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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 function-

blocking 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 non-

mother 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 primates- 

males 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 2-

arachadonoylglycerol (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 
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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 N-

acyl-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 lipase- 

DAGLα 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 
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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 sex-

specific 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, slide-

mounted 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 



 

 14 

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 anti-

PCNA (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 



 

 15 

goat anti-mouse (Vector Laboratories; 1:500), Alexa Fluor 488 or 594 anti-rabbit, anti-

goat, 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 z-

intervals 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) water-

immersion 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 anti-

β 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 anti-

rabbit-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 anxiety-

like 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 
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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 co-

administration 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-bromo-

2’-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 = 2.92e-

05; 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.  

 

 

 

 

 

 

 

 

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 post-

hoc 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-and-

tumble 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 male-

specific 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 Krebs-

Kraft et al. 2010. Finally, we showed that these early life events had enduring 

consequences, as blocking cannabinoid receptor signaling, despite testosterone co-

administration, 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 CD11b-

dependent 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 vehicle-

treated 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 (Ki-

67+, 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-67- 

cells (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 co-

expressed 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), neuron-

specific (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).  

 

 

 



 

 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*** 



 

 55 

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. 
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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 complement-

dependent 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 eat-

me 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 60 

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 well-

established 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 intra-

amygdala 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.  

 



 

 64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 65 

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 non-

exclusive 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 2-

AG 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 



 

 68 

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 



 

 70 

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 
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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 early-

onset 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.  



 

 72 

Chapter 7: References 

Aarum J, Sandberg K, Haeberlein SL, Persson MA. (2003). Migration and differentiation 

of neural precursor cells can be directed by microglia. Proc Natl Acad Sci  U S A, 

100:15983-15988. 

Aguado T, Monory K, Palazuelos J, Stella N, Cravatt B, Lutz B, Masicano G, Kokaia Z, 

Guzman M, Galve-Roperh I. (2005). The endocannabinoid system drives neural 

progenitor proliferation. FASEB J, 19:1704-1706. 

Aguado T, Palazuelos J, Monory K, Stella N, Cravatt B, Lutz B, Marsicano G, Kokaia Z, 

Guzman M, Galve-Roperh I. (2006). The endocannabinoid system promotes 

astroglial differentiation by acting on neural progenitor cells. J Neurosci, 26:1551-

1561. 

Ajami B, Bennett JL, Krieger C, Tetzlaff W, Rossi FMV. (2007). Local self-renewal can 

sustain CNS microglia maintenance and function throughout adult life. Nat Neurosci, 

10:1538-1543. 

Allen NJ, Eroglu C. (2017). Cell biology of astrocyte-synapse interactions. Neuron, 

96:697-708. 

Alliot F, Godin I, Pessac B. (1999). Microglia derive from progenitors, originating from 

the yolk sac , and which proliferate in the brain. Brain Res Dev Brain Res, 117:154-

152. 

Antony JM, Paquin A, Nutt SL, Kaplan DR. Miller FD. (2011). Endogenous microglia 

regulate development of embryonic cortical precursor cells. J Neurosci Res, 89:286-

298. 



 

 73 

Arno B, Grassivaro F, Rossi C, Bergamaschi A, Castiglioni V, Furlan R, Greter M, 

Favaro R, Comi G, Becher B, Martino G, Muzio L. (2014). Neural progenitor cells 

orchestrate microglia migration and positioning into the developing cortex. Nat 

Commun, 5:5611. 

Arthur M, Bochner S, Butterfield N. (1999). Enhancing peer interactions within the 

context of play. Int J Disabil Dev Educ. 46:367-381. 

Beatty WW, Dodge AM, Traylor KL, Meaney MJ. (1981). Temporal boundary of the 

sensitive period for hormonal organization of social play in juvenile rats. Physiol 

Behav, 26:241-243. 

Bergan JF, Ben-Shaul Y, Dulac C. (2014). Sex-specific processing of social cues in the 

medial amygdala. Elife, 3:e02743. 

Bergen SE, O’Dushlaine CT, Lee PH, Fanous AH, Ruderfer DM, Ripke S, International 

Schizophrenia Consortium, Swedish Schizophrenia Consortium, Sullivan PF, Smoller 

JW, Purcell SM, Corvin A. (2014). Genetic modifiers and subtypes in schizophrenia: 

investigations of age at onset, severity, sex and family history. Schizophr Res, 

154:48-53. 

Bessis A, Bechade C, Bernard D, Roumier A. (2007). Microglia control of neuronal death 

and synaptic properties. Glia, 55:233-238. 

Bisogno T, Ligresti A, Di Marzo V. (2005). The endocannabinoid signaling system: 

Biochemical aspects. Pharmacol Biochem Behav, 81:224-238. 

Bradshaw HB & Walker JM. (2005). The expanding field of cannabimimetic and related 

lipid mediators. Br J Pharmacol, 144:259-465. 



 

 74 

Brown GC, Neher JJ. (2012). Eaten alive! Cell death by primary phagocytosis: 

“phagoptosis”. Trends Biochem Sci, 37:325-332. 

Byers JA, Walker C. (1995). Refining the motor training hypothesis for the evolution of 

play. Am Nat, 146:25. 

Caro TM. (1981). Sex differences in the termination of social play in cats. Anim Behav, 

29:271-279. 

Carrier EJ, Kearn CS, Barkmeier AJ, Breese NM, Yang W, Nithipatikom K, Pfister SL, 

Campbell WB, Hillard CJ. (2004). Cultured rat microglial cells synthesize the 

endocannabinoid 2-arachidonoylglycerol which increases proliferation via a CB2 

receptor-dependent mechanism. Mol Pharmacol, 65:999-1007. 

Castro JM, Ward OB, Bartke A. (2003). Play, copulation, anatomy, and testosterone in 

gonadally intact male rats prenatally exposed to flutamide. Physiol Behav, 79:633-

641. 

Center for Behavioral Health Statistics and Quality. (2016). Key substance use and 

mental health indicators in the United States: results from the 2015 National Survey 

on Drug Use and Health. HHS Publication No. SMA 16-4984, NSDUH Series H-51. 

Retrieved from http://www.samhsa.gov/data/  

Chavez AE, Chiu CQ, Castillo PE. (2010). TRPV1 activation by endogenous anandamide 

triggers postsynaptic long-term depression in dentate gyrus. Nat Neurosci, 13:1511-

1518. 

Choi GB, Dong HW, Murphy AJ, Valenzuela DM, Yancopoulos GD, Swanson LW, 

Anderson DJ. (2005). Lhx6 delineates a pathway mediating innate reproductive 

behaviors from the amygdala to the hypothalamus. Neuron, 46:647-660. 



 

 75 

Coulthard LG, Hawksworth OA, Woodruff TM. (2018). Complement: The emerging 

architect of the developing brain. Trends Neurosci, 41:373-384. 

Cunningham CL, Martinez-Cerdeno V, Noctor SC. (2013). Microglia regulate the 

number of neural precursor cells in the developing cerebral cortex. J Neurosci, 

33:4216-4233. 

Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, Littman DR, Dustin ML, 

Gan WB. (2005). ATP mediates rapid microglial response to local brain injury in 

vivo. Nat Neurosci, 8:752-758. 

De Biase LM, Schuebel KE, Fusfeld ZH, Jair K, Hawes IA, Cimbro R, Zhang HY, Liu 

QR, Shen H, Xi ZX, Goldman D, Bonci A. (2017). Local cues establish and maintain 

region-specific phenotypes of basal ganglia microglia. Neuron, 95:341-356. 

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson D, 

Mandelbaum A, Etinger A, Mechoulam R. (1992). Isolation and structure of a brain 

constituent that binds to the cannabinoid receptor. Science, 258:1946-1949. 

Diaz-Alonso J, Aguado T, de Salas-Quiroga A, Ortega Z, Guzman M, Galve-Roperh I. 

(2015). CB1 cannabinoid receptor-dependent activation of mTORC1/Pax6 signaling 

drives Tbr2 expression and basal progenitor expansion in the developing mouse 

cortex. Cereb Cortex, 25:2395-2408. 

Dinh TP, Carpenter D, Leslie FM, Freund TF, Katona I, Sensi SL, Kathuria S, Piomelli 

D. (2002). Brain monoglyceride lipase participating in endocannabinoid inactivation. 

Proc Natl Acad Sci U S A, 99:10819-10824. 

DiPietro JA. (1981). Rough and tumble play: a function of gender. Dev Psychol, 17:50-

58. 



 

 76 

Elmore MR, Najafi AR, Koike MA, Dagher NN, Spangenberg EE, Rice FA, Kitazawa 

M, Matusow B, Nguyen H, West BL, Green KN. (2014). Colony-stimulating factor 1 

receptor signaling is necessary for microglia viability, unmasking a microglia 

progenitor cell in the adult brain. Neuron, 82:380-397. 

Ferrer I, Bernet E, Soriano E, del Rio T, Fonseca M. (1990). Naturally occurring cell 

death in the cerebral cortex of the rat and removal of dead cells by transitory 

phagocytes. Neuroscience, 39:451-458. 

Fiskerstrand T, H’mida-Ben Brahim D, Johansson S, M’zahem A, Haukanes BI, Drouot 

N, Zimmermann J, Cole AJ, Vedeler C, Bredrup C, Assoum M, Tazir M, Klockgether 

T, Hamri A, Steen VM, Boman H, Bindoff LA, Koenig M, Knappskog PM. (2010). 

Mutations in ABHD12 cause the neurodegenerative disease PHARC: An inborn error 

of endocannabinoid metabolism. Am J Hum Genet, 87:410-417. 

Fricker M, Neher JJ, Zhao JW, Thery C, Tolkovsky AM, Brown GC. (2012). MFG-E8 

mediates primary phagocytosis of viable neurons during neuroinflammation. J 

Neurosci, 32:2657-2666. 

Frost JL, Schafer DP. (2016). Microglia: architects of the developing nervous system. 

Trends Cell Biol, 8:587-597. 

Gao Y, Vasilyev DV, Goncalves MB, Howell FV, Hobbs C, Reisenberg M, Shen R, 

Zhang MY, Strassle BW, Lu P, Mark L, Piesla MJ, Deng K, Kouranova EV, Ring 

RH, Whiteside GT, Bates B, Walsh FS, Williams G, Pangalos MN, Samad TA, 

Doherty P. (2010). Loss of retrograde endocannabinoid signaling and reduced adult 

neurogenesis in diacylglycerol lipase knock-out mice. J Neurosci 30:2017-2024. 



 

 77 

Gaub M, Carlson CL. (1997). Gender differences in ADHD: a meta-analysis and critical 

review. J Am Acad Child Adolesc Psychiatry, 36:1036-1045. 

Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler MF, Conway SJ, 

Ng LG, Stanley Er, Samokhvalov IM, Merad M. (2010). Fate mapping analysis 

reveals that adult microglia derive from primitive macrophages. Science, 33:841-845. 

Goncalves MB, Suetterlin P, Yip P, Molina-Holgado F, Walker DJ, Oudin MJ, Zentar 

MP, Pollard S, Yanez-Munoz RJ, Williams G, Walsh FS, Pangalos MN, Doherty P. 

(2008). A diacylglycerol lipase-CB2 cannabinoid pathway regulates adult 

subventricular zone neurogenesis in an age-dependent manner. Mol Cell Neurosci, 

38:526-536. 

Graham KL, Burghardt GM. (2010). Current perspectives on the biological study of play: 

signs of progress. Q Rev Biol, 85:393-418. 

Gruendel AD, Arnold WJ. (1969). Effects of early social deprivation on reproductive 

behavior of male rats. J Comp Physiol Psychol, 67:123-128. 

Grueter BA, Brasnjo G, Malenka RC. (2010). Postsynaptic TRPV1 triggers cell type-

specific long-term depression in the nucleus accumbens. Nat Neurosci, 13:1519-1525. 

Gulyas AI, Cravatt BF, Bracey MH, Dinh TP, Piomelli D, Boscia F, Freund TF. (2004). 

Segregation of two endocannabinoid-hydrolyzing enzymes into pre- and postsynaptic 

compartments in the rat hippocampus, cerebellum and amygdala. Eur J Neurosci, 

20:441-458. 

Guneykaya D, Ivanov A, Hernandez DP, Haage V, Wojtas B, Meyer N, Maricos M, 

Jordan P, Buonfiglioli A, Gielniewski B, Ochocka N, Comert C, Friedrich C, Artiles 

LS, Kaminska B, Mertins P, Beule D, Kettenmann H, Wolf SA. (2018). 



 

 78 

Transcriptional and translational differences of microglia from male and female 

brains. Cell Rep, 24:2773-2783. 

Haga S, Hattori T, Sato T, Sato K, Matsuda S, Kobayakawa R, Sakano H, Yoshihara Y, 

Kikusui T, Touhara K. (2010). The male mouse pheromone ESP1 enhances female 

sexual receptive behavior through a specific vomeronasal receptor. Nature, 466:118-

122. 

Halladay AK, Bishop S, Constantino JN, Daniels AM, Koenig K, Palmer K, Messinger 

D, Pelphrey K, Sanders SJ, Singer AT, Taylor JL, Szatmari P. (2015). Sex and gender 

differences in autism spectrum disorder: summarizing evidence gaps and identifying 

emerging areas of priority. Mol Autism, 6:36. 

Hanamsagar R, Alter MD, Block CS, Sullivan H, Bolton JL, Bilbo SD. (2017). 

Generation of a microglial developmental index in mice and in humans reveals a sex 

difference in maturation and immune reactivity. Glia, 65:1504-1520. 

Hattori T, Osakada T, Matsumoto A, Matsuo N, Haga-Yamanaka S, Nishida T, Mori Y, 

Mogi K, Touhara K, Kikusui T. (2016). Self-exposure to the male pheromone ESP1 

enhacnes male aggressiveness in mice. Curr Biol, 26:1229-1234. 

Heifets BD, Castillo PE. (2009). Endocannabinoid signaling and long-term synaptic 

plasticity. Annu Rev Physiol, 71:283-306. 

Hochreiter-Hufford A, Ravichandran KS. (2013). Clearing the dead: apoptotic cell 

sensing, recognition, engulfment, and digestion. Cold Spring Harb Perspect Biol, 

5:a008748. 



 

 79 

Honda S, Sasaki Y, Ohsawa K, Imai Y, Nakamura Y, Inoue K, Kohsaka S. (2001). 

Extracellular ATP or ADP induce chemotaxis of cultured microglia through Gi/o- 

coupled P2Y receptors. J Neurosci, 21:1975-1982. 

Hong W, Kim DW, Anderson DJ. (2014). Antagonistic control of social versus repetitive 

self-grooming behaviors by separable amygdala neuronal subsets. Cell, 158:1348-

1361. 

Hoshiko M, Arnoux I, Avignone E, Yamamoto N, Audinat E. (2012). Deficiency of the 

microglial receptor CX3CR1 impairs postnatal functional development of 

thalamocortical synapses in the barrel cortex. J Neurosci, 32:15106-15111. 

Howlett AC. (2005). Cannabinoid receptor signaling. Handb Exp Pharmacol, 53-79. 

Huang GZ, Woolley CS. (2012). Estradiol acutely suppresses inhibition in the 

hippocampus through a sex-specific endocannabinoid and mGluR-dependent 

mechanism. Neuron, 74:801-808. 

Humphreys AP, Smith PK. (1987). Rough and tumble, friendship, and dominance in 

school children: evidence for continuity and change with age. Child Dev, 16:201-212. 

Ishii KK, Osakada T, Mori H, Miyasaka N, Yoshihara Y, Miyamichi K, Touhara K. 

(2017). A labeled-line neural circuit for pheromone-mediated sexual behaviors in 

mice. Neuron, 95:123-137. 

Ji K, Akgul G, Wollmuth LP, Tsirka SE. (2013). Microglia actively regulate the number 

of functional synapses. PLoS One, 8:e56293. 

Jin K, Xie L, Kim SH, Parmentier-Batteur S, Sun Y, Mao XO, Childs J, Greenberg DA. 

(2004). Defective adult neurogenesis in CB1 cannabinoid receptor knockout mice. 

Mol PHarmacol, 66:204-208. 



 

 80 

Keimpema E, Barabas K, Morozov YM, Tortoriello G, Torii M, Cameron G, Yanagawa 

Y, Watanabe M, Mackie K, Harkany T. (2010). Differential subcellular recruitment 

of monoacylglycerol lipase generates spatial specificity of 2-arachidonoyl glycerol 

signaling during axonal pathfinding. J Neurosci, 30:13992-14007. 

Keimpema E, Tortoriello G, Alpar A, Capsoni S, Arisi  I, Calvigioni D, Hu SS, Cattaneo 

A, Doherty P, Mackie K, Harkany T. (2013). Nerve growth factor scales 

endocannabinoid signaling by regulating monoacylglycerol lipase turnover in 

developing cholinergic neurons. Proc Natl Acad Sci U S A, 110:1935-1940. 

Kierdorf K, Emy D, Goldmann T, Sander V, Schulz C, Perdiguero EG, Wieghofer P, 

Heinrich A, Riemke P, Holscher C, Muller DN, Luckow B, Brocker T, Debowski K, 

Fritz G, Opdenakker G, Diefenbach A, Biber K, Heikenwalder M, Geissmann F, 

Rosenbauer F, Prinz M. (2013). Microglia emerge from erythromyeloid precursors 

via Pu.1- and Irf8- dependent pathways. Nat Neurosci, 16:273-280. 

Kim HJ, Cho MH, Shim WH, Kim JK, Jeon EY, Kim DH, Yoon SY. (2016). Deficient 

autophagy in microglia impairs synaptic pruning and causes social behavioral defects. 

Mol Psychiatry 22:1576-1584. 

Krebs-Kraft DL, Hill MN, Hillard CJ, McCarthy MM. (2010). Sex difference in cell 

proliferation in developing rat amygdala mediated by endocannabinoids has 

implications for social behavior. Proc Natl Acad Sci U S A, 107:20535-20540. 

Lenz KM, Nugent BM, Haliyur R, McCarthy MM. (2013). Microglia are essential to 

masculinization of brain and behavior. J Neurosci, 33:2761-2772. 

Leresche LA. (1976). Dyadic play in Hamadryas Baboons. Behaviour 57:190-205. 



 

 81 

Leung D, Saghatelian A, Simon GM, Cravatt BF. (2006). Inactivation of N-Acyl 

phosphatidylethanolamine phospholipase D reveals multiple mechanisms for 

biosynthesis of endocannabinoids. Biochemistry, 45:4720-4726. 

Li Y, Mathis A, Grewe BF, Osterhout JA, Ahanonu B, Schnitzer MJ, Murthy VN, and 

Dulac C. (2017). Neuronal representation of social information in the medial 

amygdala of awake behaving mice. Cell, 171:1176-1190.e17. 

Li Y. Dulac C. (2018). Neural coding of sex-specific social information in the mouse 

brain. Curr Opin Neurobiol, 52:120-130. 

Linnartz B, Kopatz J, Tenner AJ, Neumann H. (2012). Sialic acid on the neuronal 

glycocalyx prevents complement C1 binding and complement receptor 3 mediated 

removal by microglia. J Neurosci, 32:946-952. 

Liu J, Wang L, Harvey-White J, Huang BX, Kim HY, Luquet S, Palmiter RD, Krystal G, 

Rai R, Mahadevan A, Razdan RK, Kunos G. (2008). Multiple pathways involved in 

the biosynthesis of anandamide. Neuropharmacology, 54:1-7. 

Maccarrone M, Guzman M, Mackie K, Doherty P, Harkany T. (2014). Programming of 

neural cells by (endo)cannabinoids: from physiological rules to emerging therapies. 

Nat Rev Neurosci, 15:786-801. 

Marin-Teva JL, Dusart I, Colin C, Gervais A, van Rooijen N, Mallat M. (2004). 

Microglia promote the death of developing Purkinje cells. Neuron, 41:535-547. 

Marrs WR, Blankman JL, Horne EA, Thomazeau A, Lin YH, Coy J, Bodor AL, Muccioli 

GG, Hu SS, Woodruff G, Fung S, Lafourcade M, Alexander JP, Long JZ, Li W, Xu 

C, Moller T, Mackie K, Manzoni OJ, Cravatt BF, Stella N. (2010). The serine 



 

 82 

hydrolase ABHD6 controls the accumulation and efficacy of 2-AG at cannabinoid 

receptors. Nat Neurosci, 13:951-957. 

Martin-Fernandez M, Jamison S, Robin LM, Zhao Z, Martin ED, Aguilar J, Benneyworth 

MA, Marsicano G, Araque A. (2017). Synapse-specific astrocyte gating of amygdala-

related behavior. Nat Neurosci, 20:1540-1548. 

McCarthy MM. (2008). Estradiol and the developing brain. Physiol Rev, 88:91-124. 

McCarthy MM, Nugent BM, Lenz KM. (2017). Neuroimmunology and neuroepigenetics 

in the establishment of sex differences in the brain. Nat Rev Neurosci, 18:471-484. 

Meaney MJ, Stewart J. (1981). A descriptive study of social development in the rat 

(Rattus norvegicus). Anim Behav, 29:34-45. 

Meaney MJ, Stewart J. (1981). Neonatal-androgens influence the social play of 

prepubescent rats. Horm Behav, 15:197-213. 

Meaney MJ, Dodge AM, Beatty WW. (1981). Sex-dependent effects of amygdaloid 

lesions on the social play of prepubertal rats. Physiol Behav, 26:467-472. 

Meaney MJ, Stewart J, Poulin P, McEwen BS. (1983). Sexual differentiation of social 

play in rat pups is mediated by the neonatal androgen-receptor system. 

Neuroendocrinology, 37:85-90. 

Meaney MJ, McEwen BS. (1986). Testosterone implants directly into the amygdala 

during the neonatal period masculinize the social play of juvenile female rats. Brain 

Res, 298:324-328. 

Miyamoto A, Wake H, Ishikawa AW, Eto K, Shibata K, Murakoshi H, Koizumi S, 

Moorhouse AJ, Yoshimura Y, Nabekura J. (2016). Microglia contact induces synapse 

formation in developing somatosensory cortex. Nat Commun 7:12540. 



 

 83 

Molina-Holgado F, Rubio-Araiz A, Garcia-Overjero D, Williams RJ, Moore JD, 

Arevalo-Martin A, Gomez-Torres O, Molina-Holgado E. (2007). CB2 cannabinoid 

receptors promote mouse neural stem cell proliferation. Eur J Neurosci, 25:629-634. 

Morena M, De Castro V, Gray JM, Palmery M, Trezza V, Roozendaal B, Hill MN, 

Campolongo P. (2015). Training associated emotional arousal shapes 

endocannabinoid modulation of spatial memory retrieval in rats. J Neurosci, 

35:13962-13974. 

Morgan SC, Taylor DL, Pocock JM. (2004). Microglia release activators of neuronal 

proliferation mediated by activation of mitogen-activated protein kinase, 

phosphatidylinositol-3-kinase/Akt and delta-Notch signaling cascades. J Neurochem 

90:89-101.  

Neher JJ, Emmrich JV, Fricker M, Mander PK, Thery C, Brown GC. (2013). 

Phagocytosis executes delayed neuronal death after focal brain ischemia. Proc Natl 

Acad Sci U S A, 110:E4098-4107. 

Neukomm LJ, Frei AP, Cabello J, Kinchen JM, Zaidel-Bar R, Ma Z, Haney LB, Hardin 

J, Ravichandran KS, Moreno S, Hengartner MO. (2011). Loss of the RhoGAP SRGP-

1 promotes the clearance of dead and injured cells in Caenorhabditis elegans. Nat Cell 

Bio, 13:79-86. 

Nikodemova M, Kimyon RS, De I, Small AL, Collier LS, Watters JJ. (2015). Microglia 

numbers attain adult levels after undergoing a rapid decrease in cell number in the 

third postnatal week. J Neuroimmunol, 278:280-288. 

Nimmerjahn A, Kirchhoff F, Helmchen F. (2005). Resting microglial cells are highly 

dynamic surveillants of brain parenchyma in vivo. Science, 208:1314-1318. 



 

 84 

Oliof M, Stewart J. (1978). Sex differences in the play behavior of prepubescent rats. 

Physiol Behav, 20:113-115.  

Palagi E, Antonacci D, Cordoni G. (2007). Fine-tuning of social play in juvenile lowland 

gorillas (Gorilla Gorilla Gorilla). Dev Psychobiol, 49:433-445. 

Palazuelos J, Aguado T, Egia A, Mechoulam R, Guzman M, Galve-Roperh I. (2006). 

Non-psychoactive CB2 cannabinoid agonists stimulate neural progenitor 

proliferation. FASEB J, 20:2405-2407. 

Palazuelos J, Ortega Z, Diaz-Alonso J, Guzman M, Galve-Roperh I. (2012). CB2 

cannabinoid receptors promote neural progenitor cell proliferation via mTORC1 

signaling. J Biol Chem, 287:1198-1209. 

Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P, Giustetto M, 

Ferreira TA, Guiducci E, Dumas L, Ragozzino D, Gross CT. (2011). Synaptic 

pruning by microglia is necessary for normal brain development. Science, 333:1456-

1458. 

Paolicelli RC, Ferretti MT. (2017). Function and dysfunction of microglia during brain 

development: consequences for synapses and neural circuits. Front Synaptic 

Neurosci, 9:9. 

Parkhurst CN, Yang G, Ninan I, Savas JN, Yates JR, Lafaille JJ, Hempstead BL, Littman 

DR, Gan WB. (2013). Microglia promote learning-dependent synapse formation 

through brain-derived neurotrophic factor. Cell, 155:1596-1609. 

Pellis SM, Pellis VC. (1990). Differential rates of attack, defense, and counterattack 

during the developmental decrease in play fighting by male and female rats. Dev 

Psychobiol, 23:215-231. 



 

 85 

Pellis SM, Field EF, Smith LK, Pellis VC. (1997). Multiple differences in the play 

fighting of male and female rats. Implications for the causes and functions of play. 

Neurosci Biobehav Rev, 21:105-120. 

Pellis SM, Pellis VC, Bell HC. (2010). The function of play in the development of the 

social brain. Am J Play, 279-296. 

Peri F, Nusslein-Volhard C. (2008). Live imaging of neuronal degradation by microglia 

reveals a role for v0-ATPase a1 in phagosomal fusion in vivo. Cell, 133:916-927. 

Pertwee RG, Howlett AC, Abood ME, Alexander SPH, Di Marzo V, Elphick MR, 

Greasley PJ, Hansen HS, Kunos G, Mackie K, Mechoulam R, Ross RA. (2010). 

International Union of Basic and Clinical Pharmacology. LXXIX. Cannabinoid 

receptors and their ligands: Beyond CB1 and CB2. Pharmacol Rev, 62:588-631. 

Phoenix CH, Goy RW, Gerall AA, Young WC. (1959). Organizing action of prenatally 

administered testosterone proprionate on the tissues mediating mating behavior in the 

female guinea pig. Endocrinology, 65:369-382. 

Pont-Lezica L, Beumer W, Colasse S, Drexhage H, Versnel M, Bessis A. (2014). 

Microglia shape corpus callosum axon tract fasciculation: functional impact of 

prenatal inflammation. Eur J Neurosci, 39:1551-1557. 

Poole T, Fish J. (1976). Investigation of individual, age and sexual differences in play of 

Rattus norvigicus (Mammalia: Rodentia). J Zool, 179:249-260. 

Qi M, Morena M, Vecchiarelli HA, Hill MN, Schriemer DC. (2015). A robust capillary 

liquid chromatography/tandem mass spectrometry method for quantitation of 

neuromodulatory endocannabinoids. Rapid Commun Mass Spectrom, 29:1889-1897. 



 

 86 

Ravichandran KS. (2011). Beginnings of a good apoptotic meal: the find-me and eat-me 

signaling pathways. Immunity, 35:445-455. 

Rogers JT, Morganti JM, Bachstetter AD, Hudson CE, Peters MM, Grimmig BA, 

Weeber EJ, Bickford PC, Gemma C. (2011). CX3CR1 deficiency leads to impairment 

of hippocampal cognitive function and synaptic plasticity. J Neurosci, 31:16241-

16250. 

Roumier A, Bechade C, Poncer JC, Smalla KH, Tomasello E, Vivier E, Gundelfinger 

ED, Triller A, Bessis A. (2004). Impaired synaptic function in the microglial 

KARAP/DAP12-deficient mouse. J Neurosci, 24:11421-11428. 

Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR, Yamasaki R, 

Ransohoff RM, Greenberg ME, Barres BA, Stevens B. (2012). Microglia sculpt 

postnatal neural circuits in an activity and complement-dependent manner. Neuron, 

74:691-705. 

Schafer DP, Lehrman EK, Heller CT, Stevens B. (2014). An engulfment assay: a protocol 

to assess interactions between CNS phagocytes and neurons. J Vis Exp, e51482. 

Schulz C, Gomez Perdiguero E, Chorro L, Szabo-Rogers H, Cagnard N, Kierdorf K, 

Prinz M, Wu B, Jacobsen SE, Pollard JW, Frampton J, Liu KJ, Geissmann, F. (2012). 

A lineage of myeloid cells indendent of Myb and hematopoietic stem cells. Science, 

336:86-90. 

Schwarz JM, Sholar PW, Bilbo SD. (2012). Sex differences in microglial colonization of 

the developing rat brain. J Neurochem, 120:948-963. 



 

 87 

Shigemoto-Mogami Y, Hoshikawa K, Goldman JE, Sekino Y, Sato K. (2014). Microglia 

enhance neurogenesis and oligodendrogenesis in the early postnatal subventricular 

zone. J Neurosci, 24:2236-2246. 

Sierra A, Encinas JM, Deudero JJ, Chancey JH, Enikolopov G, Overstreet-Wadiche LS, 

Tsirka SE, Maletic-Savatic M. (2010). Microglia shape adult hippocampal 

neurogenesis through apoptosis-coupled phagocytosis. Cell Stem Cell, 7:483-495. 

Spinka M, Newberry RC, Bekoff M. (2001). Mammalian play: training for the 

unexpected. Q Rev Biol, 76:141-168. 

Squarzoni P, Oller G, Hoeffel G, Pont-Lezica L, Rostaing P, Low D, Bessis A, Ginhoux 

F, Garel S. (2014). Microglia modulate wiring of the embryonic forebrain. Cell Rep, 

8:1271-1279. 

Stella N. (2009). Endocannabinoid signaling in microglial cells. Neuropharmacology, 

56:244-253. 

Swinnen N, Smolders S, Avila A, Notelaers K, Paesen R, Ameloot M, Brone B, 

Legendre P, Rigo JM. (2013). Complex invasion pattern of the cerebral cortex by 

microglial cells during development of the mouse embryo. Glia, 61:150-163. 

Tanimura A, Yamazaki M, Hashimotodani Y, Uchigashima M, Kawata S, Abe M, Kita 

Y, Hashimoto K, Shimizu T, Watanabe M, Sakimura K, Kano M. (2010). The 

endocannabinoid 2-arachidonoylglycerol produced by a diacylglycerol lipase alpha 

mediates retrograde suppression of synaptic transmission. Neuron, 65:320-327. 

Thor DH, Holloway WR Jr. (1986). Social play soliciting by male and female juvenile 

rats: effects of neonatal androgenization and sex of cagemates. Behav Neurosci, 

100:275-279. 



 

 88 

Torres L, Danver J, Ji K, Miyauchi JT, Chen D, Anderson ME, West BL, Robinson JK, 

Tsirka SE. (2016). Dynamic microglial modulation of spatial learning and social 

behavior. Brain Behav Immun, 55:6-16. 

Ueno M, Fujita Y, Tanaka T, Nakamura Y, Kikuta J, Ishii M, Yamashita T. (2013). Layer 

V cortical neurons require microglia support for survival during postnatal 

development. Nat Neurosci, 16:543-551. 

van den Berg CL, Ho lT, Van Ree JM, Spruijt BM, Everts H, Koolhaas JM. (1999). Play 

is indispensable for an adequate development of coping with social challenges in the 

rat. Dev Psychobiol, 34:129-138. 

Vanderschuren LJMJ, Marijke Achterberg EJ, Trezza V. (2016). The neurobiology of 

social play and its rewarding value in rats. Neurosci Biobehav Rev, 70:86-105. 

VanRyzin JW, Pickett LA, McCarthy MM. (2018). Microglia: Driving critical periods 

and sexual differentiation of the brain. Dev Neurobiol, 78:580-592. 

Viader A, Blankman JL, Zhong P, Liu X, Schlosburg JE, Joslyn CM, Liu QS, Tomarchio 

AJ, Lichtman AH, Selley DE, Sim-Selley LJ, Cravatt BF. (2015). Metabolic interplay 

between astrocytes and neurons regulates endocannabinoid action. Cell Rep, 12:798-

808. 

Viader A, Ogasawara D, Joslyn CM, Sanchez-Alavez M, Mori S, Nguyen W, Conti B, 

Cravatt BF. (2016). A chemical proteomic atlas of brain serine hydrolases identifies 

cell type-specific pathways regulating neuroinflammation. Elife, 5:e12345. 

Wakselman S, Bechade C, Roumier A, Bernard D, Triller A, Bessis A. (2008). 

Developmental neuronal death in hippocampus requires the microglial CD11b 

integrin and DAP12 immunoreceptor. J Neurosci, 28:8138-8143. 



 

 89 

Walker DJ, Suetterlin P, Reisenberg M, William G, Doherty P. (2010). Down-regulation 

of diacylglycerol lipase-alpha during neural stem cell differentiation: Identification of 

elements that regulate transcription. J Neurosci Res, 88:735-745. 

Walter L, Franklin A, Witting A, Moller T, Stella N. (2002). Astrocytes in culture 

produce anandamide and other acylethanolamides. J Biol Chem, 27:20869-20876. 

Walter et al., Franklin A, Witting A, Wade C, Xie Y, Kunos G, Mackie K, Stella N. 

(2003). Non-psychotropic cannabinoid receptors regulate microglial cell migration. J 

Neurosci, 23:1398-1405. 

Ward C, Bauer EB, Smuts BB. (2008). Partner preferences and asymmetries in social 

play among domestic dog, Canis lupis familiaris, littermates. Anim Behav, 76:1187-

1199. 

Whiting B, Edwards CP. (1973). A cross-cultural analysis of sex differences in the 

behavior of children aged three through 11. J Soc Psychol, 91:171-188. 

Wilhelm D, Palmer S, Koopman P. (2007). Sex determination and gonadal development 

in mammals. Physiol Rev, 87:1-28. 

Witting A, Walter L, Wacker J, Moller T, Stella N. (2004). P2X7 receptors control 2-

arachidonoylglycerol production by microglial cells. Proc Natl Acad Sci U S A, 

101:3214-3219. 

Yoshida T, Fukaya M, Uchigashima M, Miura E, Kamiya H, Kano M, Watanabe M. 

(2006). Localization of diacylglycerol lipase-alpha around postsynaptic spine 

suggests close proximity between production site of an endocannabinoid, 2-

arachidonoyl-glycerol, and presynaptic cannabinoid CB1 receptor. J Neurosci, 

26:4740-4751. 



 

 90 

Young-Wolff KC, Tucker LY, Alexeeff S, Armstrong MA, Conway A, Weisner C, Goler 

N. (2017). Trends in self-reported and biochemically tested marijuana use among 

pregnant females in California from 2009-2016. JAMA, 318:2490-2491. 

Zhan Y, Paolicelli RC, Sforazzini F, Weinhard L, Bolasco G, Pagani F, Vyssotski AL, 

Bifone A, Gozzi A, Ragozzino D, Gross CT. (2014). Deficient neuron-microglia 

signaling results in impaired functional brain connectivity and social behavior. Nat 

Neurosci, 17:400-406. 

Zuloaga DG, Puts DA, Jordan CL, Breedlove SM. (2008). The role of androgen receptors 

in the masculinization of brain and behavior: what we’ve learned from the testicular 

feminization mutation. Horm Behav, 53:613-626. 

 

 

 

 

 


