertation Directed by: Margaret M. McCarthy, Ph.D., Professor, Program in
Neuroscience, Department of Pharmacology
Sex differences in the brain are established early in development and generate lasting
changes in brain and behavior, a process known as sexual differentiation. Sexual
differentiation of the amygdala produces a highly conserved sex difference in juvenile
rough and tumble play behavior; however, the mechanisms underlying this sex difference
are unknown. Here, we report that microglia, resident immune cells of the brain, actively
shape the sexual differentiation of the amygdala. We found that microglia are more
phagocytic in the amygdala of males from postnatal day 0 and 4, during which they also
have a higher endocannabinoid (eCB) tone. Administering a masculinizing dose of
testosterone to increase the eCB tone in females, or cannabinoid receptor agonists to
female pups increased the number of phagocytic microglia and correspondingly
decreased the number of newborn cells. Given these data, we hypothesized that microglia
control the number of postnatally-born cells in the developing rat amygdala by
phagocytosing newborn cells in an endocannabinoid-dependent manner. We found that
these phagocytic microglia engulf newly proliferated cells, which are enriched for
complement proteins. To directly implicate microglia phagocytosis, we used a functionblocking antibody against the complement receptor 3 (CR3) to prevent phagocytosis.
Anti-CR3 antibody treatment increased the number of BrdU+ cells only in males,
demonstrating that newborn cells can survive if phagocytosis is prevented. Moreover,

administration of cannabinoid receptor antagonists to male pups occluded the effects of
phagocytic blockade, suggesting that newborn cell phagocytosis was dependent on the
developing ECB tone. Finally, to understand how these early life events manifest changes
in the composition of the amygdala, we used a fate mapping approach to phenotype
postnatally-born cells at the juvenile age. Our analysis found that the majority of newborn
cells differentiated into astrocytes, which were overall higher in density in the
posterodorsal region of the medial amygdala, an amygdalar nucleus essential to the
integration of social stimuli. Together, these data indicate that sex differences in the local
environment of the developing amygdala instruct microglia to actively phagocytose
newborn cells as a means to sculpt later life architecture of the amygdala and produce sex
differences in social play.
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Chapter 1: Introduction
Brain development requires coordinated events through time and space to attain a
mature phenotype. Although development begins early in gestation, its development is
quite protracted, extending well past birth in humans. Such a protracted developmental
timeline allows for brain development to be influenced by internal and external cues
during particular developmental periods, known as critical periods. During critical
periods, the brain is especially sensitive to the influence of these stimuli, and these
stimuli initiate cascades of developmental events that shape its developmental trajectory.
At the closure of a critical period- the time at which brain development can no longer be
shaped by a particular stimulus- the architecture of the brain is shaped in a permanent and
irreversible manner. The consequences of these early life events are enduring and will
forever shape the organism’s behavior and the way it interacts with its environment for
the rest of its life. One of the most important critical periods in brain development is the
period of sexual differentiation.

1.1 Sexual Differentiation of the Brain
In mammalian species, the biological sex of an organism is determined by the
presence of a Y chromosome. The Y chromosome is paternally inherited and contains a
single gene critical to the process of sexual differentiation: sex-determining region y
(SRY) (reviewed in Wilhelm et al., 2007). Early in fetal development, both males and
females possess gonads that are considered bipotential, that is, capable of maturing into
the male-typical testes or the female-typical ovaries. SRY expression initiates a cascade of
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events that results in the development of testes. In the absence of SRY expression, the
bipotential gonad will develop into ovaries.
Similar to the bipotential gonad, the developing brain is also a bipotential organ.
Circulating hormones drive the differentiation of the brain into a male or female
architecture to allow for the expression of many sex-specific behaviors (i.e. mating,
aggression, maternal behavior). In rats and mice, the increase in circulating hormones
begins around embryonic day 18.5 (E18.5) with a dramatic rise in circulating
testosterone. Once in the brain, testosterone can act via the androgen receptor, or be
locally converted into estradiol (and other metabolites) by the aromatase enzyme and
exert its effects act via estrogen receptors. It is actually estradiol that drives sexual
differentiation of most endpoints in the brain in rodents, whereas primate sexual
differentiation is largely driven by testosterone (see McCarthy, 2008; Zuloaga et al., 2008
for reviews).
Hormone exposure in the developing brain is a form of early life programming
originally described as brain “organization” (Phoenix et al., 1959). The organizational
effects of hormones are diverse and vary between brain regions, generating sexually
differentiated endpoints that include cellular phenotype or biochemical identity, cell
number, synaptic density, and others (McCarthy et al, 2017). These architectural sex
differences ultimately set the stage for the expression of sex-typical behavior (e.g. mating
behavior) in adulthood and ensure that an organisms behavioral phenotype matches their
gonadal sex. However, not all neonatally organized behaviors are expressed only in fully
mature animals; one notable exception is juvenile social play behavior.
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1.2 Sexual Differentiation of Amygdala and Juvenile Social Play
Juvenile social play is a highly conserved across a variety of mammalian species
and consists of a complex behavioral set including locomotor play (i.e. chasing) and
rough-and-tumble play (i.e. pinning, pouncing). Play is one of the earliest expressed nonmother directed social behaviors in rodents, emerging during the juvenile period until
mid-adolescence (see Vanderschuren et al., 2016 for review). Social play is thought to be
necessary for the appropriate development of social, motor, and cognitive skillsets; both
humans with play deficits and animals deprived of play show later life deficiencies in
these behavioral domains (Gruendel and Arnold, 1969; Byers and Walker, 1995; Arthur
et al., 1999; van den Berg et a., 1999; Spinka et al., 2001; Pellis et al., 2010; Graham and
Burghardt, 2010).
Juvenile social play is unique with respect to other social behaviors; in nearly
every species that exhibit play behavior- including humans and non-human primatesmales engage in rough-and-tumble play more frequently and with higher intensity than
females (Whiting and Edwards, 1973; Leresche, 1976; Caro, 1981; DiPietro, 1981;
Humphreys and Smith, 1987; Pellis et al., 1997; Palagi et al., 2007; Ward et al., 2008).
This behavioral sex difference is most well-studied in the rat and is largely attributed to
the fact that males more frequently box and pin their play partners and are more likely to
counterattack, therefore prolonging the play bout (Poole and Fish, 1976; Olioff and
Stewart, 1978; Meaney and Stewart, 1981; Pellis and Pellis, 1990). Early studies
investigating the cause of the sex difference found that play behavior was masculinized
by exposure to androgens, but not its metabolites, during the critical period for brain
sexual differentiation (Beatty et al., 1981; Meaney and Stewart, 1981; Meaney et al.,
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1983; Thor and Holloway, 1986; Castro et al., 2003), and more specifically, found that
testosterone acting directly in the amygdala was sufficient to masculinize play behavior
in females (Meaney and McEwen, 1986). Moreover, lesioning the male amygdala
reduces play to female levels, indicating that the amygdala is necessary for the
masculinization of the behavior (Meaney et al., 1981).
Previous research in our lab investigating the developmental correlates of this
behavioral sex difference in the amygdala identified a sex difference in the number of
newborn cells that were produced during the first few days after birth. Male pups have
fewer newborn cells from postnatal day 0 (PN0; birth) to PN4, compared to females. This
sex difference inversely correlates to the expression of juvenile social play behavior, and
is driven by a higher endocannabinoid (eCB) tone in males (Krebs-Kraft et al., 2010);
however, the mechanisms linking eCBs to newborn cell number are unknown.

1.3 The Endocannabinoid System
Endocannabinoids are a family of lipid derived signaling molecules heavily
involved in multiple facets of brain development. While there are a number of
structurally-related compounds (Bradshaw and Walker, 2005), in the brain the eCB
system is comprised of two primary ligands- anandamide (AEA) and 2arachadonoylglycerol (2-AG). Both AEA and 2-AG stimulate cannabinoid type 1
receptors (CB1Rs) and CB2Rs, both of which are g protein-coupled receptors; however,
2-AG is generally more abundant in the mammalian brain and has higher efficacy than
AEA at both receptors (Devane et al., 1992; Gao et al., 2010; Tanimura et al., 2010).
AEA and 2-AG are also agonists at other receptors, including the nuclear receptors
peroxisome proliferator-activated receptor-α (PPARα) and γ (PPARγ) at sufficiently high
4

concentrations (Pertwee et al., 2010). Additionally, AEA stimulates the g protein-coupled
receptor 55 (GPR55) and the transient receptor potential vanilloid receptor 1 (TRPV1)
(Pertwee et al., 2010). However, given receptor cell-type specificity, downstream
coupling, developmental shifts in expression, and poorly characterized pharmacological
tools, many details of these signaling processes are not well understood.
eCB content (and therefore their activity) in the brain is controlled by a balance of
synthesis and degradation, being produced on demand with half-lives determined by the
rate of enzymatic degradation (Keimpema et al., 2010; Keimpema et al., 2013). AEA is
synthesized by one of several pathways each beginning with the precursor molecule Nacyl-phosphatidylethanolamine (NAPE). Phospholipase D (NAPE-PLD)-dependent
synthesis appears to contribute to the bulk of AEA production in the brain, however the
time course of NAPE-PLD-dependent AEA synthesis suggests that this biosynthetic
pathway may be more involved in longer, tonic signaling (Leung et al., 2006; Liu et al.,
2008). Similarly, ABHD4-dependent synthesis is engaged in the long-term production of
AEA, whereas the phospholipase C (PLC)-dependent pathway rapidly synthesizes AEA
for “on-demand” production (Liu et al., 2008). AEA is degraded via hydrolysis by the
enzyme fatty acid amide hydrolase (FAAH). 2-AG is synthesized by hydrolysis of
arachidonate-containing diacylglycerols (DAGs) by one of two isoforms of DAG lipaseDAGLα or DAGLβ. 2-AG is degraded primarily by monoacylglycerol lipases (MAGLs),
and to a lesser extent, by the serine hydrolases ABHD6 and ABHD12 (Bisogno et al.,
2005; Fiskerstrand et al., 2010; Marrs et al., 2010).
In the mature brain, eCBs are produced on-demand to induce a form of synaptic
plasticity known as long term depression (see Heifets & Castillo 2009 for review). Many
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of the eCB synthesizing enzymes are expressed on the post-synapse, which allows
neuronal firing patterns to induce the production of 2-AG and AEA (Yoshida et al., 2006;
Gao et al., 2010; Tanimura et al., 2010). eCBs then diffuse in a retrograde manner to
stimulate presynaptic CB1Rs, and are quickly degraded by presynaptic degradative
enzymes, limiting the spread and duration of their effect (Dinh et al., 2002; Huang &
Woolley, 2012). Interestingly, FAAH localization appears to be postsynaptic, suggesting
that AEA also functions in an anterograde manner where it acts through TRPV1 channels
(Gulyas et al., 2004; Chavez et al., 2010; Grueter et al., 2010). Stimulation of presynaptic
CB1R/CB2Rs activates mitogen-activated protein kinase and inhibits adenylyl cyclase
via their Gi/o coupling. Moreover, CB1R signaling inhibits synaptic terminal calcium
influx, which reduces the probability of vesicle release (Howlett 2005). Together, the
actions of eCBs allow for changes in synaptic strength in a circuit-specific manner.
During brain development, eCBs are produced by progenitor cells and act in both
an autocrine and paracrine manner to influence cell proliferation and differentiation
(Aguado et al., 2006; Keimpema et al., 2010; Walker et al., 2010). Given the relatively
high and widespread expression of eCB synthesizing enzymes and low expression of
degradative enzymes during development, eCBs exert their effects over much larger
physical domains and affect large numbers of cells (see Maccarrone et al., 2014). The
pro-proliferative effects of eCBs are driven by both CB1Rs and CB2Rs, as neural
progenitor cells commonly co-express both, in contrast to differentiated neurons (Jin et
al., 2004; Aguado et al., 2005; Palazuelos et al., 2006; Molina-Holgado et al., 2007;
Goncalves et al., 2008). These receptors are largely coupled to Gi proteins that activate
PI3K-AKT-mTORC1 signaling cascade to promote cell growth and survival (Palazuelos
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et al., 2006; Palazuelos et al., 2012). In addition, the size of the progenitor pool and
subsequent cell fate decisions are influenced by eCB signaling (Aguado et al., 2005,
2006; Palazuelos et al., 2012; Diaz-Alonso et al., 2015). As progenitor cells differentiate
into a post-mitotic phenotype, cannabinoid receptor expression changes from
CB1R/CB2R co-expression to largely CB1R-only expression (Goncalves et al., 2008).

1.4 Microglia Regulation of Brain Development
In addition to modulating progenitor cell populations, eCBs also regulate the
functional state of the brain’s innate immune cell, the microglia. Microglia express CB1
and CB2 receptors (see Stella 2009 for review) and can produce and inactivate eCBs
(Walter et al., 2002, 2003; Carrier et al., 2004; Witting et al., 2004). 2-AG signaling at
cannabinoid receptors elicits chemotaxis and chemokinesis (Walter et al., 2003), raising
the possibility that eCBs act as localization signals, or “find me” signals, within the brain
that serve to attract microglia and stimulate their surveillance at sites of eCB production.
eCB-induced microglia motility is likely mediated through Gi/o coupled Rac activation,
which induces rapid cytoskeletal rearrangement (Honda et al., 2001; Walter et al., 2003);
however, the exact pathways of CB1R/CB2R signaling in microglia remain to be
elucidated.
Microglia differentiate from yolk-sac macrophage precursors that migrate into the
brain as early as embryonic day 9.5 in the rodent (Alliot et al., 1999; Ginhoux et al.,
2010; Schulz et al., 2012; Kierdorf et al., 2013). Once in the brain, microglia continue to
proliferate and mature until they reach their adult phenotype by the end of the third
postnatal week (Ajami et al., 2007; Swinnen et al., 2013; Elmore et al., 2014;
Nikodemova et al., 2015). As mature phagocytes, microglia are tiled throughout the brain
7

and engage in constant surveillance of their surrounding environment (Davalos et al.,
2005; Nimmerjahn et al., 2005).
By birth, microglia in the rodent brain have migrated and colonized much of the
rodent brain. During this colonization period, microglia adopt a range of functions and
morphologies that are thought to be determined by a combination of their own
developmental maturity as well as the co-development of their local environment (De
Biase et al., 2017). It is during this perinatal period- more specifically, after the prenatal
androgen surge- that sex differences in microglia morphology and function are first
apparent (Schwarz et al., 2012; see VanRyzin et al., 2017 for review). For example, in the
developing male brain microglia have a more amoeboid morphology in many brain
regions compared to the female brain (Schwarz et al., 2012; Lenz et al., 2013). In the
preoptic area, the higher frequency of amoeboid microglia in males is tied to the
production of prostaglandins, which induce the masculinization of the developing neural
circuitry to produce male-typical sex behavior later in life (Lenz et al., 2013).
Microglia engage in numerous developmental processes which, as alluded to
above, differ by both brain region and developmental age. They facilitate neuronal
migration, axonal pathfinding and are necessary for establishing appropriate synaptic
connectivity (Aarum et al., 2003; Pont-Lezica et al., 2014; Squarzoni et al., 2014; Zhan et
al., 2014). Microglia regulate the number of dendritic spines in development, either
promoting their growth or pruning them away (Paolicelli et al., 2011; Schafer et al., 2012;
Ji et al., 2013; Lenz et al., 2013; Miyamoto et al., 2016).
Microglia also regulate cell number during development. This is accomplished in
two ways: supporting progenitor populations through trophic factor signaling (Morgan et
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al., 2004; Antony et al., 2011; Ueno et al., 2013; Shigemoto-Mogami et al., 2014) and
culling superfluous cells through cell death induction and subsequent phagocytosis
(Marin-Teva et al., 2004; Wakselman et al., 2008; Cunningham et al., 2013). In this,
microglia guide the appropriate development of the brain, and through a balance of life
and death, ensure a healthy cell population from which the organism can continue to
develop.

1.5 Microglia Function in Development Has Lasting Impacts on Behavior
Compared to the wealth of knowledge uncovered investigating the influence
microglia have on brain development, far fewer studies have investigated the functional
impact these cells have on the expression of behavior later in life. Studies that have
examined the long-term effects of microglia function have done so primarily using two
approaches: genetic mutation or deletion of specific genes, and microglia depletion (see
Frost and Schafer, 2016; Paolicelli and Ferretti, 2017 for review).
Mice with a genetic deletion of the microglia-specific fractalkine receptor
(CX3CR1 KO) display delayed synaptic maturation through development (Paolicelli et
al., 2011; Hoshiko et al., 2012). As adults, these mice have impaired long-term
potentiation and learning-dependent memory, decreased social interactions, and increased
self-grooming behaviors (Rogers et al., 2011; Zhan et al., 2014). These findings highlight
two phenotypes that are common to studies of aberrant microglia function: lasting
synaptic alterations and disruptions in memory and social behavior. Impaired synaptic
transmission and spine remodeling are observed in other microglia genetic mutant models
(Roumier et al., 2004; Kim et al., 2016) and are also seen when microglia are
conditionally depleted from the brain (Parkhurst et al., 2013). Moreover, microglia
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depletion produces deficits in social behavior and social memory (Torres et al., 2016;
VanRyzin et al., 2017).
Despite recent advances in our understanding of how microglia influence brain
development, and how these early life processes produce a diverse behavioral repertoire,
neuroscience as a field is only beginning to appreciate the importance of microglia as
regulators of brain sexual differentiation. To date, only two studies have investigated
microglia function with respect to the development of sex-specific social behaviors,
specifically, male sex behavior. Microglia prostaglandin signaling during the critical
period for brain sexual differentiation is necessary for male-typical organization of the
preoptic area and subsequent sex behavior expression (Lenz et al., 2013). Moreover,
temporary microglia depletion during this period impairs both the motivation and
execution of male sex behavior, but not female sex behavior (VanRyzin et al., 2016).

1.6 Conclusion and Hypothesis
Given the involvement of microglia in organizing the developing brain in a sexspecific manner, as well as their well-established roles in regulating newborn cell
number, microglia seemed the ideal candidates to mediate the sex difference observed
previously by our lab. Krebs-Kraft et al. (2010) found that the developing male amygdala
contained fewer newborn cells than did the female amygdala, and this was the result of
males having a higher eCB tone. However, the overwhelming majority of research
demonstrates that eCB signaling is a positive regulator of cell proliferation, not negative,
making the connection between eCBs and the newborn cell sex difference particularly
surprising. Therefore, we sought to determine if microglia were the intermediaries linking
eCBs to newborn cell number, and ultimately, juvenile social play behavior.
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The work presented here aims to test the central hypothesis that microglia control
the number of postnatally-born cells in the developing rat amygdala by phagocytosing
newborn cells in an endocannabinoid-dependent manner.
To test this hypothesis, the following chapters will address these sub-hypotheses
and their predictions:
Sub-hypothesis 1: Hormonally-induced elevations in eCB content increase the number
of phagocytic microglia in the developing amygdala.
Prediction 1: Microglia phagocytic activity should mirror the timeline for the
critical period for sexual differentiation of the brain.
Prediction 2: Masculinizing females with testosterone will increase
endocannabinoid content as well as the number of phagocytic microglia.
Prediction 3: Treating females with cannabinoid receptor agonists will increase
the number of phagocytic microglia.
Sub-hypothesis 2: Microglia phagoptose newborn cells to sexually differentiate the
developing amygdala.
Prediction 1: Microglia phagocytic cups will co-localize with markers of cellular
content (i.e. nuclear material) and markers of newborn cells.
Prediction 2: Masculinizing females by testosterone or cannabinoid receptor
agonist treatment will decrease the number of newborn cells in the developing amygdala.
Prediction 3: Blocking microglia phagocytosis will increase the number of
newborn cells in the developing amygdala.
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Chapter 2: Methods

2.1 Experimental Subjects
Adult Sprague-Dawley rats, obtained from Charles River Laboratories, were maintained
on a 12:12h reverse light/dark cycle with ad libitum food and water. Animals were mated
in our facility, and pregnant females allowed to deliver naturally with the day of birth
being designated as postnatal day 0 (PN0). On PN0, pups were sexed, treated, and culled
to no more than 14 pups per dam. Male and female pups were used in these studies, and
treatment groups and sexes were balanced across litters. All animal procedures were
performed in accordance with the Animal Care and Use Committee’s regulations at the
University of Maryland School of Medicine.

2.2 Animal Treatments
For studies involving hormonal modulation, the following drugs were dissolved in
sesame oil and delivered subcutaneously: testosterone propionate (100 μg; Sigma),
flutamide (100 μg; Sigma), and estradiol benzoate (10 μg; Sigma) were injected in a
volume of 0.1 ml per pup per day from PN0-1.
To mark newborn cells, 5-bromo-2’-deoxyuridine (BrdU; 50 mg/kg; Sigma) was
dissolved in saline and delivered intraperitoneally in a volume of 0.1 ml per pup per day
from PN0-3.
Cannabinoid receptor agonists ACEA (1 mg/kg; Tocris) and GP1a (1 mg/kg; Tocris)
were dissolved in ethanol at 5 mg/ml and further diluted in saline and delivered
intraperitoneally in a volume of 0.1 ml per pup per day from PN0-3.
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Cannabinoid receptor antagonists AM281 (1 mg/kg; Tocris) and AM630 (1 mg/kg;
Tocris) were dissolved in DMSO at 5 mg/ml and further diluted in saline and delivered
intraperitoneally in a volume of 0.1 ml per pup per day from PN0-3.
Mouse anti-CD11b antibody (0.5 mg/ml; OX-42 clone, Bio-Rad) or phosphate buffered
saline vehicle was delivered by intra-amygdalar injection at the following coordinates: 0.80 mm, caudal from bregma; ±3.00 mm, lateral from midline; -5.0 mm, ventral from
surface of the skull).
Intracerebroventricular and intra-amygdalar injections were performed under
cryoanesthesia using a 23-gauge Hamilton syringe attached to a stereotaxic instrument.
The time the pups were separated from the dam was kept to a minimum, between 15
minutes to 1 hour for all procedures.

2.3 Immunohistochemistry
Rat pups were irreversibly anesthetized with Fatal Plus (Vortech Pharmaceuticals) and
transcardially perfused with phosphate-buffered saline (PBS; 0.1M, pH 7.4) followed by
4% paraformaldehyde (PFA; 4% in PBS, pH 6.8). Brains were removed and postfixed for
48 hours in 4% PFA at 4 degrees C, then kept in 30% sucrose at 4 degrees C until fully
submerged. Coronal sections were cut at a thickness of 45 µm on a cryostat (Leica
CM2050S) and directly mounted onto silane-coated slides. For DAB staining, slidemounted sections were washed in Tris-buffered saline (TBS; 0.05M, pH 7.6), incubated
in 0.3% hydrogen peroxide in TBS for 30 min at room temperature. Sections were
blocked with 5% bovine serum albumin (BSA) in TBS + 0.4% Triton X-100 (TBS-T).
Sections were incubated overnight at room temperature with primary antibody in solution
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containing 5% BSA in TBS-T. The next day, sections were washed in TBS, incubated in
biotinylated secondary antibody for 1 hour at room temperature followed by incubation in
ABC reagent (1:500 dilution; Vectastain Elite ABC Kit, Vector Laboratories) in TBS-T
for 1 hour at room temperature, and visualized using DAB chromagen or nickel-enhanced
DAB chromagen (0.05% 3,3’-diaminobenzidine, 0.2% nickel (II) sulfate, 0.006%
hydrogen peroxide; all from Sigma-Aldrich). The DAB reaction was allowed to proceed
until complete, as confirmed under a microscope. Sections were counterstained with
either hematoxylin or methyl green and coverslipped with DPX mounting medium.
For fluorescent labeling, the immunohistochemistry procedure was identical to that listed
above for Day 1 with two exceptions: the buffer was changed to PBS and an antigen
retrieval step (0.01M sodium citrate, pH 6.0 for 20 min at 99 degrees C) was included to
detect PCNA and ALDH1L1. On Day 2, sections were incubated with fluorescent
secondary antibody for 2 hours at room temperature in the dark and coverslipped with
ProLong Diamond Antifade (Thermo Fisher Scientific). For quantification of DNA
material in phagocytic cups, sections were incubated in NucRed Dead 647 (Thermo
Fisher Scientific) for 15 min after secondary antibody labeling at room temperature in the
dark. Primary antibodies used and their dilutions are as follows: rabbit anti-Iba1 (Wako;
1:1000), goat anti-Iba1 (Abcam; 1:1000), mouse anti-CD68 (Abcam; 1:500), mouse antiPCNA (Abcam; 1:500), mouse anti-BrdU (BD Bioscience; 1:500), mouse anti-CD11b
(Abcam; 1:500), rabbit anti-NeuN (Abcam; 1:1000), rabbit anti-GFAP (Abcam; 1:1000),
rabbit anti-ALDH1L1 (Abcam; 1:1000). Secondary antibodies used and their dilutions
are as follows: biotinylated goat anti-rabbit (Vector Laboratories; 1:500), biotinylated
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goat anti-mouse (Vector Laboratories; 1:500), Alexa Fluor 488 or 594 anti-rabbit, antigoat, anti-mouse (all made in donkey; Thermo Fisher Scientific; 1:500).

2.4 Image Acquisition and Three-Dimensional Rendering of Microglia
For all experiments, confocal fluorescence images were acquired with a Zeiss LSM 710
microscope equipped with 488, 561, and 633 lasers and a 20x (1.0 NA) water-immersion
and 100x (1.46 NA) oil-immersion objective using Zeiss Zen software. Brightfield
images were captured on a Nikon Eclipse E600 with a 20x objective and an MBF
Bioscience CX9000 camera using StereoInvestigator software.
Three-dimensional rendering was performed on confocal z stacks taken with 2 µm zintervals using a 100x objective and reconstructed in Imaris (Bitplane) as described in
Schafer et al., 2014. Individual microglial cells were reconstructed using the surfaces
module to create a volumetric boundary of the cell. The resulting microglial surface was
then used as a mask to process the channels containing the material to be co-localized.
After masking, the surface module was again used to generate a new volume of the
engulfed material.

2.5 Stereological Quantification of Phagocytic Microglia and BrdU+ Cells
Stereological cell counts were performed using StereoInvestigator (MBF Bioscience) on
a computer interfaced with a Nikon Eclipse E600 microscope and MBF Bioscience
CX9000 camera. Every third section (45 µm thick) was used for analysis, for a total of
four sections and the amygdala of both hemispheres was quantified. The boundaries of
the amygdala were drawn using a 4x objective and the optical fractionator method was
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used to quantify microglia and BrdU+ cells at 40x magnification, using a 100 µm x 100
µm counting grid with a 250 µm x 250 µm sampling grid for microglia and a 50 µm x 50
µm counting grid with a 250 µm x 250 µm sampling grid for BrdU+ cells. The optical
dissector height was set to 12 µm with a 2 µm guard zone on the top and bottom.
Microglia were counted based on the presence of an observable cell body within the
designated counting region and determined to be phagocytic if the microglia contained an
observable phagocytic cup that was distinctly identifiable from the cell body. BrdU+ cells
were counted if the nuclear staining was uniformly dark and was within the designated
counting region.

2.6 Quantification of Microglial Activation State
Fixed coronal sections (45 µm thick) were immunolabeled for Iba1 and CD68 and
imaged with a Zeiss 710 confocal microscope equipped with 488, 561, and 633 lasers.
Six fields of view (1 per hemisphere from 3 sections total) were taken with a 20x (1.0
NA) water-immersion objective using 2 um z steps through the entire tissue thickness.
Subsequent maximum intensity projections were used to quantify microglia morphology
and CD68 expression. The activation state was categorized on a 0 (lowest activation) to 5
(highest activation) according to the following criteria: morphology was scored as 0 (5+
processes with at least secondary branches), 1 (1 - 4 processes with at least secondary
branches), 2 (1+ processes with no secondary branches), and 3 (round with no clear
processes). CD68 expression was scored as 0 (no clear expression), 1 (punctate
expression) or 2 (aggregated expression throughout the cell). For each cell, the
morphology and CD68 scores were combined to produce a final 0-5 score.
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2.7 Quantification of Phagocytic Cup Diameter and Contents
Fixed coronal sections (45 µm thick) were immunolabeled for Iba1 and PCNA, and
stained with NucRed, then imaged with a Zeiss 710 confocal microscope equipped with
488, 561, and 633 lasers. Single confocal images were taken with a 20x (1.0 NA) waterimmersion objective through the middle of the phagocytic cup. Images were then
assessed for colocalization or measured for diameter ImageJ.

2.8 Cell Culture
To generate sex-specific mixed glia cultures, rat pups were sexed on the day of birth.
Pups were euthanized, and the brain was removed and placed into ice cold HBSS,
stripped of meninges, and minced with a razor blade. Individual brains were incubated
for 15 minutes in 0.5% trypsin at 37 degrees C, then dissociated by trituration with a
pipette. The resulting suspension was pelleted by centrifugation at 400g for 4 minutes.
Excess supernatant was aspirated, and the suspension was resuspended in culture media
designed to support the growth of astrocytes and microglia while preventing neuronal
growth (DMEM/F12 supplemented with 0.45% D-glucose, 100 U/ml penicillin, 100
μg/ml streptomycin, and 10% heat-inactivated fetal bovine serum). T75 flasks were
seeded (one PN0 rat brain per flask) and incubated at 37 degrees C with 5% CO2. One
day after seeding, the culture media was completely replaced to remove unattached cells.
Subsequently, 50% of the media was replaced every 4 days, and cultures were allowed to
grow until DIV14. On DIV14, flasks were shaken on a rotating platform at 100 rpm for 1
hour to detach microglia from the astrocyte layer. Media was aspirated and centrifuged at
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400g for 4 minutes to pellet microglia and resuspended in serum-free culture media
(DMEM/F12, 0.45% D-glucose, 1% penicillin/streptomycin).

2.9 In Vitro Phagocytosis Assay
Microglia harvested from sex-specific mixed glia cultures were plated into 6 well plates
at a density of 50,000 cells per well and kept in serum-free culture media at 37 degrees C
with 5% CO2. After 24 hours, carboxylated latex beads (FluoSpheres, 1μm; Thermo
Fisher Scientific) were added to each well in a 1:100 cell:bead ratio, and allowed to
incubate for 1 hour at 37 degrees C with 5% CO2. Immediately following this, plates
were placed on ice to halt any further phagocytosis, washed with ice-cold PBS containing
2 mM EDTA, and vigorously pipetted to detach cells from the plate. Cells were
centrifuged at 400g for 4 minutes, resuspended in FACS buffer (1.0% BSA, 0.1%
Sodium Azide, in HBSS), and incubated with propidium iodide for flow cytometry
analysis. Flow cytometry was performed on a LSR II (BD Biosciences) with FACSDiva
software, and analysis performed using FlowJo X. Live cells were gated based on
propidium iodide staining and bead fluorescence determined using live cells that were not
exposed to beads.

2.10 Mass Spectrometry
Lipid extraction and mass spectrometry was performed as previously described (Morena
et al., 2015; Qi et al., 2015). On PN4, rat pups were rapidly decapitated, and the
amygdala dissected out and immediately flash frozen until analysis. Brain tissue was
weighed and placed into borosilicate glass culture tubes containing 2 ml of acetonitrile
with 5 pmol of AEA and 5 nmol of 2-AG for extraction. Tissue was homogenized with a
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glass rod, sonicated for 30 min in ice water, and incubated overnight at -20 degrees C to
precipitate proteins. Subsequently, samples were centrifuged at 1500 x g to remove
particulates and the supernatants transferred to a new glass tube and evaporated to
dryness under nitrogen gas. The samples were reconstituted in 200 μl of acetonitrile and
stored at -80 degrees C until further analysis. Analysis of AEA and 2-AG was performed
by liquid chromatography mass spectrometry in collaboration with Matt Hill and Haley
Vecchiarelli at the Southern Alberta Mass Spectrometry Centre, Cumming School of
Medicine, University of Calgary.

2.11 Western Blot
On PN4, rat pups were rapidly decapitated, and the amygdala dissected out and
immediately flash frozen until analysis. Tissue was homogenized in RIPA buffer with
added phosphatase (Sigma; 1:1000) and protease (Sigma; 1:1000) inhibitors. After
homogenization, samples were centrifuged at 3000 rpm at 4 degrees C for 10 min. The
protein supernatant was collected, and total protein concentration determined by Bradford
assay. 25 μg protein was loaded per sample and run on an 8-16% tris-glycine gel
(Invitrogen). Protein was transferred to a polyvinyl difluoride membrane (Bio-Rad),
blocked for 1 hour in Odyssey Blocking Buffer (LI-COR) diluted 1:1 with TBS and
incubated overnight at 4 degrees C with rabbit anti-CD11b (1:1000; Abcam), rabbit antiβ actin (1:1000; Abcam) and rabbit anti-GAPDH (1:20,000; Sigma) in diluted Odyssey
Blocking Buffer with 0.1% Tween-20 (BioRad). Subsequently, membranes were rinsed,
incubated for 1 hour with IRDye 680RD donkey anti-rabbit and IRDye 800CW donkey
anti-goat antibodies (LI-COR; 1:20,000) in diluted Odyssey Blocking Buffer with 0.1%
Tween-20 and 0.02% sodium dodecyl sulfate (Sigma). Membranes were imaged in both
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the 700 and 800 nm channels using an Odyssey CLx scanner (LI-COR) and quantified
using ImageStudio software (v5.2; LI-COR). The CD11b signal was normalized to both
GAPDH and β actin, and the resulting values averaged for each sample. Each sample was
normalized to a standard internal control sample to allow for comparison across
membranes.

2.12 Flow Cytometry for Complement Proteins
Male and female pups were rapidly decapitated on PN4, and the amygdala of both
hemispheres was dissected out from the brain on ice. Tissue was immediately dissociated
using the Neonatal Neuronal Dissociation (P) Kit (Miltenyi Bioscience). The resulting
single cell suspension was fixed in 4% paraformaldehyde for 20 min and stored in a 1:1
ratio of glycerol:HBSS at -20 degrees C until staining. Cells were permeabilized with
saponin and stained with a combination of the following antibodies: rabbit anti-C3b
(1:50; Abcam), rabbit anti-C1qA (1:50; Abcam), and mouse anti-Ki-67-647 (1:10; BD
Biosciences). Unconjugated primary antibodies were labeled using Alexa Fluor goat antirabbit-FITC or Alexa Fluor goat anti-mouse-PE (1:100; Thermo Fisher Scientific). Flow
Cytometry was performed on a LSR II (BD Biosciences) with FACSDiva software, and
analysis was performed using FLowJo X. Debris was eliminated based on forward and
side scatter gating. Appropriate gates for C3b, C1qA, and Ki-67 were determined using
an “empty channel” with the appropriate FMO samples to determine the negative
population and autofluorescence.
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2.12 Juvenile Social Play Testing
Animals were weaned on PN21 and housed in same sex, same treatment sibling pairs. On
PN26, animals were tested for 10 min in an open field (78 x 78 cm, 40 cm high),
underlaid with a grid delineating perimeter and center regions. Total locomotion and
center time was analyzed to rule out confounds due to differences in activity or anxietylike behavior on play. Once per day from PN27-30, same sex, same treatment non-sibling
pairs of animals were placed in an enclosure (49 x 37 cm, 24 cm high) with TEK-Fresh
cellulose bedding (Harland Laboratories). Animals were allowed to acclimate for 2
minutes, then video recorded for 10 minutes. Behavior testing took place during the dark
phase of the animal’s light/dark cycle under red light illumination. Videos were scored
offline to determine the number of pounces, pins, and boxing behaviors.

2.13 Quantification of Cell Fate
Quantification of the number of BrdU+ and BrdU+/NeuN+ cells in the MePD was
performed using Neurolucida software (MBF Bioscience) on a computer interfaced with
a Nikon Eclipse E600 microscope and MBF Bioscience CX9000 camera. Contours
outlining the boundaries of the MePD were drawn at 4x magnification, and the area was
recorded. The numbers of BrdU+ and BrdU+/NeuN+ cells were counted at 20x
magnification from one section across both hemispheres of the MeA. The data were
normalized to the area of the MePD to account for any volumetric differences between
the sexes and averaged across hemispheres to generate a density estimate. Using two
alternate tissue series, this procedure was repeated to quantify the number of BrdU+ and
BrdU+/GFAP+, and the number of BrdU+ and BrdU+/Iba1+, cells in sections from the

21

same animals as before. In all cases, BrdU+ cells were counted if the nuclear staining was
uniformly dark and present within the boundaries of the designated subregion. BrdU+
cells were counted as colocalized if a well-defined BrdU+ nucleus was associated with an
immunopositive (i.e. NeuN+, Iba1+ or GFAP+) cell body. For a subset of samples,
colocalization criteria was confirmed by confocal microscopy.

2.14 Statistical Analysis
All values are shown as the mean ± SEM. Statistical analysis was performed using R (R
Core Team, 2018; version 3.4.4). Statistical details of experiments can be found in figure
legends and in the text (tests used, exact n, p value). Comparisons between two
experimental groups were performed using two-tailed Welch’s t-test (for independent
samples). Data including multiple experimental groups were analyzed using one-way or
two-way analysis of variance (ANOVA) when appropriate. In experiments in which
females were treated with agents predicted to induce masculinization, Dunnett’s post-hoc
comparisons were calculated using female vehicle as a control to test the hypothesis that
each treatment masculinized the end point. In some experiments, post-hoc pairwise t tests
were calculated for specific comparisons to determine differences in means between the
treated female groups and male and female vehicle groups. Linear correlation was
calculated using Pearson’s r. A p value of < 0.05 was used as the criteria for significance.
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Chapter 3: Microglia are More Phagocytic in the Developing Male Amygdala
3.1 Introduction
Previous research in our lab identified a sex difference in the number of newborn
cells in the developing rat amygdala. During the first few postnatal days, the neonatal
male amygdala contains fewer newborn cells than in females. The reduced number of
newborn cells in males inversely correlates with higher rates of play behavior as
juveniles, and both newborn cell number and play behavior are modulated by a higher
eCB tone in the developing male amygdala (Krebs-Kraft et al., 2010). Given that
microglia are capable of both producing and responding to eCBs, we sought to examine
microglia function in the developing amygdala as a possible mechanism by which a sex
difference in eCB tone affects the number of newborn cells and later life behavior.

During development, microglia regulate progenitor cell populations by either
promoting cell proliferation (Morgan et al., 2004; Antony et al., 2011; Ueno et al., 2013;
Arno et al., 2014; Shigemoto-Mogami et al., 2014) or by culling superfluous cells via
targeted phagocytosis (Marin-Teva et al., 2004; Wakselman et al., 2008; Cunningham et
al., 2013). This balance between trophic support and cell death is essential to establishing
a proper progenitor population that will eventually create the components of neural
circuitry.
Our preliminary studies found that apparent “phagocytic” microglia, that is,
microglia possessing one or more cup-like structures on their processes, were highly
abundant during development and more common in males. Therefore, we continued to
investigate the function of these phagocytic microglia, and hypothesized that phagocytic
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microglia engulf newborn cells to produce the sex difference in newborn cell number in
the developing amygdala.

3.2 Results
We began by characterizing the microglia population in the developing amygdala
over the first postnatal week, a time that encompasses the middle and end of the critical
period for sexual differentiation. Using an antibody for ionized calcium binding adaptor
molecule 1 (Iba1) to visualize microglia via immunohistochemistry, we used unbiased
stereology to quantify the total number of microglia engaged in phagocytosis (Figure
3.1).

Figure 3.1. Phagocytic Microglia.
Maximum intensity projection from confocal image stacks of a phagocytic microglia
immunolabeled for Iba1 (cyan). White arrowheads indicate phagocytic cups. Scale bar =
10 µm.
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We found more phagocytic microglia in the amygdala of males from postnatal
day 0 (PN0; birth) to PN4 compared to females (two-way ANOVA sex x age interaction
F(4, 58) = 4.763, p = 0.00216; Figure 3.2A). Phagocytic microglia
made up a substantial portion of the total microglia population (25.9 +/- 1.4% in males
and 16.5 +/- 1.1% in females on PN0; two-way ANOVA sex x age interaction F(4, 58) =
12.19, p = 2.96e-07; Figure 3.2B), which persisted despite the expansion of the microglia
population over the first postnatal week (two-way ANOVA main effect of age F(4, 58) =
135.419, p < 2e-16; Figure 3.2C).
To determine whether the observed sex difference in phagocytic microglia was a
consequence of the cell’s functional state, we used confocal microscopy to analyze
microglia morphology and CD68 immunoreactivity, a protein enriched in the lyososome
(Figure 3.3A). We scored each microglia along a scale ranging from 0 (highly ramified,
low CD68) to 5 (amoeboid, high CD68) as previously described (Schafer et al., 2012) to
generate a “activational” profile of microglia in the male and female amygdala at PN4.
Surprisingly, the distribution of microglia along the scale did not differ between the sexes
(Figure 3.3B). Furthermore, there were no differences between males and females when
considering the scores of only phagocytic microglia (Figure 3.3C). While microglia at the
midpoint of the 0-5 scale were the most frequently phagocytic, microglia along the entire
scale possessed phagocytic cups, suggesting that developmental phagocytosis likely
occurs independent of traditional classifiers of microglia function.
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Figure 3.2. Males Have More Phagocytic Microglia in the Developing Amygdala.
(A-C) Quantification of the number of phagocytic microglia (A), the percentage of
phagocytic microglia (B), and the total number of microglia (C) in the developing
amygdala.
*p < 0.05, **p < 0.01, ***p < 0.001 holm-bonferroni post-hoc comparison between
males and females at each age. PN, postnatal day. n = 6-7 rats per sex per age.
Red/blue bars represent the mean +/- SEM of females and males, respectively. Open
circles represent individual data points for each animal.
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Figure 3.3. Male and Female Microglia Do Not Differ in their Activation State.
(A) Three-dimensional rendering of a phagocytic microglia immunolabeled for Iba1
(cyan) and lysosomal marker, CD68 (red). Grid lines = 5 µm.
(B-C) Quantification of microglia activation state on a 0-5 scale based on morphology
and CD68 labeling for all microglia (B) and phagocytic microglia only (C). n = 4 females
(642 cells), 5 males (836 cells) for B; n = 4 females (140 cells), 5 males (236 cells) for C.
Red/blue bars represent the mean +/- SEM of females and males, respectively. Open
circles represent individual data points for each animal.
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We next sought to determine if the sex difference in phagocytic microglia number
could be attributed to intrinsic differences in phagocytic activity between males and
females. We analyzed the number of phagocytic cups present per microglia in vivo and
found no difference between males and females at PN4 (Figure 3.4A). Moreover, the
majority of phagocytic microglia possessed just one phagocytic cup (83.6 +/- 3.58% in
females, 88.5 +/- 2.4% in males). Since immunohistochemistry only provides a snapshot
of biological activity at the time of tissue fixation, we next assessed microglia phagocytic
capacity in vitro. We harvested microglia from sex-specific mixed glia cultures,
incubated them with fluorescent beads, then analyzed microglial phagocytosis by flow
cytometry. Microglia derived from male and female cultures engulfed similar numbers of
fluorescent beads, as quantified by the median fluorescence intensity of phagocytic
microglia (Figure 3.4B). Furthermore, the percentage of phagocytic microglia did not
differ between the sexes (72.47 ± 3.42% in females, 79.30 ± 2.87% in males; Figure
3.4C). Together, these results indicate microglia in the developing amygdala are highly
phagocytic and that conditions in the newborn male amygdala make them more
phagocytic than in females.
To identify the targets of microglial engulfment, we first measured the diameter
of phagocytic cups using confocal microscopy of brain sections from PN4 pups (Figure
3.5A). There was no difference in cup diameter between males and females (Figure
3.5B), and the large size (8.75 +/- 0.31 µm for females, 8.55 +/- 0.26 µm for males)
suggested microglia were engulfing objects with sizes similar to cell bodies rather than
dendritic spines or small cellular debris.
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Figure 3.4. Male and Female Microglia do not Differ in their Intrinsic Phagocytic
Capacity.
(A) Quantification of the percentage of phagocytic microglia with 1, 2 or 3 phagocytic
cups. n = 4 females (140 cells), 5 males (236 cells).
(B) Representative histograms showing the relative distribution of microglia containing
1+ fluorescent beads from female (red) and male (blue) cultures. Microglia containing
zero beads shown in black. Median fluorescence intensity (MFI) indicated in the upper
right-hand corner, +/- SEM of MFI.
(C) Quantification of the percentage of microglia engulfing 1+ fluorescent beads. n = 6
(females), 7 (males) independent biological replicates.
Red/blue bars represent the mean +/- SEM of females and males, respectively. Open
circles represent individual data points for each animal.
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Figure 3.5. Phagocytic microglia engulf newly proliferated cells.
(A) Representative image of a phagocytic cup (Iba1; cyan). The white bar demonstrates
how the diameter of phagocytic cups was measured. Scale bar = 5 µm.
(B) Box-and-whisker plot depicting the distribution of microglia phagocytic cups
diameters. Open circles indicate values for individual phagocytic cups. n = 4 females (96
cups), 4 males (97 cups).
(C) Three-dimensional rendering of a phagocytic microglia immunolabeled with Iba1
(cyan). The phagocytic cup colocalizes with the DNA marker, NucRed (white). Grid
lines = 5 µm.
(D) Quantification of the percentage of phagocytic cups that are also NucRed+. n = 4
females (95 cups), 4 males (97 cups).
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(E) Three-dimensional rendering of a phagocytic microglia immunolabeled with Iba1
(cyan), proliferating cell nuclear antigen (PCNA; red), and NucRed. Both PCNA and
NucRed colocalize to the inside of the phagocytic cup. Grid lines = 5 µm.
(F) Quantification of the percentage of phagocytic cups that are also PCNA+. n = 4
females (100 cups), 4 males (98 cups).
Except in B, bars represent the mean +/- SEM. Open circles represent individual data
points for each animal. Images and quantifications taken from microglia in the amygdala
at PN4.

We analyzed the contents of phagocytic cups by co-immunolabeling with Iba1
and NucRed, a DNA binding dye (Figure 3.5C) to confirm microglia engulfment of entire
cells. The majority of phagocytic cups co-labeled with NucRed in both males (83.54 +/2.29%) and females (77.94 +/- 5.42%; Figure 3.5D), consistent with the notion that
microglia phagocytose cells during development. These observations led us to
hypothesize that microglia engulf newborn cells, producing the previously reported sex
difference in proliferation (Krebs-Kraft et al., 2010). We tested this possibility using
proliferating cell nuclear antigen (PCNA), a marker for recently divided cells, and again
analyzed the contents of phagocytic cups in males and females (Figure 3.5E). Nearly
60% of phagocytic cups co-labeled with PCNA in males and females (62.55 +/- 4.11% in
males, 59.25 +/- 4.09% in females; Figure 3.5F), indicating microglia predominantly
engulf newborn cells in the developing amygdala.
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3.3 Discussion
Here, we identify a novel sex difference in the population of phagocytic
microglia, which corresponds precisely with the critical period for sexual differentiation
of the amygdala. We found more phagocytic microglia in the developing amygdala of
males compared to females, and these microglia largely engulf newborn cells. Given
these findings, we hypothesize that differential phagocytosis of newborn cells between
the sexes produces the previously observed sex difference in newborn cell number.
Our findings indicate that the sex difference in the number of phagocytic
microglia is not attributable to intrinsic sex differences in phagocytic capacity, or overall
activational status. However, the techniques we used to arrive at these conclusions have
two important caveats. First, we examined microglia morphology in combination with the
lysosomal marker, CD68. While this technique is used to examine differences in
phagocytosis of synapses (Schafer et al., 2012), immunohistochemistry still only provides
a “snapshot” of function at the time of tissue fixation. Second, we assayed microglia
phagocytic activity using an in vitro assay, in which microglia were allowed to engulf
carboxylated beads. Without knowing the exact molecular signals that govern the
observed sex difference in phagocytosis in vivo, it is exceptionally difficult to accurately
model in vitro the complexity of microglia dynamics that occur in vivo and recapitulate
the environment of the developing brain.
Regardless, our findings are in contrast to previous reports examining sex
differences in microglia morphology across development. One such study profiled
microglia number and morphology within the amygdala from late gestation to the early
postnatal period and found microglia were more abundant and more amoeboid at birth in
females. However, by PN4 this sex difference had reversed, and microglia in the male
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amygdala were more frequent and amoeboid (Schwarz et al., 2012). Our data do not
support these findings, as we found no differences in microglia number between males
and females through postnatal development. Moreover, while we did not directly quantify
different categories of microglia morphology, we did combine morphological assessment
with immunolabeling for the lysosomal protein (CD68) to gain insight into microglia
function. Our data demonstrate that the relative distributions of morphology/CD68
expression do not differ between the sexes. The discrepancies between our findings and
those of Schwarz et al., are likely attributable to the technique used, as the authors
quantified microglia using unbiased stereology and extremely thin histological sections
(14 micron). Such experimental parameters are more biased toward a conservative
microglia estimate, as many ramified microglia may appear more amoeboid due to their
branches being removed, which can often extend quite considerably in the z plane.
Another study examining sex differences in the microglia transcriptome through
development found that differences between male and female microglia did not emerge
until adulthood, as measured by a maturation index (Hanamsagar et al., 2017). In this
sense, male microglia were described as more “immature” compared to female microglia,
and that only after inflammatory challenge did male microglia mature and express
appropriate immune response genes. Along these lines, more recent evidence has come
out to suggest that microglia isolated from adult animals differ between the sexes with
regards to their expression of ion channels, chemokine receptors, and antigen
presentation potential (Guneykaya et a., 2018). Together, these studies suggest that
mature male and female microglia do differ at least in their basal expression of genes that
facilitate their responding to local microenvironmental cues, as well as immune
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challenges, during adult brain homeostasis. In the absence of similar data derived from
developmental time points, it remains to be seen as to whether or not male and female
microglia are inherently different and whether potential differences have any functional
consequences on development.
Our findings suggest that sex differences in microglia function arise from their
responses to sex differences in local microenvironmental cues, which direct them to
become more phagocytic in males. To this point, microglia phenotype is highly
dependent on their surrounding microenvironment. In the basal ganglia, region-dependent
microglia phenotypes emerge during development as the various nuclei (nucleus
accumbens, substantia nigra, ventral tegmental area) fully mature. Between these nuclei,
microglia differ in their cell density, morphology, electrophysiological properties, and
overall gene expression profiles. Moreover, these regional phenotypes are stable and
persist into adulthood. Even after microglia are depleted from the brain, the repopulating
microglia will adopt a phenotype that is consistent with that prior to depletion (De Biase
et al., 2017). During development, we hypothesize that gonadal hormones and/or eCBs
may be these environmental cues, as they are both more abundant in males during this
early postnatal window.
The large proportion of phagocytic microglia and short duration of the sex
difference suggest that the engulfment of newborn cells is critical to sculpting a sex
difference in the amygdala, however two important points require further investigation.
First, more work is needed to determine if the microglia are phagocytosing dying or
viable cells. Microglia engulf dead and dying cells during both development and
adulthood (Ferrer et al., 1990; Bessis et al., 2007; Sierra et al., 2010.), and are attracted to
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the site of cell death by the release of “find me” signals from apoptotic cells
(Ravichandran, 2011). Alternatively, microglia may be inducing cell death or engulfing
viable cells. This has been demonstrated in the developing cerebellum and hippocampus,
where microglia kill neurons through a targeted “superoxide burst” (Marin-Teva et al.,
2004; Wakselman et al., 2008). In the developing cortex, microglia also phagocytose
neural precursor cells, however, very few of the engulfed cells express markers of cell
death (Cunningham et al., 2013). This phenomenon has been termed “phagoptosis”, or
the phagocytosis of viable cells (Brown and Neher, 2012). Second, we still do not know
the cellular fate of the engulfed cells and how engulfing more newborn cells in males
ultimately produces sex differences in amygdala circuitry and later-life behavior. Both
identifying the mechanisms by which microglia sexually differentiate the developing
amygdala and understanding the consequences of these processes are essential to
generating a more comprehensive framework for brain development.
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Chapter 4: Endocannabinoids Induce Microglia Phagoptosis of Newborn Cells in
the Developing Amygdala

4.1 Introduction
In Chapter 3, we described a sex difference in the number of phagocytic microglia
that persisted for the first few postnatal days. As we found this sex difference was not due
to intrinsic properties of the microglia (i.e. X vs Y chromosome), we proposed that this
difference is due to sex differences in the local microenvironment. We hypothesized that
sex differences in local cues in the developing amygdala drive more microglia to become
phagocytic in males compared to females.
The sexual differentiation of juvenile rough-and-tumble play behavior is driven
by androgens during postnatal development. Castration of male rat pups during the early
postnatal period prevents masculinization and results in female-typical levels of play as
juveniles (Meaney & Stewart, 1981; Beatty et al., 1981). Conversely, administering
testosterone systemically (Thor & Holloway, 1986), or directly via implant into the
amygdala (Meaney & McEwen, 1986), to female pups masculinizes their behavior and
increases the frequency of play. Thus, testosterone is one potential cue within the
microenvironment that could influence microglia function.
Previous work from our laboratory established the necessity of the
endocannabinoid system in the sexual differentiation of juvenile play behavior, making
eCBs an additional putative microenvironmental cue. The two primary eCBs in the brain,
AEA and 2-AG, are more abundant in the male amygdala during postnatal development.
Mimicking higher eCB content by administering WIN 55-212,2, an agonist at the two
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primary cannabinoid receptors, CB1R and CB2R, to female pups from PN0 – PN3 is
sufficient to both masculinize the number of newborn cells in the developing amygdala
and masculinize juvenile play behavior (Krebs-Kraft et al., 2010).
Thus, we next investigated the relationship between testosterone,
endocannabinoids, and the masculinization of the phagocytic microglia phenotype.
Moreover, we sought to establish a connection between microglia phenotype, newborn
cell number, and juvenile social play behavior.

4.2 Results
We began by examining the relationship between testosterone and eCB levels. As
we previously found the eCB tone to be higher in the developing amygdala of males
(Krebs-Kraft et al., 2010), we predicted that it was the result of neonatal androgen
exposure. To test this prediction, we treated females on PN0 and PN1 with a
masculinizing dose of testosterone, or testosterone along with the androgen receptor
antagonist flutamide, then compared amygdala 2-AG and AEA content in males and
females on PN4 using mass spectrometry (Figure 4.1A). As predicted, male pups had
higher 2-AG (ANOVA F(3, 40) = 5.83, p = 0.00211; Figure 4.1B) but not AEA
(ANOVA F(3, 40) = 0.376, p = 0.77; Figure 4.1C) content than females. Masculinizing
females with testosterone increased 2-AG, and this increase was prevented by coadministration with flutamide, implicating the androgen receptor as mediating the effect
of testosterone (Figure 4.1B).
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Figure 4.1 Testosterone Masculinizes 2-AG Content in the Developing Female
Amygdala.
(A) Schematic showing the treatment paradigm and timeline for B and C.
(B) Quantification of 2-AG levels measured by mass spectrometry in amygdala tissue. *p
< 0.05. Holm-Bonferroni post-hoc comparisons between groups. n = 10-12 rats per
group.
(C) Quantification of AEA levels measured by mass spectrometry in amygdala tissue. n =
10-12 rats per group.
Bars represent the mean +/- SEM. Vertical dashed line indicates separation of male from
female groups. Open circles represent individual data points for each animal.

Moreover, administering a masculinizing dose of estradiol to female pups had no effect
on either 2-AG (Figure 4.2A) or AEA levels (Figure 4.2B), confirming that hormonal
programming of eCB content is mediated by androgens and occurs independent of
testosterone aromatization to estradiol.
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Figure 4.2. 2-AG Content is not influenced by estradiol.
(A) Quantification of 2-AG levels measured by mass spectrometry in amygdala tissue on
PN4. ***p < 0.001 Dunnett’s post-hoc comparisons to female vehicle. n = 8-11 rats per
group.
(B) Quantification of AEA levels measured by mass spectrometry in amygdala tissue on
PN4. n = 8-11 rats per group.
Bars represent the mean +/- SEM. Vertical dashed line indicates separation of male from
female groups. Open circles represent individual data points for each animal.

Since testosterone was sufficient to masculinize female 2-AG content in the
developing amygdala, we predicted that testosterone should similarly masculinize the
number of newborn cells and phagocytic microglia. Using the thymidine analog 5-bromo2’-deoxyuridine (BrdU), administered on PN0-3 to mark cells born during the first few
postnatal days, we quantified both newborn cells (BrdU+) and phagocytic microglia in
the amygdala of PN4 pups (Figure 4.3A). As before, males had fewer BrdU+ cells in the
amygdala than females, and they also had more phagocytic microglia. Moreover,
testosterone treatment in females reduced the number of BrdU+ cells to that of males
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(ANOVA F(2, 28) = 10.38, p = 0.000423; Figure 4.3B) and correspondingly increased
the number of phagocytic microglia to male levels (ANOVA F(2, 27) = 15.75, p = 2.92e05; Figure 4.3C). Together, these data indicate that testosterone programs the natural sex
difference in eCB content, which correlates with a decrease in the number of newborn
cells and an increase in the number of phagocytic microglia.

A

B

C

Figure 4.3. Testosterone Masculinizes Newborn Cell Number and Phagocytic
Microglia Number in the Developing Female Amygdala.
(A) Schematic showing the treatment paradigm and timeline for B and C.
(B) Quantification of the number of BrdU+ cells. **p < 0.01, ***p < 0.001 Dunnett’s
post-hoc comparisons to female vehicle. n = 10-11 rats per group.
(C) Quantification of the number of phagocytic microglia. ***p < 0.001 Dunnett’s posthoc comparisons to female vehicle. n = 10 rats per group.
Bars represent the mean +/- SEM. Vertical dashed line indicates separation of male from
female groups. Open circles represent individual data points for each animal.
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We next tested the prediction that eCBs directly induce phagocytosis and thereby
reduce the number of newborn cells. Since 2-AG is an agonist at both the CB1R and
CB2R, we administered the agonists ACEA (CB1R agonist) and GP1a (CB2R agonist)
alone, or in combination, to more naturally mimic the endogenous actions of 2-AG
during this early developmental window (Figure 4.4A). In females, ACEA, GP1a, and the
combination of ACEA + GP1a all decreased the number of newborn cells to the level
normally seen in males (ANOVA F(4, 29) = 5.95, p = 0.00127; Figure 4.4B). In the same
animals, cannabinoid receptor agonist treatments increased the number of phagocytic
microglia of females to male levels (ANOVA F(4, 29) = 4.976, p = 0.00353; Figure
4.4C). The number of newborn cells and phagocytic microglia were negatively correlated
(Pearson’s product-moment correlation r(32) = -0.566, p = 0.004788), such that animals
with higher numbers of phagocytic microglia also had fewer newborn cells (Figure 4.4D).
Our data suggest that masculinization of the developing amygdala is driven by
testosterone-induced eCB signaling; thus, we aimed to test the linearity of these signals
on juvenile social play. To this end, we treated neonatal females with a masculinizing
dose of testosterone or testosterone combined with CB1R (AM281) and CB2R (AM630)
antagonists (Figure 4.5A). We analyzed play behavior for four days beginning at PN27,
corresponding to the early juvenile period. As expected, females masculinized with
testosterone exhibited male-like social play, which was prevented by simultaneous CB1R
and CB2R antagonism (ANOVA F(3, 37) = 3.532, p = 0.024; Figures 4.5B), indicating
that eCB signaling is required for androgen-mediated masculinization of rough-andtumble juvenile play behaviors.
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Figure 4.4. Treatment with Cannabinoid Receptor Agonists Masculinizes
Newborn Cell Number and Phagocytic Microglia Number in Female Amygdala
(A) Schematic showing the treatment paradigm and timeline for B and C.
(B) Quantification of the number of BrdU+ cells. **p < 0.01 Dunnett’s post-hoc
comparisons to female vehicle. n = 6-8 rats per group.
(C) Quantification of the number of phagocytic microglia. *p < 0.05, **p < 0.01
Dunnett’s post-hoc comparisons to female vehicle. n = 6-8 rats per group.
(D) Correlation between the number of BrdU+ cells and phagocytic microglia in the same
histological sections of amygdala tissue (data from B and C). Filled circles indicate
individual data points for each animal; colors indicate treatment group as used in B and
C. Black line indicates linear regression; gray shaded region indicates 95% confidence
interval.
Bars represent the mean +/- SEM. Vertical dashed line indicates separation of male from
female groups. Open circles represent individual data points for each animal.
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Figure 4.5. Treatment with Neonatal Cannabinoid Receptor Agonists Masculinizes
Rough-and-Tumble Play by Juvenile Females
(A) Schematic showing the treatment paradigm and timeline for F-J.
(B) Quantification of the mean number of play events from PN27 to PN30. ANOVA F(3,
37) = 3.532, p = 0.024. *p < 0.05, **p < 0.01. Post-hoc Welch’s t test for specific
comparisons. n = 6-12 rats per group over 4 days of play testing.
Bars represent the mean +/- SEM. Vertical dashed line indicates separation of male from
female groups. Open circles represent individual data points for each animal.
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4.3 Discussion
Sexual differentiation of the brain begins prenatally, induced by a testosterone
surge produced by the fetal male testis. Testosterone circulates and reaches the brain,
where it acts on androgen receptors or is locally converted into estradiol (McCarthy et al.,
2017). By birth, this process is well underway in the amygdala; our data show that
testosterone initiates a cascade of events, beginning with the elevation of the eCB tone.
Increased eCB content, in turn, increases the number of phagocytic microglia with a
corresponding decrease in the number of newborn cells. Ultimately, we find that the
testosterone induction of a higher eCB tone is necessary for the expression of masculine
juvenile play behavior. Given these data, we propose that the biological signals of sexual
differentiation converge at the level of the microglia, and phagocytosis of newborn cells
is essential to producing lasting sex differences in amygdala architecture.
Our findings support the conclusion that sexual differentiation of the amygdala is
an androgen-dependent process. Moreover, we expand upon this and show that
masculinization is driven by testosterone-induced elevations in eCB content. The malespecific increase in local eCB content is observable at PN0 and persists for the first few
days of life (Krebs-Kraft et al., 2010). The timing of elevated eCB content corresponds
precisely to the well-established critical period for sexual differentiation, and is similarly
mirrored in our present findings as the period during which phagocytic and newborn cell
numbers differ in males and females. However, the mechanism by which testosterone
increases eCBs in the amygdala is unclear. Previously, our lab found higher levels of the
degradative enzymes FAAH and MAGL (for AEA and 2-AG respectively) in the
developing amygdala of females suggesting that the lower eCB tone is the result of
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higher eCB degradation (Krebs-Kraft et al., 2010). Whether this is the result of genomic
regulation by hormones, or the result of a sex difference in the number of cells that
express these enzymes requires further investigation.
Our data suggest that testosterone-induced eCB signaling leads to an increase in
developmental phagocytosis; however, exactly how eCBs induce a phagocytic state is
unknown. We propose the hypothesis that eCBs serve as a “find me” signal in the
developing amygdala. 2-AG acts as a chemoattractant for microglia, and its role as a
“find me” signal has been proposed before in the context of neuroinflammation (Walter
et al., 2003). The sex difference in eCB tone may induce higher microglial mobility and
motility in males, attracting microglia toward newborn cells and increasing their
surveying activity. However, the mechanism by which microglia recognize newborn
cells, and the signals leading to their engulfment, remain unknown.
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Chapter 5: Endocannabinoids Induce Microglia Phagoptosis of Newborn Cells to
Sculpt Amygdala Circuitry

5.1 Introduction
In Chapter 4, we demonstrated that sexual differentiation of the amygdala begins
with an androgen-dependent increase in local eCB content. Elevations in eCB tone were
sufficient to produce the sex difference in microglia phagocytosis described in Chapter 1,
and also recapitulated the sex difference in newborn cell number described in KrebsKraft et al. 2010. Finally, we showed that these early life events had enduring
consequences, as blocking cannabinoid receptor signaling, despite testosterone coadministration, prevented masculinization of play behavior in females.
Given the increases in microglia phagocytosis following both masculinization
with testosterone and cannabinoid receptor agonism, we propose that microglia are the
final convergence point for these biochemical signals. However, several questions remain
unanswered: 1) Are microglia actively eliminating newborn cells to produce the observed
sex difference? 2) What are the signals governing the engulfment of newborn cells? And
3) how do these early life events impact the architecture of the amygdala during the
juvenile period?
Thus, we next set out to determine whether the targets of microglia phagocytosis
were dying due to developmental cell death, or if they were viable and being targeted and
subsequently killed by microglia. Moreover, we sought to determine the influence of
eCBs in this process and investigate how these developmental events shaped the
architecture of the amygdala during the juvenile age.
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5.2 Results
To determine whether cells targeted for phagocytosis were viable or dying, we
used a function-blocking antibody against the CD11b component of complement receptor
3 (CR3) to prevent microglial phagocytosis. CR3 is expressed on microglia and is the
receptor for a class of proteins belonging to the complement system. These soluble
proteins act in concert to bind to pathogens that are to be phagocytosed and degraded by
the immune system, and have recently been demonstrated to be involved in normal
developmental processes (see Ravichandran, 2011; Coulthard et al., 2018 for review) We
predicted that if newborn cells were undergoing apoptosis, blocking phagocytosis should
have no effect on total newborn cell number, as these cells would continue to die.
However, if newborn cells were being targeted and killed by microglia, blocking
phagocytosis should increase the number of newborn cells in the developing amygdala.
We administered anti-CD11b antibody directly into the amygdala of one
hemisphere and vehicle solution into the opposite hemisphere on PN0 and PN2 (Figure
5.1A). This allowed for comparison between hemispheres of a given animal to determine
the effects of blocking CR3 function on the number of newborn cells on PN4. Compared
to the vehicle-treated hemisphere, anti-CD11b treatment increased the number of
newborn cells only in males, and surprisingly, did not affect BrdU+ cell number in
females (paired t test: females t(9) = -1.1924, p = 0.2636; males t(9) = -3.1369, p =
0.01199; Figure 5.1B). These findings are consistent with the interpretation that microglia
actively reduce newborn cell number in the developing male amygdala in a CD11bdependent manner.
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Figure 5.1. Endocannabinoids Direct Microglia to Engulf Viable Newborn Cells in a
Complement-Dependent Manner.
(A) Schematic showing the treatment paradigm and timeline for B - C.
(B) Quantification of the number of BrdU+ cells between anti-CD11b treated and
untreated hemispheres. *p < 0.05. n = 10 rats per sex.
(C) Quantification of the number of BrdU+ cells between anti-CD11b treated and
untreated hemispheres. *p < 0.05, **p < 0.01. n = 5 - 7 rats per group.
Bars represent the mean +/- SEM. Open circles represent individual data points for each
sample. Gray lines connect data points between hemispheres for each individual animal
in B and C.
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Given that cannabinoid receptor activation was sufficient to masculinize the
number of phagocytic microglia and newborn cells, and that the eCB tone is elevated in
the developing male amygdala, we hypothesized that the impact of anti-CD11b antibody
administration was dependent upon a higher eCB tone. Thus, we repeated the same
experimental paradigm but also administered cannabinoid receptor agonists (ACEA and
GP1a) to females or cannabinoid receptor antagonists (AM281 and AM630) to males
from PN0-3. Reversing the eCB tone in males and females also reversed the effects of
anti-CD11b treatment; anti-CD11b treatment increased BrdU+ cell number in vehicletreated males and females masculinized with cannabinoid receptor agonists, but not in
vehicle-treated females or males treated with cannabinoid receptor antagonists (paired t
test: female vehicle t(5) = -0.0004, p = 0.9997; female agonist t(4) = -5.199, p =
0.006521; male vehicle t(5) = -3.2157, p = 0.02358; male antagonist t(6) = 0.8718, p =
0.4168; Figure 5.1C). These data show that a higher eCB tone is both sufficient and
necessary to drive microglial phagocytosis of newborn cells regardless of the sex of the
pup.
We next tested the possibility that sex differences in CD11b expression may
underlie the observed differences in the effectiveness of anti-CD11b treatment. Using
confocal imaging, we found CD11b enriched at the microglial membrane- particularly at
the phagocytic cup- in both males and females (Figure 5.2A). We quantified relative
CD11b expression by western blot and found no differences between males and females
on PN4 (Figure 5.2B), indicating that differences in CD11b-dependent phagocytosis are
likely due to sex differences in the amount or localization of the ligand (e.g. complement
proteins), rather than the CR3 receptor.
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Figure 5.2. CD11b Expression Does Not Differ Between Males and Females.
(A) Single confocal image of a phagocytic microglia (Iba1; cyan) co-labeling with
CD11b (red) and NucRed (white). Insets Ai - Aiii show single channel images and the
corresponding merged image (Aiv). Scale bars = 10 µm.
(B) Quantification of relative CD11b expression by western blot in the PN4 amygdala in
males and females. n = 10 rats per sex.
Bars represent the mean +/- SEM. Open circles represent individual data points for each
sample.

To investigate the involvement of the complement system in newborn cell
phagocytosis, we acutely isolated cells from the amygdala on PN4 and analyzed them by
flow cytometry. Using Ki67 as a marker for actively dividing cells, we identified the
proliferative (Ki-67+) and quiescent cell fraction (Ki-67-) and analyzed the expression of
C1qA and C3b, two complement proteins that are ligands for CR3 (Figure 5.3A-E).
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Figure 5.3. Newborn Cells in the Neonatal Amygdala are Enriched for Complement
Proteins.
(A) Dissociated cells from the PN4 amygdala were gated on forward and side scatter to
separate cells from debris.
(B and D) A C1qA+ (B) and C3b+ (D) gate was determined by analyzing fluorescence of
an unstained sample in an “empty channel” to identify a negative population and
eliminate autofluorescence.
(C) Representative density plot of a sample labeled for C1qA showing both the C1qA+
and C1qA- populations.
(E) Representative density plot of a sample labeled for C3b showing both the C3b+ and
C3b- populations.
(F) Representative contour plot showing the relationship between Ki-67 (Ki-67+, black;
Ki-67-, grey) expression and C1qA (Ki-67+/C1qA+, green; Ki-67-/C1qA+, orange)
expression analyzed by flow cytometry on PN4. Data are quantified in G.
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(G) Quantification of the percent of C1qA positive cells. ***p < 0.001. n = 10
independent samples.
(H) Representative contour plot showing the relationship between Ki-67 expression (Ki67+, black; Ki-67-, grey) and C3b (Ki-67+/C3b+, green; Ki-67-/C3b+, orange)
expression analyzed by flow cytometry on PN4. Data are quantified in I.
(I) Quantification of the percent of C3b positive cells. ***p < 0.001. n = 14 independent
samples.
Bars represent the mean +/- SEM. Open circles represent individual data points for each
sample. Contour lines in F and H represent 95% of the data, at 5% intervals and the
outlying 5% shown as dots.

We found that, regardless of sex, C1qA was enriched on Ki-67+ cells compared to Ki-67cells (82.04 ± 0.74% on Ki-67+ vs 76.28 ± 0.61% on Ki-67-; paired t test t(9) = -10.282,
p = 2.873e-6; Figure 5.3F and 5.3G). A higher percentage of Ki-67+ cells also coexpressed C3b (90.16 ± 0.85% on Ki-67+ vs 59.03 ± 1.43% on Ki-67-; paired t test t(13)
= -21.086, p = 1.947e-11; Figure 5.3H and 5.3I). Taken together, these data demonstrate
that newborn cells are enriched for complement proteins and are engulfed by microglia in
an eCB-dependent manner.
In order to understand how differential rates of microglial phagocytosis in males
and females impacts the eventual architecture of the amygdala and subsequently affects
social play, we used a fate-mapping approach in which we marked postnatally-born cells
and determined their mature phenotypes at the beginning of the juvenile period, when
play is more frequent in males. To accomplish this, we treated male and female pups with
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BrdU on PN0-4 to label newborn cells and euthanized the animals when juveniles (PN26;
Figure 5.4A). We then used histology to identify the surviving BrdU-labeled cell
population and focused our analysis on the posterodorsal subregion of the medial
amygdala (MePD), as the medial amygdala is the site of the masculinization of play
behavior and its posterodorsal subregion is highly involved in processing social stimuli
(Meaney et al., 1981; Choi et al., 2005; Bergan et al., 2014; Hong et al., 2014; Li et al.,
2017).
BrdU+ cell density was higher in the female MePD at PN26, compared to males
(Welch’s t test t(15.416) = 4.3024, p = 0.000593; Figure 5.4B). To determine the cellular
phenotype of the neonatally-born cells, we co-labeled histological sections with
astrocyte-specific (glial fibrillary acidic protein, GFAP; Figures 5.4D and 5.4E), neuronspecific (Fox3, NeuN; Figures 5.4G and 5.4H), or microglia-specific (Iba1; Figure 5.4J
and 5.4K) antibodies and quantified the colocalization of each marker with BrdU. The
majority of BrdU+ cells co-labeled as GFAP+ in the MePD (approximately 80%; Figure
5.4C), while far fewer BrdU+ cells co-labeled as NeuN+ (approximately 14%) and Iba1+
(approximately 6%). Females had a higher density of GFAP+/BrdU+ cells compared to
males in the MePD (Welch’s t test t(13.904) = 2.8891, p = 0.01196; Figure 5.4F), with no
difference in the density of NeuN+/BrdU+ cells (Figure 5.4I) or Iba1+/BrdU+ cells
(Figure 5.4L).
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Figure 5.4. Neonatally-Born Cells Differentiate into Astrocytes by the Juvenile Age.
(A) Schematic showing the treatment paradigm and timeline for B - L.
(B) Quantification of the number of BrdU+ cells in the MePD at PN26. ***p < 0.001. n =
10-11 rats per sex.
(C) Quantification of the percent of BrdU+ cells colocalized with GFAP, NeuN, and Iba1
in the MePD.
(D) Representative image of GFAP+ (brown) and BrdU+ (black) cells in the MePD.
White arrowheads indicate GFAP+/BrdU+ colocalization. Scale bar = 20 µm.
(E) Maximum intensity projection of confocal images showing GFAP (cyan) and BrdU
(red) colocalization in the MePD. White arrowheads indicate GFAP+/BrdU+
colocalization. Scale bar = 20 µm.
(F) Quantification of the density of GFAP+/BrdU+ double labeled cells in the MePD. *p
< 0.05. n = 10-11 rats per sex.
(G) Representative image of NeuN+ (brown) and BrdU+ (black) cells in the MePD.
White arrowheads indicate NeuN+/BrdU+ colocalization. Scale bar = 20 µm.
(H) Maximum intensity projection of confocal images showing NeuN (cyan) and BrdU
(red) colocalization in the MePD. White arrowheads indicate NeuN+/BrdU+
colocalization. Scale bar = 20 µm.
(I) Quantification of the density of NeuN+/BrdU+ double labeled cells in the MePD. n =
10-11 rats per sex.
(J) Representative image of Iba1+ (brown) and BrdU+ (black) cells in the MePD. White
arrowheads indicate NeuN+/BrdU+ colocalization. Scale bar = 20 µm.
(K) Maximum intensity projection of confocal images showing Iba1 (cyan) and BrdU
(red) colocalization in the MePD. White arrowheads indicate Iba1+/BrdU+
colocalization. Scale bar = 20 µm.
(L) Quantification of the density of Iba1+/BrdU+ double labeled cells in the MePD. n =
10-11 rats per sex.
Bars represent the mean +/- SEM. Open circles represent individual data points for each
animal. Abbreviations: posterodorsal medial amygdala (MePD).
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Based on these data, we hypothesized that microglia produce the sex difference in
newly born cells by phagocytosing cells that were destined to differentiate into
astrocytes. To test this, we used confocal microscopy to analyze microglia in the PN4
amygdala co-immunolabeled for Iba1 and the astrocyte-specific marker ALDH1L1. We
found that microglia were enriched for ALDH1L1 within the phagocytic cup, as well as
in their processes (Figure 5.5A), indicating the engulfment of astrocytic material.
Moreover, a greater percentage of microglial cups co-labeled as ALDH1L1+ in males
(68.35 +/- 2.05%) compared to females (54.17 +/- 4.75%) (Welch’s t test t(5.4415) = 2.7408, p = 0.03728; Figure 5.5B). These data support our hypothesis that microglia
phagocytose a greater number of astrocyte precursors in the developing amygdala of
males, which in turn produces the observed sex difference in postnatally-born astrocytes
by the juvenile age.

56

A

B

Figure 5.5. Microglia Engulf More Astrocytes in the Developing Male Amygdala.
(A) Three-dimensional rendering of a PN4 phagocytic microglia immunolabeled with
Iba1 (cyan) and the astrocyte marker ALDH1L1 (red) showing substantial ALDH1L1
labeling in the phagocytic cup and major processes of the microglia (Iba1; cyan). Grid
lines = 5 µm.
(B) Quantification of the percentage of phagocytic cups that are ALDH1L1+. *p < 0.05.
n = 5 females (120 cups), 5 males (120 cups).
Bars represent the mean +/- SEM. Open circles represent individual data points for each
animal.

5.3 Discussion
The studies presented here describe a novel developmental mechanism by which
microglia generate lasting sex differences in brain architecture. In the developing male
amygdala, eCBs promote the phagocytosis of viable newborn cells in a complementdependent manner. These early life events ultimately result in a later-life sex difference in
the number of postnatally-born astrocytes in the posterodorsal medial amygdala.
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Our conclusion is supported by the observation that blocking phagocytosis in
males resulted in more newborn cells, indicating that newborn cells are not dying due to
programmed cell death, but are instead being actively engulfed. Phagocytosis of viable
cells, termed “phagoptosis” (reviewed in Brown & Neher, 2012; 2014), is a conserved
mechanism during development that eliminates excess progenitor cells (Hoeppner et al.,
2001; Reddien et al., 2001; Cunningham et al., 2013). Microglia identify cells for
engulfment by recognition of “eat-me” signals found on the target cell’s surface. Eat-me
signals bind to phagocytic receptors on the microglia surface and trigger a signaling
cascade that results in the engulfment of the target (Hochreiter-Hufford & Ravichandran,
2013). Surface expression of these signals may be regulated by the target cell, as is the
case for the lipid eat-me signal phosphatidylserine or may be secreted proteins that bind
the target cell’s surface, as occurs for the complement system proteins. In either case eatme signal expression increases during the process of programmed cell death, or when
viable cells become stressed (growth factor withdrawal, oxidative stress, etc.) (Neukomm
et al., 2011; Fricker et al., 2012; Linnartz et al., 2012; Neher et al., 2013). Our data
suggest, in the developing amygdala viable newborn cells are identified by the expression
of complement proteins, which bind to the microglia CR3 receptor to trigger
phagocytosis.
The sex difference in newborn cells manifests itself as a difference in the number
of postnatally-born astrocytes in the MePD. However, the precise role of postnatally-born
astrocytes in the expression of social play remains a mystery. It may be that the
developmental timing of these astrocytes facilitates the formation of female MePD
circuitry. As astrocytes are critical to the development of synaptic connectivity (see Allen
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& Eroglu, 2017 for review), this may result in development of distinct neural networks in
the MePD of males and females by the juvenile age. In support of this, distinct neural
circuits exist in the medial amygdala of mice that control male aggression and female sex
behaviors in response to the same male pheromone (Haga et al., 2010; Hattori et al.,
2016; Ishii et al., 2017). Alternatively, postnatally-born astrocytes may represent a unique
population in the juvenile MePD, and differentially impact neuronal activity and synaptic
strength, essentially “gating” social information flow through the MePD in a sex-specific
manner (Li et al., 2017; Martin-Fernandez et al., 2017). Certainly, further research is
needed in order to determine the impact postnatally-born astrocytes have on the neural
circuitry of juvenile social play behavior.
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Chapter 6: Discussion
The data presented in this dissertation collectively describe a novel mechanism of
sexual differentiation in the amygdala with implications for social behavior. This process
requires the coordinated actions of multiple signaling modalities and cell types within a
specific window in development. We tested the hypothesis that microglia differentiate the
number of neonatally-born cells in the developing rat amygdala by phagocytosing
newborn cells in an eCB-dependent manner. Out data support this hypothesis,
demonstrating that fetal testosterone production drives a higher eCB tone in the
developing male amygdala and causes an increase in the population of phagocytic
microglia that actively engulf newborn cells. This differential phagocytosis produces a
sex difference in the number of postnatally-born cells, most of which ultimately
differentiate into astrocytes in the MePD. In ways that remain unclear, the lower density
of these postnatally-born astrocytes results in a masculinized neural circuitry of play.
These findings implicate microglia as novel mediators of sexual differentiation and add a
new role to their expanding functional repertoire in brain development.

6.1. Testosterone-Induced Endocannabinoid Signaling Drives Microglial
Phagocytosis During Early Postnatal Development and Masculinizes Juvenile Play
Behavior.
Sexual differentiation of the brain begins prenatally, induced by a testosterone
surge produced by the fetal male testis. Testosterone circulates and reaches the brain,
where it acts on androgen receptors or is locally converted into estradiol (reviewed in
McCarthy et al., 2017). The effects of testosterone are observable by birth in the rodent;
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local eCB content is elevated in the male amygdala at PN0 and remains higher then
female eCB levels for the first few days of life (Krebs-Kraft et al., 2010). In Figure 4.1,
we show that testosterone was both necessary and sufficient to increase the eCB tone in
female pups, and that this occurs independent of aromatization into estradiol (Figure
4.2).
The time course of eCB elevation in males corresponds precisely to the wellestablished critical period for sexual differentiation and is similarly mirrored in our
present findings as the period during which the numbers of phagocytic microglia and
newborn cells differ between the sexes. In Figure 3.2, we show that more microglia are
phagocytic in the male amygdala from PN0-4 compared to females. Moreover, the
phagocytic phenotype could be masculinized by either administration of testosterone
(Figure 4.3C) or cannabinoid receptor agonists (Figure 4.4C) and produced a
corresponding decrease in the number of newborn cells during this time (Figures 4.3B
and 4.4B). We found that phagocytic microglia were mostly engulfing newborn cells
over the first few days of postnatal life (Figure 3.5), as a mechanism by which sex
differences in newborn cell number arise.
Our data underscore the lasting impact that organizational sex differences impart
on the developing brain. Collectively, our findings support those of earlier studies that
show juvenile play is organized by neonatal androgens (Meaney et al., 1983; Meaney &
McEwen 1986). We expanded upon this idea, and in Figure 4.5 showed not only that
testosterone was sufficient to masculinize play behavior, but masculinization also
required testosterone-induced endocannabinoid signaling during this critical period.
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6.2. Endocannabinoids Direct Microglia to Phagocytose Viable Newborn Cells in a
Complement-Dependent Manner.
In our experiments, we found no sex differences in the microglia activation state
(Figure 3.3) or in their intrinsic phagocytic capacity (Figure 3.4), suggesting that the
factor driving microglia to become more phagocytic in males must come from the local
microenvironment. We proposed that endocannabinoids provide this local cue, as we
found that administering cannabinoid receptor agonists to female pups was sufficient to
increase the population of phagocytic microglia (Figure 4.4C).
Our observation that blocking phagocytosis resulted in more newborn cells
demonstrates that newborn cells are not dying due to developmental cell death but are
instead being actively engulfed by microglia. In Figure 5.1B, we demonstrated that intraamygdala injections of a function-blocking antibody to the CD11b portion of CR3
increased the number of surviving newborn cells specifically in males. Phagocytosis of
viable cells, termed primary phagocytosis or “phagoptosis” (reviewed in Brown & Neher,
2012; 2014), is an evolutionarily conserved mechanism during development that
eliminates excess progenitor cells (Hoeppner et al., 2001; Reddien et al., 2004;
Cunningham et al., 2013). The male-specific effect of blocking phagocytosis was
surprising and prompted us to investigate eCBs in this context. Further supporting our
idea that eCBs are an instructive cue for newborn cell engulfment, we show, in Figure
5.1C, that administration of cannabinoid receptor agonists to females, or cannabinoid
receptor antagonists to males (i.e. reversing the eCB tone) reverses the sensitivity of each
sex to the effects of phagocytic blockade. In other words, an elevated eCB tone is
necessary for phagoptosis.
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6.3. Microglia Phagocytosis Shapes A Lasting Sex Difference in Amygdala
Circuitry.
The sex difference we detected in newborn cell number during the neonatal period
(Figures 4.3B and 4.4B) persisted until the juvenile period, where it manifested as a
difference in the number of postnatally-born astrocytes in the MePD (Figure 5.4F). In
fact, we found the majority of postnatally-born cells in the MePD ultimately
differentiated into astrocytes, rather than neurons or microglia (Figure 5.4C). In Figure
5.5, we found evidence for increased astrocyte engulfment in the neonatal male
amygdala. These data indicate that microglia phagocytose newborn astrocytes early in
life to produce lasting changes in the cellular architecture of the amygdala.

6.4. Conclusions, Unanswered Questions, and Future Directions
In conclusion, we present a novel mechanism of sexual differentiation of the
amygdala as a means of producing sex difference in juvenile play behavior (Figure 6.1).
The sex difference in cell number results in a refinement of the amygdala and the neural
circuits governing play behavior, rather than the development of distinct dimorphic
neural circuits (McCarthy et al., 2012). Neonatal testosterone increases the eCB content
in the developing amygdala, which drives microglia to be more phagocytic in males for
the first few days of life. Phagocytic microglia engulf viable newborn cells in a
complement-dependent manner. The result of these early developmental phenomena is a
sex difference in the number of postnatally-born astrocytes in the MePD by the juvenile
age.
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Figure 6.1. Proposed Mechanism for Sexual Differentiation of the Amygdala.
Prior to birth, testosterone production in males reaches the brain to increase eCB content
in the developing amygdala. The higher eCB content in males drives microglia to become
more phagocytic and engulf more newborn cells, producing a sex difference in newborn
cell number by postnatal day 4. These early life events organize the amygdala to facilitate
more frequent social play behavior in males during the juvenile period.

Despite these advances in our understanding of sexual differentiation and
amygdala development, several key questions remain:

What is the source of the developmental eCB tone?
Where are the neonatal amygdala eCBs coming from? There are two nonexclusive possibilities. First, mature cells could be responsible for the developmental
eCB tone, as neurons, astrocytes, and microglia are critical to regulating 2-AG levels in
the adult brain (Viader et al., 2015; 2016). All three cell types express the synthetic and
degradative enzymes for 2-AG, and manipulation of synthesis or degradation (either by
pharmacological inhibition or by genetic knockout) in either cell type produces lasting
alterations in 2-AG levels in the brain (Viader et al., 2015; 2016). To directly test this
hypothesis, experiments would need to leverage available genetic tools to examine the
effects of conditional or cell-type specific knock out of DAGLα (enriched in neurons and
astrocytes) or DAGLβ (enriched in microglia). By methodically knocking out the
synthetic enzymes for 2-AG, the eCB content of the developing amygdala could be
examined to determine which cell type knock out has the largest impact on developing 2AG levels. Furthermore, these genetic manipulations could be paired with those used in
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this dissertation to identify the effect on newborn cell number, phagocytic microglia
number, and subsequent social behavior.
Second, the newborn cells themselves may be the source of the eCBs, as
progenitor cell populations use cannabinoid receptor signaling to promote both
proliferation and differentiation (Aguado et al., 2005; 2006). However, this hypothesis
seems to be not entirely compatible with the data presented here. If eCBs were
exclusively coming from the newborn cell population, one would expect females to have
a higher developmental eCB tone as they have more newborn cells. However, our
experiments did not address rates of cell proliferation in males and females; rather we
used BrdU to birthdate and identify postnatally-born cells on PN4. By the time of our
analysis, our data only captured the surviving population of newborn cells. Therefore, if
initial rates of cell proliferation were equal in males and females, then the population of
eCB producing cells would also be equal between males and females. Given that our lab
previously found the expression of eCB degradative enzymes to be higher in females
(Krebs-Kraft et al., 2010), this would lead to a higher eCB tone in males.
Clearly this second hypothesis is still in its infancy, and thoroughly testing it
highlights several limitations of our current knowledge regarding eCB dynamics in brain
development. Experiments would need to examine the initial rates of cell proliferation by
using markers of active cell division (such as PCNA or Ki-67) or by using a short
timecourse BrdU pulse. Then, newborn cells would have to be assayed for their
expression of eCB synthetic enzymes, which could be accomplished by flow cytometry
or combining cell sorting with gene expression profiling. Finally, an attempt to regulate
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the production of eCBs specifically in the actively-proliferating population of cells would
be needed to provide compelling support for this hypothesis.
The former hypothesis predicts that earlier-born, mature cells influence the
number of cells that subsequently develop, possibly as a mechanism for attaining
appropriate cell numbers and density. Conversely, the latter hypothesis predicts that
control of cell number in the developing amygdala is self-regulated by the pool of stem
cells. In either case, we need to examine the relationship between eCBs and microglia in
order to have a comprehensive understanding of amygdala developmental dynamics.

How are endocannabinoids influencing microglia?
Our data indicate that microglia did not differ in their intrinsic phagocytic
capacity but become more phagocytic in response to sex differences in eCB tone.
However, exactly how eCBs induce a phagocytic state is not clear. We propose the
hypothesis that eCBs serve as a “find me” signal in the developing amygdala. Microglia
express both CB1Rs and CB2Rs, and activation of these receptors induces microglia
migration in vitro (Walter et al., 2003). Thus, the sex difference in eCB tone may induce
higher microglial mobility and motility in males, increasing microglial surveillance and
driving microglia toward newborn cells, which are then engulfed due to the high
localization of “eat me” signals.
Without a way to visualize the spread and diffusion of eCBs, it is difficult to
speculate as to physically how far eCBs may spread to influence microglia phagocytic
activity. In contrast to long-range chemokines that travel long distances to attract immune
cells to the site of injury or inflammation, eCBs may be better suited to influence
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microglia on a much smaller scale. By acting as a local, short range “find me” signal,
eCBs may be influencing microglia positioning in the developing amygdala. Moreover, if
eCBs are coming from newborn cells, then microglia would be preferentially localized
around sites of active proliferation, as has been shown in the developing cortex (Arno et
al., 2014).
If newborn cells are producing eCBs, coordinating microglia positioning in such a
manner serves a number of benefits to the developing organism. First, microglia are able
to limit the spread of the eCB signal and prevent unwanted eCB signaling outside of
proliferative areas, as they express the enzymes necessary to hydrolyze AEA and 2-AG.
Second, microglia positioning around newborn cells allows for rapid engulfment and
elimination of newborn cells. Third, eCBs, if they are the localizing signal, also induce an
anti-inflammatory phenotype in microglia (Stella, 2009), which would serve to prevent
an aberrant inflammatory reaction in response to a normal developmental phagocytosis.
The gold standard of evidence to support this hypothesis would be to quantify
microglia dynamics in vivo, using whole brain imaging techniques as has been done to
investigate developmental phagocytosis in zebrafish (Peri & Nusslein-Volhard, 2008).
However, similar live imaging techniques for the developing rodent brain are not yet
available. In light of this, microglia dynamics could be imaged over time using acute
brain slice preparations. In such an experiment, the influence of eCB signaling on
microglia process motility could be determined by local application of eCBs via
micropipette. Additionally, experiments could be designed to analyze microglia
localization in the amygdala at various points through development and compare their
physical proximity to newborn cells. If one could determine the frequency of newborn
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cells relative to total cell number and the fraction of cells surrounding a microglia that are
newborn cells, one could then statistically compare whether or not microglia are
preferentially localizing around newborn cells during development.

How are postnatally-born astrocytes affecting amygdala circuitry?
Our data indicate that differential phagocytosis during development produces a
sex difference in the number of postnatally-born astrocytes in the juvenile MePD.
However, it is not clear how the sex difference in a subset of astrocytes contributes to a
sex difference in juvenile social play behavior. Future investigations will need to design
experiments that will determine between two general possibilities: are these astrocytes
facilitating the development of sex-specific circuitry, or are these astrocytes influencing
the expression of behavior in real-time?
First, it could be that the postnatally-born astrocytes are shaping the development
of sex-specific MePD circuitry. Astrocytes are essential to proper axonal pathfinding and
synaptic connectivity (Allen & Eroglu, 2017); thus, differences in the astrocyte
population early in development could have lasting impacts on the type (excitatory or
inhibitory) and number of neural inputs into the MePD. Experiments could be designed to
test for putative heterogeneity between the male and female newborn astrocyte
population to determine if the astrocyte phenotype is different (e.g. do male and female
postnatally-born astrocytes differ in their synaptogenic potential?). This could be
accomplished by using sequencing approaches coupled with cell sorting to identify only
the newborn fraction of astrocytes to identify differences in gene expression.
Additionally, in vitro assays using a sex-swap experimental design could determine the

69

impact of male or female astrocytes on amygdala neuronal development. Findings from
either of these experiments could then be applied to in vivo development, where specific
identified genes are upregulated or knocked out using en utero electroporation or viral
approaches in an attempt to reverse the sex difference in social play behavior.
Alternatively, postnatally-born astrocytes may be influencing neuronal activity in
a sex-specific manner in the MePD during an encounter with a juvenile conspecific. In
order to test this hypothesis, the first objective should be to identify the populations of
neurons that are activated during juvenile social play. Knowing what neural circuits are
active during behavior would be invaluable for further investigating how astrocytes
impact the development of these cell populations, and how astrocytes may be modulating
the activity of these cell populations. Identifying the active neuronal population could be
accomplished by immediate early gene activation mapping following a play experience.
Once the population of active cells has been quantified and phenotyped in males
and females, the relationship between play-activated cells and postnatally-born astrocytes
could then be interrogated. Using chemogenetics, postnatally-born astrocytes could be
manipulated in vivo to increase or reduce the expression of play behavior. These findings
could be paired with ex vivo assessments of their impact on synaptic activity and
plasticity to gain insight into how this particular subset of astrocytes contributes to the
expression of complex social behavior.

6.5. Broader Impact
Understanding sex differences in the brain, and their developmental origins, is a
facet of neuroscience that, despite its medical and societal implications, has gained very

70

little attention until recently. Sex differences in the brain span nearly every
developmental neurobiological process, ranging from neurogenesis to synaptic
connectivity to cellular phenotype (McCarthy et al., 2017). As such, in order to
understand how these fundamental processes go awry in states of human disorder or
disease, we must first have a comprehensive understanding of how the brain develops
normally in males and females.
The importance of understanding the process of sexual differentiation is
underscored when considering the significant gender bias in the relative frequency of
neuropsychiatric and neurological disorders (McCarthy et al., 2017). Boys are far more
likely than girls to suffer neuropsychiatric conditions that manifest during development,
such as autism spectrum disorders, attention deficit hyperactivity disorder, and earlyonset schizophrenia, to name a few (Gaub & Carlson, 1997; Bergen et al., 2014; Halladay
et al., 2015). These clinical observations provide compelling evidence that the developing
male and female brain are differentially at risk for these processes to go awry.
The work presented here highlights one particular risk factor to the developing
brain: cannabis exposure. Cannabis is the most commonly used illicit drug in the United
States, and the frequency of cannabis use by pregnant women is increasing in light of
changing cultural and political attitudes (Center for Behavioral Health Statistics and
Quality, 2016; Young-Wolff et al., 2017). The main psychoactive compound in cannabis,
delta-9-tetrahydrocannabinol, is a potent agonist of the CB1R. Given our data, which
demonstrates the necessity of cannabinoid signaling in sexual differentiation of the brain,
it is imperative to understand how en utero exposure to cannabis may adversely affect
brain development and potentially do so in a sex-specific manner.
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