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Abstract 

Many sex differences in brain and behavior are established developmentally by the opposing 
processes of feminization and masculinization, which manifest following differential steroid 
hormone exposure in early life. The cellular mechanisms underlying masculinization are well-
documented, a result of the fact that it is steroid-mediated and can be easily induced in newborn 
female rodents via exogenous steroid treatment.  However, the study of feminization of particular 
brain regions has largely been relegated to being “not masculinization” given the absence of an 
identified initiating trigger. As a result, the mechanisms of this key developmental process remain 
elusive. Here we describe a novel role for microglia, the brain’s innate immune cell, in the 
feminization of the medial amygdala and a complex social behavior, juvenile play. In the developing 
amygdala, microglia promote proliferation of astrocytes equally in both sexes, with no apparent 
effect on rates of cell division, but support cell survival selectively in females through the trophic 
actions of Tumor Necrosis Factor α (TNFα). We demonstrate that disrupting TNFα signaling, either 
by depleting microglia or inhibiting the associated signaling pathways, prevents the feminization of 
astrocyte density and increases juvenile play levels to that seen in males. This data, combined with 
our previous finding that male-like patterns of astrocyte density are sculpted by developmental 
microglial phagocytosis, reveals that sexual differentiation of the medial amygdala involves 
opposing tensions between active masculinization and active feminization, both of which require 
microglia but are achieved via distinct processes.  
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Significance Statement: The cellular mechanisms by which sex differences in the brain arise 
provide insight into the cellular basis of behavior.  Most mechanistic studies have focused on the 
process whereby regions of the male brain are differentiated from the female in response to 
elevated gonadal steroid in development due to the tractability of inducing masculinization by 
blocking steroid action in males or providing exogenous steroids to newborn females.  As such, 
feminization is usually defined as “not masculinized”.  Here, we demonstrate the active 
feminization of astrocyte density in a brain region modulating complex social behavior, rough-and-
tumble play in juveniles. These findings indicate that lower levels of playfulness in females is an 
actively regulated process as opposed to simply being a lack of masculinization.  
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INTRODUCTION 

Many sex differences in the brain are established developmentally by the process of sexual 
differentiation. Occurring during a critical period of perinatal development in rodents, two opposing 
processes act to achieve sexual differentiation of the brain: masculinization, which is induced by 
androgens and aromatized estrogens, and feminization, which occurs in the absence of elevated 
steroid hormones. Many regions of the brain that are subject to sexual differentiation are 
embedded within the social behavior network (Newman 1999; Goodson 2005), including the 
medial preoptic nucleus, ventromedial hypothalamus, bed nucleus of the stria terminalis, 
anteroperiventricular nucleus, and the medial amygdala. Sex differences in these regions arise 
from carefully orchestrated organization of developmental processes such as synaptic patterning, 
cell genesis, and cell death and enduring epigenetic modifications (McCarthy & Arnold, 2011; 
Forger, 2016; McCarthy et al., 2017; Tsukahara & Morishita, 2020). While the cellular underpinnings 
of masculinization are well-studied (Zuloaga et al., 2008), the mechanisms underlying feminization 
of brain and behavior remain poorly understood. This is in large part due to the lack of a definable 
initiating signal, such as testosterone, as occurs in males.   

Microglia, once considered mere sentinels of the brain’s immune system, are now appreciated for 
their complex suite of abilities that are fundamental to the formation of a functional brain. 
Microglia coordinate circuit development by promoting and pruning synaptic connectivity 
(Paolicelli et al., 2011; Schafer et al., 2012; Ji et al., 2013; Squarzoni et al., 2014; Miyamoto et al., 
2016), regulating cell proliferation via trophic factor support, and inducing cell death by 
phagocytosing dead/dying cells or cells targeted for engulfment (Marin-Teva et al., 2004; Sierra et 
al., 2010; Cunningham et al., 2013; Ueno et al., 2013; Shigemoto-Mogami et al., 2014; Hagemeyer 
et al., 2017). Microglia are also essential to sexual differentiation, as many sex differences in 
behavior arise from microglia functions that are induced by the divergent steroid hormonal milieu, 
such as dendritic spine induction and phagocytosis (Lenz et al., 2013; VanRyzin et al., 2019; Pickett 
et al., 2023). 

The medial amygdala (MeA) is a critical node for processing social information and is one of the 
brain regions most strongly impacted by hormone-mediated sexual differentiation, with profound 
importance for adult social and sexual behavior (Choi et al., 2005; Bergan et al., 2014; Unger et al., 
2015; Ishii et al., 2017; Li et al., 2017; Lischinsky et al., 2017; Raam & Hong, 2021; Lischinsky et al., 
2023). The MeA is also uniquely involved in mediating the sex difference in frequency and intensity 
of juvenile rough-and-tumble play as a result of androgen-induced masculinization during the 
perinatal critical period (Meaney et al., 1983; Meaney & McEwen 1986). We have previously 
discovered that microglia mediate masculinization of the MeA, as microglia phagocytose newborn 
astrocyte progenitors more frequently in the amygdala of males than females. This results in 
decreased astrocyte density in the posterodorsal medial amygdala (MePD) of juvenile males 
compared to females, which is permissive for increased MePD neural activity and higher rates of 
rough-and-tumble play (VanRyzin et al., 2019).  

Here, we expand upon this framework and describe a novel role for microglia in feminization of the 
MeA and juvenile play. We show that microglia promote cell proliferation in the developing MeA 
equally in both sexes, but actively support cell survival selectively in females. Treating females with 
testosterone eliminates the cell survival capabilities of microglia. The microglia-mediated surviving 
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cells are largely astrocytes, and their survival is driven by the trophic actions of Tumor Necrosis 
Factor α (TNFα), which is more highly expressed by microglia in females. Disrupting TNFα signaling, 
either by decreasing TNFα via microglia depletion or by inhibiting downstream TNFα signaling 
cascades, prevents the feminization of newborn cell number and increases later-life juvenile play 
behavior. Together, these findings demonstrate that the sexual differentiation of the MeA is the 
result of a multifaceted process whereby active feminization is opposed to active masculinization, 
with microglial regulation of the astrocyte population as a central and causal mechanism. 

MATERIALS AND METHODS 

Animal studies  

Adult male and female Sprague-Dawley rats were purchased from Charles River Laboratories and 
delivered to the University of Maryland School of Medicine animal facility. Rats were kept on a 12:12 
h reverse light/dark cycle with ad libitum food and water and mated in our facility. Pregnant females 
were checked daily for pups and the day of birth was designated as postnatal day 0 (P0). On P0, 
pups were sexed and culled to no more than 14 per dam. Both male and female pups were used in 
these studies and treatment and sex were balanced across litters. All animal procedures were 
performed in accordance with the regulations of the Institutional Animal Care and Use Committee 
at the University of Maryland School of Medicine.  

Animal treatments 

Animals were treated with the following pharmacological agents and dosages according to the 
timelines indicated in the figures and text:  

BrdU (50 mg/kg; Signa-Aldrich #B5002) dissolved in saline and delivered intraperitoneally at volume 
of 0.1 mL per day. 

EdU (50 mg/kg; Invitrogen #A10044) dissolved in saline and delivered intraperitoneally at a volume 
of 0.1 mL per day.  

Testosterone proprionate (100 µg; Sigma-Aldrich #T1875) dissolved in sesame oil and delivered 
subcutaneously in a volume of 0.1 mL per day.  

Liposomal clodronate (Encapsula Nanosciences #CLD-8909) or empty liposome vehicle delivered 
via bilateral intra-amygdalar injection (1 µL per hemisphere) each day at the following coordinates 
with reference to bregma: -0.8 mm A/P, ±3.0 mm M/L, -5.0 mm D/V.  

Celastrol (0.5 μg; Tocris #3203) dissolved in saline and delivered via bilateral 
intracerebroventricular injection (1 µL per hemisphere) each day at the following coordinates with 
reference to bregma: -1.0 mm A/P, ±1.0 mm M/L, -3.0 mm D. 

Intracranial injections were performed under cryoanesthesia using a 23 gauge Hamilton syringe 
attached to a stereotaxic frame. The time pups were separated from the dam was 15 min to 1 h.  

Immunofluorescence 

Rats were 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, 
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pH 7.2). Brains were removed and postfixed for 24 hours in 4% PFA at 4°C, then kept in 30% sucrose 
at 4°C until fully submerged, rapidly frozen and coronally sectioned at a thickness of 45 µm (for 
developmental studies) or 20 µm (for juvenile studies) on a cryostat (Leica CM2050S) and directly 
mounted onto slides.  

Slides were washed with PBS and blocked with 5% bovine serum albumin (BSA) in PBS + 0.4% 
Triton X-100 (PBS-T) for 1 h. Slides were incubated in primary antibody solution (2.5% BSA in PBS-T) 
overnight at RT. The following day, slides were incubated in secondary antibody solution (2.5% BSA 
in PBS-T) for 2 h, stained with Hoescht 33342 (Thermo Fisher Scientific) or DAPI (Thermo Fisher 
Scientific), and coverslipped with ProLong Diamond Antifade Mountant (Thermo Fisher Scientific).  

BrdU labeling included an additional antigen retrieval step (0.01M sodium citrate, pH 6.0 for 20 min 
at 99°C) prior to the blocking step to enhance signal detection. Co-labeling with EdU proceeded 
according to manufacturer’s instructions (Click-iT Plus EdU Kit; Thermo Fisher Scientific; #C10637). 
The following primary antibodies were used in this study: Rabbit anti-Iba1 (1:1000; Wako #019-
19741), mouse anti-BrdU (1:500; BD Biosciences #347580), rabbit anti-GFAP (1:1000, Abcam 
#7260). Secondary antibodies used in this study included: Alexa Fluor (all 1:500; Thermo Fisher 
Scientific) donkey anti-rabbit 488 (#A21206), donkey anti-rabbit 594 (#A21207), and donkey anti-
mouse 594 (#A21203). 

Stereological cell counting 

Unbiased stereological cell counting was performed using StereoInvestigator software (MBF 
Bioscience) and a Nikon Eclipse E600 microscope equipped with a MBF Bioscience CX9000 
camera. Every third section (45 µm thick) throughout the amygdala was used for analysis, for a total 
of four sections, and the amygdala from both hemispheres was quantified. The boundaries of the 
amygdala were identified using a neonatal rat atlas as reference (Ashwell and Paxinos, 2008). The 
optical fractionator method was used to quantify BrdU+ cells and pyknotic bodies at 40x 
magnification. BrdU+ cells and pyknotic bodies were quantified using a 50 µm x 50 µm counting 
grid with a 100 µm x 100 µm sampling grid. Optical dissector height was set to 12 µm with a 2 µm 
guard zone at the top and bottom for all quantifications.  

In situ hybridization 

In situ hybridization was performed using the RNAscope Multiplex Fluorescent Assay v2 according 
to manufacturer’s instructions (ACD Bio). In brief, animals were transcardially perfused with PBS 
followed by 4% PFA, removed, and postfixed for 24 hours in 4% PFA at RT. Brains were transferred to 
30% sucrose solution until fully submerged, then rapidly frozen and cut at a thickness of 20 µm on a 
cryostat (Leica CM2050S) and mounted onto slides. Sections were dehydrated with ascending 
ethanol and pretreated with hydrogen peroxide followed by protease III. Sections were then 
processed according to the RNAscope protocol, including probe incubation and fluorescence 
labeling. For colocalization with Iba1 immunofluoresence, tissue was processed for 
immunohistochemistry (as described above) immediately following the final washes of the 
RNAscope protocol. RNAscope probes targeting TNFα (TNF; #402671), TNFR1 (TNFRSF1A; 
#408111), TNFR2 (TNFRSF1B; #1312151), and Ki67 (MKI67; #515801) were used in combination 
with Opal dyes (Akoya Biosciences) 520, 620, 650.  
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Image acquisition 

For all experiments, confocal images were acquired using a Nikon A1 equipped with 405, 488, 561, 
and 647 lasers and a 20x (0.75 NA), 40x (0.95 NA), 60x (1.40 NA) oil-immersion, or 100x (1.45 NA) 
oil-immersion objective, or a Zeiss LSM 800 equipped with 405, 488, 561, and 640 lasers and a 20x 
(0.8 NA), or 63x (1.4 NA) oil-immersion objective. Images were deconvolved prior to analysis using 
Nikon Elements software or Zeiss Zen software. 

Quantification of microglia morphology and TNFα expression  

Coronal sections (45 μm thick) were labeled for TNFα transcript expression by RNAscope and 
subsequently immunolabeled for Iba1 as described above. Imaging was performed using confocal 
microscopy and images were acquired using a 40x objective and 0.5 μm z-step through the entire 
tissue thickness. The Surfaces Module within Imaris (Bitplane) was used to generate 3D-
reconstructions of individual microglia. Each 3D rendering was then used as a masking boundary to 
isolate TNFα signal within each microglia. The Surfaces Module was again used to calculate the 
volume of the microglia specific TNFα signal and normalized to the volume of each microglia to 
determine relative expression as a percentage of each microglia volume. Microglia morphology was 
assessed as done previously (Schwarz et al., 2012; VanRyzin et al., 2019). 

Quantification of GFAP+ cell density 

Coronal sections (20 μm thick) were immunolabeled for GFAP and imaged via confocal microscopy 
as described above. Images were acquired using a 20x objective and 1 μm z-steps through the 
entire tissue thickness, and the resulting maximum intensity projection was used for cell counting 
using Imaris (Bitplane). The number of GFAP+ cells was normalized to the area of the MePD to 
account for any volumetric differences between sexes or treatments. GFAP+ cells were included in 
the analysis if a single nucleus could be identified and was associated with the GFAP signal.  

Quantification of RNAscope colocalization 

Coronal sections (45 μm thick) were labeled for TNFR1, TNFR2, and Ki67 transcript expression by 
RNAscope and imaged via confocal microscopy as described above. Images were acquired using a 
20x objective and 1 μm z-steps through the entire tissue thickness, and the resulting maximum 
intensity projection was used to determine colocalization using Imaris (Bitplane). Transcripts were 
considered to be colocalized if signals were present within the boundaries of a complete nucleus.  

Juvenile social play testing 

Behavior testing was conducted approximately 2 h after the start of the dark phase of the light cycle 
under red light illumination. On P21, animals were weaned and housed into same-sex, same-
treatment sibling pairs. Play behavior testing occurred once per day from P27-P30 as previously 
described (VanRyzin et al., 2020a). Same-sex, same-treatment non-sibling pairs of animals were 
placed in an enclosure (24 x 18 x 12 in) with TEK-Fresh cellulose bedding (Harlan Laboratories). 
Animals were allowed to acclimate to the chamber for 2 min, then were video recorded for 
behavioral analysis for 10 min. Videos were scored offline by an experimenter blind to treatment 
condition and sex to determine the number of pounces, pins, and boxing behaviors.  

RNA extraction, cDNA synthesis, and quantitative PCR 
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RNA was extracted from amygdala tissue punches using the RNeasy Mini Kit (Qiagen #74104) 
according to the manufacturer’s protocol. Single-stranded cDNA synthesis was performed using 
the high-capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific #4368814). Quantitative 
PCR (qPCR) was conducted using an Applied Biosystems ViiA7 PCR System (Thermo Fisher 
Scientific). Primers (Integrated DNA Technologies) were designed using Primer3 software, and 
efficiencies were determined through serial dilution. All samples were run in triplicate and cycle 
threshold (Ct) values were normalized to the Ct for Gapdh (Δ-Ct), and relative expression was 
determined by the ΔΔ-Ct method (Schmittgen and Livak, 2008). The following primers were used in 
this study: TNFα: FWD: 5’-GTGATCGGTCCCAACAAGGA-3’  REV: 5’- CGCTTGGTGGTTTGCTACGA-3’; 
IGF1: FWD: 5’- ATCATGTCGTCTTCACATCTCTTCTAC-3’ REV: 5’- CTGTGGGCTTGTTGAAGTAAAAGC-3’; 
VEGFa: FWD: 5’- GCCCACGTCGGAGAGCAA-3’ REV: 5’- CTTTGTTCTATCTTTCTTTGGTCTGCAT-3’; 
BDNF: FWD: 5’-GCGGCAGATAAAAAGACTGC-3’ REV: 5’-CAGTTGGCCTTTTGATACCG-3’; CD11b: 
FWD: 5’- GGTGGTGATGTTCAAGCAGAATTT-3’ REV: 5’- GGTATTGCCATCAGCGTCCAT-3’; TGFβ1: 
FWD: 5’- CAATTCCTGGCGTTACCTTGGT-3’ REV: 5’-CCCTGTATTCCGTCTCCTTGGT-3’; NGF: FWD: 5’- 
CCACTCTGAGGTGCATAGCGTAA-3’ REV: 5’- GTGGGCTTCAGGGACAGAGTCT-3’; GAPDH: FWD: 5’-
TGGTGAAGGTCGGTGTGAACGG-3’ REV: 5’-TCACAAGAGAAGGCAGCCCTGGT-3’. 

Quantification and Statistical Analysis 

All quantifications were conducted by experimenters blind to treatment and sex. Statistical 
analyses were performed using R (R Core Team, 2021; version 4.1.0) or GraphPad Prism (version 
10.2.3). All values are shown as the mean ± SEM. Comparisons between two experimental groups 
were performed using a two-tailed Student’s t test. Data including multiple experimental groups 
were analyzed using two-way analysis of variance (ANOVA). Bonferroni’s post hoc comparisons 
were calculated for specific comparisons to determine differences between male and female 
groups and within-sex effects of treatment. Pearson’s r was used to calculate linear correlation. A p 
value of < 0.05 was used to determine significance. Additional statistical details of specific 
experiments can be found in figure legends and in the text.  

RESULTS 

Microglia Depletion Decreases Cell Proliferation in the Developing Amygdala 

We previously observed high rates of microglial phagocytosis of newborn cells in the developing 
amygdala, of which a large majority (~83%) were destined to become astrocytes (VanRyzin et al., 
2019). We therefore reasoned that eliminating microglia would increase the number of astrocytes 
surviving until the juvenile period. To test that hypothesis, we treated male and female rat pups with 
liposomal clodronate via intra-amygdalar injection on P1 and P2, which we previously 
demonstrated reduces Iba1+ cells in the amygdala by ~85% by P4 (VanRyzin et al., 2019). To mark 
cells born during the period of microglia depletion, we injected pups with the thymidine analog 5-
bromo-2’-deoxyuridine (BrdU) once on P2 and quantified the number of BrdU+ cells on P4 (Figure 
1A). Contrary to our prediction, liposomal clodronate treatment significantly and substantially 
(~50%) reduced the number of BrdU+ cells in both males and females (Figure 1B, 1C).  

A reduction in the number of newborn cells can be achieved in multiple ways, such as a decrease in 
the number of cell divisions, a slowing of the rate of proliferation, or an increase in newborn cell 
death. To rule out the possibility that the decrease in BrdU+ cell number was due to a decrease in 
the number of cell divisions of highly proliferative progenitor cells, we combined BrdU labeling with 
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a second thymidine analog, 5-Ethynyl-2-deoxyuridine (EdU) and determined the percentage of 
proliferating cells that were BrdU+/EdU+, indicating successive cell divisions during the limited 
injection period. Male and female pups were injected with BrdU on P0 followed by EdU on P2 and 
immunohistochemically assessed for cell proliferation on P4. Approximately 25% of newborn cells 
in both sexes were born on P0 (i.e. BrdU+ alone; 27.51% ± 3.62% in males; 23.89% ± 2.47% in 
females) with the majority (~69%) of newborn cells born on PN2 (i.e EdU+ alone; 68.98% ± 3.26% in 
males; 69.71% ± 5.16% in females). Interestingly, only a very small percentage (~5%) of cells born 
on PN0 divided again on PN2 (i.e. co-labeled BrdU+ and EdU+; 3.51% ± 0.82% in males; 6.39% ± 
3.19% in females; Figure 1E), suggesting that the majority of cell proliferation in the amygdala 
during the early postnatal window is likely the result of a few division cycles from lowly proliferative 
progenitors.  

We next tested the possibility that differences in the total number of proliferative cells may be the 
source of the observed decrease in newborn cells. Newborn pups P1 and P2 were treated with 
liposomal clodronate to deplete microglia as before, administered BrdU on P2, and tissue collected 
for analysis four hours after BrdU injection (Figure 1G). This time course represents approximately 
two BrdU half-lives and is significantly shorter than the time for a full cell division cycle (~24 hours: 
Ponti et al., 2013), thus ensuring that the BrdU+ cells analyzed represent an accurate “snapshot” of 
cell proliferation. As before, clodronate treatment reduced BrdU+ cell number in both males and 
females (Figure 1H), confirming that microglia depletion significantly decreases cell proliferation in 
the developing amygdala.  

Finally, to rule out cell death as a contributing factor, we also quantified pyknotic bodies in tissue 
from these same animals to determine the extent of cell death during the period of microglia 
depletion. Surprisingly, we found an increase in the number of pyknotic bodies only in females 
treated with liposomal clodronate, with no effect in males or between vehicle-treated males and 
females (Figure 1I, 1J). Together, these data suggest that microglia regulate cell proliferation 
similarly in males and females but influence cell death in a sex-specific manner.  

Microglia Regulate Cell Survival in Females, Feminizing Juvenile Play Behavior 

We next sought to determine the influence microglia have on newborn cell survival in the amygdala 
during the early postnatal window.  Toward that goal, we reversed the order of treatment and 
injected male and female pups with BrdU on P0 to mark newborn cells, followed by microglia 
depletion with liposomal clodronate on P1 and P2 (Figure 2A). Since BrdU was administered 24 
hours prior to liposomal clodronate treatment in this paradigm, typical rates of cell proliferation 
should be preserved; thus, any observed differences in BrdU-labeled cell count on P4 are likely 
attributable to the loss of secreted proteins, such as trophic factors, released by microglia. 
Interestingly, clodronate treatment significantly decreased BrdU+ cell number only in females 
(Figure 2B), suggesting that microglia-mediated cell survival is biased towards females.  

We next reasoned that the effect of microglia depletion on cell survival selectively in females may 
be due to their lack of androgen exposure typically experienced by males during the critical period 
for sexual differentiation of the brain. To test this hypothesis, we again treated female pups with 
BrdU on P0, combined with a masculinizing dose of testosterone on P0 and P1 and liposomal 
clodronate on P1 and P2 (Figure 2C). We predicted that females masculinized via testosterone 
treatment would exhibit the result we previously observed in males: no effect of liposomal 
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clodronate on BrdU+ cell count at P4. As expected, testosterone-treated (masculinized) females 
treated with empty liposomes resembled males, in that they had significantly fewer BrdU+ cells 
compared to oil-treated (non-masculinized), non-depleted females. However, in females whose 
microglia were depleted, the number of BrdU+ cells was reduced regardless of masculinization 
status (Figure 2D). We quantified the number of pyknotic bodies in the same sections and found a 
significant increase in pyknotic bodies only in control females treated with liposomal clodronate, as 
seen previously (Figure 1I). Importantly, testosterone- and clodronate-treated females had a 
similarly low level of pyknotic bodies as compared to control (oil- and vehicle-treated females 
(Figure 2E). Together, these data demonstrate testosterone masculinizes female brain development 
by effectively rendering the developmental program “insensitive” to the cell-survival effects of 
microglia. We presume this process occurs naturally in males in response to their own prenatal 
androgen production but cannot test this directly as the exposure to androgen in males begins in 
utero 3-5 days prior to birth. 

Next, we sought to determine the functional impact of the female-biased decrease in cell survival 
in the amygdala. In our previous studies, juvenile playfulness was inversely correlated with 
newborn cell number during postnatal development in the amygdala: males had fewer newborn 
cells early in life, and subsequently had lower astrocyte density and correspondingly higher rates of 
rough-and-tumble play as juveniles (Krebs-Kraft et al., 2010; VanRyzin et al., 2019). Here, we 
treated male and female pups with liposomal clodronate on P0, P2, and P4 to deplete microglia 
throughout the early postnatal window and assessed play behavior from P27 – P30 (Figure 2F). 
Juvenile play significantly increased in females treated with clodronate as neonates compared to 
control-treated females. There was no effect of neonatal microglia depletion in males (Figure 2G, 
2H), likely because microglia depletion also eliminates two other microglia functions that affect 
later-life play, namely microglia-mediated phagocytosis and microglia-mediated proliferation 
support, which act to oppose each other during this period of development.   

To determine if the impact of microglia depletion on play behavior in females was attributable to 
alterations in astrocyte density, we quantified astrocytes using the astrocyte-specific protein, glial 
fibrillary acidic protein (GFAP), via immunohistochemistry in the MePD. Neonatal microglia 
depletion decreased GFAP+ cell density in the juvenile MePD in both males and females (Figure 2I), 
congruent with an expected decrease in astrocytes due to the reductions in newborn cell number 
due to the loss of microglia-mediated proliferation support (Figure 1B). We interpret these data to 
indicate that play behavior is masculinized in females by the combination of the loss of the pro-
proliferative effects and the cell survival effects of microglia, thereby reducing astrocyte number in 
the amygdala, a process that normally occurs in males in response to androgen-promoted 
microglia-mediated phagocytosis.  

TNFα and TNFα Receptors on Microglia are Sex-Biased in the Neonatal Amygdala 

To identify which microglial factor was responsible for regulating newborn cell survival in the 
developing amygdala in females, we analyzed the expression of select cytokines and trophic 
factors known to be produced by microglia and/or regulate cell proliferation and death in the 
developing brain, including TNFα, TGFβ, NGF, BDNF, IGF1, and VEGF (O’Kusky et al., 2000; Arnett 
et al., 2001; Butovsky et al., 2006; Pérez-Martín et al., 2010; Shigemoto-Mogami et al., 2014; Kreisel 
et al., 2019; Okabe et al., 2020). We quantified expression by qPCR in tissue samples of amygdala 
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from P4 animals after liposomal clodronate treatment from P0-2 (Figure 3A). TNFα expression was 
dramatically reduced in microglia-depleted males and females (Figure 3B). The microglial marker 
CD11b was quantified as a measure of depletion efficacy and showed a similarly dramatic 
reduction (Figure 3C). Levels of TNFα and CD11b expression significantly correlated in both males 
and females (Figure 3D), suggesting microglia are a significant and likely primary source of TNFα in 
the developing brain. Of the other factors assessed, microglia depletion only marginally decreased 
expression of TGFβ in males and females (Figure 3E) and had no effect on the expression of NGF 
(Figure 3F), BDNF (Figure 3G), IGF1 (Figure 3H), and VEGF (Figure 3I) in either sex.  

To determine whether TNFα expression was related to a particular microglial phenotype or 
morphology, we combined immunohistochemistry for Iba1 together with RNAscope in situ 
hybridization for TNFα and quantified TNFα expression within individual microglia in the male and 
female amygdala at P4 (Figure 3J, 3K). Overall, the vast majority of microglia were TNFα+; however, 
females had a significantly higher proportion of TNFα+ microglia than males (95.17% in females vs 
85.51% in males; Figure 3L). Moreover, the volume of TNFα colocalization was higher in female 
microglia than male (1.366% in females vs 0.952% in males; Figure 3M), and the difference in 
colocalization was greatest when comparing phagocytic microglia (1.714% in females vs 0.763% in 
males; Figure 3N). When looking across the four “historical” morphological categories of microglia 
in development (amoeboid, stout, thick, or ramified; Schwarz et al., 2012), we found similar TNFα 
expression in all types of microglia except ramified, where female ramified microglia again had 
greater TNFa colocalization compared to male (1.225% in females vs 0.583% in males; Figure 3O). 

We then used RNAscope to determine the localization patterns of the TNFα receptors, TNFR1 and 
TNFR2, on newborn cells (identified as Ki67+) in the developing amygdala (Figure 3P, 3Q). 
Approximately 25% of Ki67+ cells colocalized with only TNFR1, with this percentage being higher in 
females compared to males (27.19% in females vs 22.63% in males). Conversely, nearly 75% of 
Ki67+ cells colocalized with both TNFR1 and TNFR2, with the percentage being higher in males 
compared to females (77.37% in males vs 72.81% in females). In our analysis, no Ki67+ cells 
colocalized with only TNFR2 in either males or females (Figure 3R). Together, these data show that 
microglia are the primary source of TNFα in the developing amygdala, and that TNF receptor 
expression is enriched on newborn cells.   

Inhibition of TNFα-induced NF-κB Activation Reveals Female-Biased Cell Survival in the 
Developing Amygdala and Programs Juvenile Play 

To test the hypothesis that microglial TNFα signaling in females was responsible for the observed 
higher rates of cell survival, we used the anti-inflammatory compound celastrol, which inhibits 
TNFα-induced NF-κB activation (Lee et al., 2006; Jung et al., 2007; Sethi et al., 2007). We 
hypothesized that blocking the downstream signaling of TNFα in the brain would effectively mimic 
the effects of microglia depletion (i.e. decreased TNFα expression) on brain development and 
behavior. Similar to the previous experimental paradigm used to investigate cell survival (as in 
Figure 2A), we treated male and female pups with BrdU on P0 and celastrol intra-amygdala 
infusions from P1-3, then quantified BrdU+ cells on P4 (Figure 4A). As predicted, celastrol 
treatment in females significantly reduced BrdU+ cell number to male levels, while BrdU+ cell 
number was not affected in males (Figure 4B). 
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In order to determine whether NF-κB inhibition also altered cell proliferation and cell death, we 
treated male and female pups with celastrol on P1 and P2, and BrdU on P2 followed by tissue 
collection 4 hours later (Figure 4C). Celastrol treatment did not affect BrdU+ cell number in males 
or females (Figure 4D). However, celastrol treatment selectively increased the number of pyknotic 
bodies in females compared to controls (Figure 4E). This is consistent with TNFa mediating cell 
survival, not cell proliferation. 

Finally, we treated male and female pups with celastrol on P0, P2, and P4 and quantified play 
behavior beginning on P27 to determine the impact of neonatal NF-κB inhibition on later-life 
behavior and astrocyte density in the MePD (Figure 4F). As predicted, celastrol-treated females 
were behaviorally masculinized and played significantly more than vehicle-treated control females, 
while males were unaffected by celastrol treatment and continued to play at levels significantly 
higher than control females (Figure 4G, 4H). Celastrol treatment also significantly reduced GFAP+ 
cell density only in females, while males were again unaffected (Figure 4I). Together, these data 
demonstrate that TNFα induction of NF-κB regulates newborn astrocyte survival selectively in the 
developing female amygdala to feminize later-life juvenile play behavior. 

DISCUSSION 

Juvenile rough-and-tumble play is a unique social behavior- it is expressed only briefly during early 
life, occurs independent of reproductive competency or aggression, and has no immediate impact 
on reproductive fitness (Burghardt et al., 2024). Yet a pan-species feature of play is the consistently 
higher frequency and intensity of play by males compared to females (VanRyzin et al., 2020b). 
Recent studies have revealed that juvenile play imparts later-life reproductive fitness benefits in 
males (Marquardt et al., 2023; Holmes et al., 2024), which could explain the tightly regulated 
control of masculinization of neural circuitry underlying play (Pellis 2002; Bredewold et al., 2014; 
Dumais & Veenema, 2016; VanRyzin et al., 2019). What remains a mystery, however, is whether play 
confers any benefits to females, or if the expression of play in females is simply an inconsequential 
evolutionary byproduct. The data we present here argue against the latter hypothesis and 
demonstrate that the feminization of play is as tightly regulated and exquisitely controlled as 
masculinization (Figure 5). We find that while microglia regulate basal cell proliferation in the 
developing amygdala in both sexes, microglia in the developing female brain actively support the 
survival of these newborn cells, primarily astrocytes, through production of TNFα and activation of 
NF-κB signaling. Increased numbers of astrocytes in the MePD is correlated with lower neuronal 
activation and an associated reduction in playfulness during the juvenile period (VanRyzin et al., 
2019). These findings provide one of the first examples of active feminization of a brain region and 
associated behavioral consequences.   

Astrocyte density in the MePD is regulated by a balance of microglia functions during 
development 

We previously demonstrated that microglia-mediated phagocytosis reduces the number of 
astrocytic precursors in the male medial amygdala (VanRyzin et al., 2019). Our findings here 
highlight an additional mechanism by which microglia modulate astrocyte numbers and do so 
differently in males and females: by supporting cell survival. These findings complement previous 
research showing that newborn cell number in the developing male amygdala is controlled by 
microglia phagocytosis (VanRyzin et al., 2019), and highlight dual opposing processes that shape 
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sex differences in astrocyte number throughout development. To this point, our data show that the 
feminization of cell survival can be prevented by masculinizing female pups with testosterone 
during this developmental window, presumably through androgen-dependent induction of 
microglia phagocytosis (VanRyzin et al., 2019) and inhibition of the pro-survival effect of microglia. 
In this way, the architecture of the amygdala, and subsequent later-life play behavior, is the result of 
a balance between these microglia masculinization/feminization processes.  

Interestingly, males and females were equally sensitive to the loss of microglia, as BrdU+ cell 
number was reduced when newborn cells were labeled after microglia depletion, suggesting that in 
the absence of microglia, cell proliferation within the amygdala decreases. This raises an 
interesting question: how are microglia increasing cell proliferation during development? Microglia 
are intricately intertwined with their microenvironments (Mosher et al., 2012; Ribeiro Xavier et al., 
2015; Marsters et al., 2020; Rosin et al., 2021) and produce several growth factors and cytokines 
that support cell proliferation (Elkabes et al., 1996; Nicholas et al., 2001; Butovsky et al., 2006; 
Nakanishi et al., 2007; Ueno et al., 2013; Shigemoto-Mogami et al., 2014; Hagemeyer et al., 2017; 
Kreisel et al., 2019). Future studies are therefore needed to determine precisely which microglial 
factors underlie basal proliferation within the amygdala and whether the mechanisms to promote 
proliferation are the same in males and females.  

Newborn astrocyte survival is regulated by microglia-derived TNFα in the developing female 
amygdala 

Our findings highlight TNFα as a key survival factor for newborn astrocytes, which serves as an 
agent of sexual differentiation of the amygdala. Similarly, TNFα directs sexual differentiation of the 
anteroventral periventricular (AVPV) nucleus of the hypothalamus by promoting neuron survival in 
females, resulting in a larger AVPV compared to males (Krishnan et al., 2009; Petersen et al., 2012). 
In the AVPV, the source of TNFα is unknown, but has been suggested to be of microglial origin 
(Nelson & Lenz, 2017; VanRyzin et al., 2018). Here, we show that microglia are the predominant 
producers of TNFα in the neonatal amygdala and that TNFα expression is higher in female microglia 
than male microglia. TNFα expression was not related to traditional morphological categories of 
microglia “activation” (Paolicelli et al., 2022), suggesting that basal TNFα likely does not act as a 
pro-inflammatory cytokine in development. Rather, TNFα expression was observed in microglia 
across the spectrum of morphologies.  

We hypothesized that TNFa was acting directly on newborn cells to promote their survival. TNFα 
binds to either TNF receptor 1 (TNFR1) or receptor 2 (TNFR2) and activation of either receptor can 
lead to downstream activation of NF-κB and cell survival, despite the presence of a “death domain” 
on the intracellular tail of TNFR1 (Locksley et al., 2001; Probert, 2015; Gonzalez Caldito, 2023). 
While TNFR1 is ubiquitously expressed by many cells in the brain, TNFR2 expression is largely 
restricted to immune cells, oligodendrocytes, and subsets of neurons in the brain (Probert, 2015). 
We found that TNFR1 and TNFR2 are expressed together on the majority (~75%) of newborn cells, 
with the remainder of newborn cells expressing only TNFR1. Whether this differential expression 
has any biological significance for amygdala development is unknown; it may be that co-expression 
of TNFR1 and TNFR2 is related to progenitor subtype, as over 80% of newborn cells in the post-natal 
amygdala differentiate into astrocytes (VanRyzin et al., 2019). Furthermore, our studies implicate 
TNFα acting on TNFR1 and TNFR2 as regulating newborn cell survival, consistent with others 
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(Arnett et al., 2001; Shigemoto-Mogami et al., 2014; Nelson et al., 2020), but do not determine 
whether one, or both, receptors are necessary for this effect. Additional studies are needed to more 
fully elucidate these signaling mechanisms, as each receptor is coupled to distinct cellular 
signaling cascades that converge upon NF-κB activation and lead to cell survival (Ting & Bertrand, 
2017; Medler et al., 2022) 

We further hypothesized that the survival effects of TNFa were mediated by NF-kB. To that end, we 
used pharmacological inhibition of TNFα-induced NF-κB activation and found it sufficient to 
decrease newborn cell survival in the neonatal amygdala. NF-κB signaling is a convergence point 
for cell survival, development, and maturation in the brain (Nicholas et al., 2001; Methot et al., 
2013; 2018; Yamanishi et al., 2015), and can be activated by numerous cytokines and growth 
factors (Guo et al., 2024). Of the factors we assessed, TNFα was most affected by microglia 
depletion and despite well-documented roles for IGF1 (Beck et al., 1995; O’Kusky et al., 2000; 
Pérez-Martín et al., 2010; Ueno et al., 2013), TGFβ (Carvalho Alcantara Gomes et al., 2005; Meyers 
& Kessler, 2017), NGF (Friedman & Greene, 1999; Sanes et al., 2011), BDNF (Kimoto et al., 2009), 
and VEGF (Nowaka & Obuchowicz et al., 2012; Lelli et al., 2013; Kreisel et al., 2019; Okabe et al., 
2020), the expression of each of these transcripts was largely unchanged in the neonatal amygdala 
following microglia depletion. This does not, however, rule out the possibility that each may have 
distinct and important roles in amygdala development.  

These findings confirm the importance of astrocyte density to regulating the lower level of 
playfulness in females as there was an increase in playfulness observed when microglia were 
temporarily depleted or activation of the NF-κB pathway was temporarily blocked, with both 
inducing enduring impacts on astrocyte density.  This suggests that active feminization governs the 
amount of playfulness in females. However, whether there is evolutionary benefit to females to be 
less playful, versus a detriment to females for being too playful, or whether play behavior is 
coincidentally co-regulated together with some other ancillary role for astrocyte density, remain 
open questions.   

Conclusion 

In conclusion, we demonstrate a novel mechanism underlying feminization of the developing 
amygdala and female-typical juvenile play. Microglia are central to this process, as microglial 
derived TNFα supports newborn cell survival selectively in females which ultimately increases 
astrocyte density within the medial amygdala.  

Uncovering mechanisms by which sex differences arise in development leads to new insights into 
natural sources of individual variation in brain development. In recent years, microglia have been 
found to be essential to driving sex differences in numerous brain regions through their many 
functions to influence the development of sex-specific behaviors (Lenz et al., 2013; Kopec et al., 
2018; VanRyzin et al., 2019; Pickett et al., 2023). This is particularly salient for the medial amygdala, 
which is essential for processing social information in a sex-specific manner and regulating male 
aggression, female mating, and parental care behaviors (Choi et al., 2005; Bergan et al., 2014; 
Unger et al., 2015; Ishii et al., 2017; Li et al., 2017; Lischinsky et al., 2017). Together, our findings 
highlight that microglia—in the same brain region and at the same time in development—may carry 
out multiple functions which differ by sex, and shed light onto new ways by which brain 
development may go awry. 
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Figure 1. Microglia Depletion Decreases Cell Proliferation in Both Sexes but Increases Cell 
Death Selectively in Females. 

(A) Schematic showing the experimental treatments and timeline for (B) and (C).  
(B) Quantification of the number of BrdU+ cells. Two-way ANOVA main effect of treatment F(1, 

25) = 41.26; p  < 0.0001. Bonferroni’s post hoc comparisons are shown, n = 6-8 rats per 
group. 

(C) Representative images of the amygdala from female (left) and male (right) animals treated 
with vehicle (top) or clodronate (bottom) immunolabeled for DAPI and BrdU. Scale bars 
represent 200 µm. 

(D) Schematic showing the experimental treatments and timeline for (E) – (F).  
(E) Quantification of the percentage of proliferating cells that immunolabeled as BrdU+, EdU+, 

and BrdU+/EdU+ in the male and female amygdala. n = 6-7 rats per sex.  
(F) Representative field of view of the amygdala immunolabeled for BrdU (top left) and EdU 

(bottom left) and resulting merged image (right). Scale bars represent 50 µm.  
(G) Schematic showing the experimental treatments and timeline for (H) – (J).  
(H) Quantification of the number of BrdU+ cells. Two-way ANOVA main effect of treatment F(1, 

24) = 33.71; p < 0.0001. Bonferroni’s post hoc comparisons are shown, n = 7 rats per group. 
(I) Quantification of the number of pyknotic bodies. Two-way ANOVA sex x treatment 

interaction F(1, 22) = 30.59; p < 0.0001. Bonferroni’s post hoc comparisons are shown, n = 
6-7 rats per group.  

(J) Representative field of view of the amygdala from female (left) and male (right) animals 
treated with vehicle (top) or clodronate (bottom) labeled for DAPI. White arrowheads 
indicate pyknotic bodies. Scale bars represent 25 µm. 
Bars represent the mean ± SEM. Open circles represent individual data points for each 
animal. **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 2. Microglia Depletion Decreases Cell Survival Selectively in Females in a Testosterone-
Dependent Manner. 

(A) Schematic showing the experimental treatments and timeline for (B). 
(B) Quantification of the number of BrdU+ cells. Two-way ANOVA sex x treatment interaction 

F(1, 38) = 10.32; p = 0.0027. Bonferroni’s post hoc comparisons are shown, n = 9-12 rats per 
group. 

(C) Schematic showing the experimental treatments and timeline for (C) – (D).  
(D) Quantification of the number of BrdU+ cells. Two-way ANOVA hormone x treatment 

interaction F(1, 29) = 16.58; p = 0.0003. Bonferroni’s post hoc comparisons are shown, n = 
8-9 rats per group. 

(E) Quantification of the number of pyknotic bodies. Two-way ANOVA hormone x treatment 
interaction F(1, 29) = 12.60; p = 0.0013. Bonferroni’s post hoc comparisons are shown, n = 
8-9 rats per group.  

(F) Schematic showing the experimental treatments and timeline for (G) – (I).  
(G) Quantification of the number of play events daily from P27 to P30. Colors indicate sex and 

treatment. 
(H) Quantification of the mean number of play events from P27 to P30. Two-way ANOVA sex x 

treatment interaction F(1, 44) = 4.318; p = 0.0436. Bonferroni’s post hoc comparisons are 
shown, n = 10-14 rats per group. 

(I) Quantification of the density of GFAP+ cells in the MePD. Two-way ANOVA main effect of 
sex F(1, 23) = 23.53, p < 0.0001; main effect of treatment F(1, 23) = 55.51; p < 0.0001. 
Bonferroni’s post hoc comparisons are shown, n = 6-7 rats per group.  
Bars and line graphs represent the mean ± SEM. Open circles represent individual data 
points for each animal. MePD, posterodorsal medial amygdala. **p < 0.01, ***p < 0.001, 
****p < 0.0001. 
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Figure 3. Expression of Microglial TNFα and TNF Receptors are Sex-Specific in the Developing 
Amygdala 

(A) Schematic showing the experimental treatments and timeline for (B) – (I). 
(B) Quantification of TNFα expression in whole amygdala tissue by qPCR. Two-way ANOVA 

main effect of treatment F(1, 23) = 230.9; p < 0.0001. Bonferroni’s post hoc comparisons 
are shown, n = 6-7 rats per group. 

(C) Quantification of CD11b expression in whole amygdala tissue by qPCR. Two-way 
ANOVA main effect of treatment F(1, 23) = 790.4; p < 0.0001. Bonferroni’s post hoc 
comparisons are shown, n = 6-7 rats per group. 

(D) Correlation between TNFα and CD11b expression (from B and C). Points indicate values 
for individual animals; colors indicate sex while shape indicates treatment (circles = 
vehicle, diamonds = clodronate). Blue and red lines indicate linear regression for males 
and females, respectively.  

(E) Quantification of TGFβ expression in whole amygdala tissue by qPCR. Two-way ANOVA 
main effect of treatment F(1, 23) = 22.67; p < 0.0001. Bonferroni’s post hoc comparisons 
are shown, n = 6-7 rats per group. 

(F) Quantification of NGF expression in whole amygdala tissue by qPCR. n = 6-7 rats per 
group. 

(G) Quantification of BDNF expression in whole amygdala tissue by qPCR. n = 6-7 rats per 
group. 

(H) Quantification of IGF1 expression in whole amygdala tissue by qPCR. n = 6-7 rats per 
group. 

(I) Quantification of VEGF expression in whole amygdala tissue by qPCR. n = 6-7 rats per 
group. 

(J) Representative maximum intensity projection of the amygdala immunolabeled for Iba1 
(top left) and RNAscope signal for TNFα (bottom left). Three-dimensional rendering 
(right) shows colocalization of TNFα transcripts with Iba1 signal. Scale bars represent 
30 µm. 

(K) Three-dimensional reconstructions of amoeboid (left), thick, phagocytic (middle), and 
ramified (right) microglia morphologies showing representative TNFα transcript 
colocalization. Scale bars represent 5 µm (left), 7 µm (middle), and 10 µm (right).  

(L) Quantification of the percentage of microglia that are TNFα+. Student’s t test t(9) = 
2.845; p = 0.0192. n = 5 males (150 cells) and 6 females (187 cells).  

(M) Quantification of TNFα transcript colocalization within male and female microglia in the 
amygdala. Student’s t test t(335) = 2.148; p = 0.0325, n = 5 males (150 cells) and 6 
females (187 cells).  

(N) Quantification of TNFα transcript colocalization within male and female microglia (from 
G) separated by phagocytic status. Phagocytic microglia: student’s t test t(91) = 2.423; p 
= 0.0174, n = 5 males (42 cells) and 6 females (51 cells).  

(O) Quantification of TNFα transcript colocalization within male and female microglia (from 
G) separated by morphology. Ramified microglia: student’s t test t(93) = 2.110; p = 
0.0375, n = 5 males (34 cells) and 6 females (61 cells).  
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(P) Representative maximum intensity projection of the amygdala showing RNAscope 
signal for Ki67 (top left), TNFR2 (bottom left), TNFR1 (top middle), DAPI (bottom middle) 
and the resulting merged image (right). Scale bars represent 50 µm. 

(Q) Representative maximum intensity projection of the amygdala showing RNAscope 
signal for Ki67 (top left), TNFR2 (bottom left), TNFR1 (top middle), DAPI (bottom middle) 
and the resulting merged image (right). Scale bars represent 10 µm. White arrowheads 
indicates Ki67+/TNFR1+/TNFR2+ cell, white asterisks indicate Ki67+/TNFR1+ cells. 

(R) Quantification of the percentage of Ki67+ cells colocalizing with TNFR1 and TNFR2 
transcripts. TNFR1+: student’s t test t(10) = 3.313; p = 0.0078. TNFR1+/TNFR2+: 
student’s t test t(10) = 3.313; p = 0.0078; n = 6 rats per group.  
Bars represent the mean ± SEM. Open circles represent individual data points for each 
animal. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 4. NF-κB Inhibition Reduces Newborn Cell Survival and Increases Play Behavior in 
Females, but Not Males.  

(A) Schematic showing the experimental treatments and timeline for (B).  
(B) Quantification of the number of BrdU+ cells. Two-way ANOVA sex x treatment 

interaction F(1, 24) = 13.69; p = 0.0011. Bonferroni’s post hoc comparisons are 
shown, n = 7 rats per group.  

(C) Schematic showing the experimental treatments and timeline for (D) – (E).  
(D) Quantification of the number of BrdU+ cells. n = 7 rats per group. 
(E) Quantification of the number of pyknotic bodies. Two-way ANOVA sex x treatment 

interaction F(1, 24) = 47.01; p < 0.0001. Bonferroni’s post hoc comparisons are 
shown, n = 7 rats per group.  

(F) Schematic showing the experimental treatments and timeline for (G) – (I).  
(G) Quantification of the number of play events daily from P27 – P30. Colors indicate 

sex and treatment.  
(H) Quantification of the mean number of play events from P27 – P30. Two-way ANOVA 

sex x treatment interaction F(1, 42) = 8.052; p = 0.0070. Bonferroni’s post hoc 
comparisons shown, n = 10-13 rats per group.  

(I) Quantification of the density of GFAP+ cells in the MePD. Two-way ANOVA sex x 
treatment interaction F(1, 24) = 15.68; p = 0.0006. Bonferroni’s post hoc 
comparisons shown, n = 6-8 rats per group.  
Bars and line graphs represent the mean ± SEM. Open circles represent individual 
data points for each animal. MePD, posterodorsal medial amygdala. *p < 0.05, **p < 
0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 5: Schematic Summary of Feminization and Masculinization of Play Behavior.   

Microglia in the developing amygdala support the proliferation of newborn cells—mostly 
astrocytic precursors—in both sexes. In females, microglia play an additional role by 
promoting the survival of astrocytic precursors through a TNFa-NF-κB pathway. The pro-
survival capacity of microglia is not found in male medial amygdala but there are high rates 
of phagocytosis of astrocyte precursors (VanRyzin et al., 2019). Both the loss of the pro-
survival capacity and gain of phagocytic activity are induced by the androgen surge specific 
to males. As a result of these dual processes, adolescent females have significantly more 
mature astrocytes in the medial amygdala compared to males and this is associated with 
dampened neuronal activation, as evidenced by Erg1 expression (VanRyzin et al., 2019) 
during a play encounter, resulting in lower levels of play compared to males.  
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