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Abstract 45 

Abnormal development and function of the hippocampus are two of the most consistent findings 46 
in humans and rodents exposed to early life adversity, with males often being more affected 47 
than females. Using the limited bedding (LB) paradigm as a rodent model of early life adversity, 48 
we found that male adolescent mice that had been exposed to LB exhibit significant deficits in 49 
contextual fear conditioning and synaptic connectivity in the hippocampus, which are not 50 
observed in females. This is linked to altered developmental refinement of connectivity, with LB 51 
severely impairing microglial-mediated synaptic pruning in the hippocampus of male and female 52 
pups on postnatal day 17 (P17), but not in adolescent P33 mice when levels of synaptic 53 
engulfment by microglia are substantially lower. Since the hippocampus undergoes intense 54 
synaptic pruning during the second and third weeks of life, we investigated whether microglia 55 
are required for the synaptic and behavioral aberrations observed in adolescent LB mice. 56 
Indeed, transient ablation of microglia from P13-21, in normally developing mice caused sex-57 
specific behavioral and synaptic abnormalities similar to those observed in adolescent LB mice. 58 
Furthermore, chemogenetic activation of microglia during the same period reversed the 59 
microglial-mediated phagocytic deficits at P17 and restored normal contextual fear conditioning 60 
and synaptic connectivity in adolescent LB male mice. Our data support an additional 61 
contribution of astrocytes in the sex-specific effects of LB, with increased expression of the 62 
membrane receptor MEGF10 and enhanced synaptic engulfment in hippocampal astrocytes of 63 
17-day-old LB females, but not in LB male littermates. This finding suggests a potential 64 
compensatory mechanism that may explain the relative resilience of LB females. Collectively, 65 
these studies highlight a novel role for glial cells in mediating sex-specific hippocampal deficits 66 
in a mouse model of early-life adversity. 67 
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INTRODUCTION 95 
Adverse childhood experiences, such as abuse, neglect, extreme poverty, and neighborhood 96 
violence, can lead to abnormal brain development and early-life emotional and cognitive 97 
challenges (Kaffman and Meaney, 2007; McLaughlin et al., 2020; Teicher and Samson, 2016). 98 
Approximately half of all childhood psychopathologies are attributed to early life adversity (ELA) 99 
(Green et al., 2010). In many cases, these early consequences persist into adulthood, resulting 100 
in chronic psychiatric and medical conditions that are difficult to treat (Anda et al., 2006; 101 
Kaffman and Meaney, 2007; Nemeroff, 2016). A better understanding of the underlying biology 102 
is essential for diagnosing the structural and functional changes associated with ELA and for 103 
developing more effective interventions. 104 
 105 
Some of the most consistent findings in individuals exposed to ELA are reduced hippocampal 106 
volume and abnormal hippocampal function (Crozier et al., 2014; De Bellis et al., 2013; Lambert 107 
et al., 2019; Teicher and Samson, 2016), with some evidence indicating more pronounced 108 
deficits in men than women (Garvin and Bolton, 2022; Teicher and Samson, 2016; White and 109 
Kaffman, 2019). Rodents exposed to different models of ELA also exhibit abnormal 110 
hippocampal function, with particularly pronounced deficits observed in mice reared with limited 111 
bedding and nesting (LB) (Rocha et al., 2021). However, most of the studies to date have 112 
focused on outcomes in adult LB males, with only a few examples examining this issue in both 113 
sexes (Bath et al., 2017; Naninck et al., 2015; Rocha et al., 2021). Additionally, only two studies 114 
have examined the effect of LB on hippocampal function and development in adolescent mice 115 
(Bath et al., 2017; Islam et al., 2023), a period in which sex-specific effects of ELA appear to be 116 
more prominent (Gershon et al., 2008; White and Kaffman, 2019). 117 
 118 
Microglia, the immune innate cells in the brain, control the refinement of connectivity and play a 119 
critical role in establishing sexually dimorphic processes during brain development (VanRyzin et 120 
al., 2020). Microglia are also responsible for distinct physiological and behavioral responses in 121 
adult males and females (Dorfman et al., 2017; Sorge et al., 2015; Villa et al., 2018; Yanguas-122 
Casás, 2020). Given the prominent role that microglia play in programing sex differences we 123 
investigated whether abnormal microglial-mediated synaptic pruning during the second and third 124 
weeks of life contributes to sex-specific deficits in synaptic function and contextual freezing 125 
observed in adolescent LB mice. Microglia play a crucial role in eliminating nonfunctional 126 
synapses during a critical period of development and disrupting this process leads to the 127 
retention of a large number of weak synapses, reduced connectivity, and abnormal behavior 128 
and cognition later in life (Bolton et al., 2022; Filipello et al., 2018; Johnson and Kaffman, 2017; 129 
Zhan et al., 2014). Moreover, significant impairments in microglial-mediated synaptic pruning 130 
occur in LB pups, as well as increased spine density that persists in adolescent mice (Bolton et 131 
al., 2022; Dayananda et al., 2022). In this study, we determined that LB causes severe synaptic 132 
and contextual fear conditioning deficits in adolescent male, but not female, littermates. These 133 
deficits were accompanied by impairment in microglial-mediated phagocytic activity in 17-day-134 
old male and female pups when synaptic pruning peaks in the developing hippocampus 135 
(Filipello et al., 2018; Scott-Hewitt et al., 2020; Zhan et al., 2014). Abnormal microglial 136 
phagocytic activity did not persist into adolescence when phagocytic activity is eight-fold lower. 137 
Furthermore, transient elimination of microglia during the second and third weeks of life induced 138 
similar sex-specific deficits in synaptic function and contextual fear conditioning observed in LB 139 
mice and chemogenetic activation of microglia during this critical period was sufficient to 140 
normalize the synaptic and contextual deficits observed in adolescent LB male mice. Finally, we 141 
found that LB female, but not LB male littermates are able to upregulate synaptic pruning in 142 
astrocytes. 143 
 144 
METHODS 145 
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 146 
Animals 147 
BALB/cByj mice (Stock # 001026, Jackson Laboratories) were housed in standard Plexiglas 148 
cages and kept on a standard 12:12 h light-dark cycle (lights on at 07.00 AM) with constant 149 
temperature and humidity (22 °C and 50%) and food and water provided ad libitum. 150 
CX3CR1creET2-DTA mice (C57BL/6J background) were generated by crossing CX3CR1-Cre-ET2 151 
mice (Jax 021160) and ROSA26-eGFP-DTA mice (Jax# 006331). CX3CR1 creET2-Gq-DREADD 152 
mice (C57BL/6J background) were generated by crossing CX3CR1-Cre-ET2 mice (Jax 021160) 153 
and CAG-LSL-Gq-DREADD mice (Jax# 026220). All studies were approved by the Institutional 154 
Animal Care and Use Committee (IACUC) of Yale University and were conducted in accordance 155 
with the recommendations of the NIH Guide for the Care and the Use of Laboratory Animals. 156 
 157 
Limited Bedding 158 
The limited bedding (LB) procedure was performed as described previously (Dayananda et al., 159 
2022; Johnson et al., 2018; White et al., 2020). Briefly, mice were mated at a 3:1 female to male 160 
ratio, in standard mouse Plexiglas cages layered with 500 cc of corncob bedding but with no 161 
nesting material. Visibly pregnant dams were transferred to maternity cages containing 162 
500 cc corncob bedding but no nesting material. At birth, postnatal day (P0) litters were culled to 163 
5-8 pups and randomized to either control (CTL) or LB conditions. Mice raised under CTL 164 
condition were provided with 500 cc of fresh corncob bedding with an additional 15 cc of soiled 165 
bedding from the original cage and one 5 × 5 cm nestlet per cage. LB litters were provided with 166 
125 cc of corncob,15 cc of soiled bedding from the original cage, and no nesting material. 167 
Bedding was changed weekly, and mice were weaned on P26 and housed with 2-3 individuals 168 
of the same-sex and condition per cage. 169 
 170 
Contextual fear conditioning 171 
Contextual fear conditioning was performed using a Med Associates’ fear conditioning chamber 172 
as previously described (White et al., 2020).   173 
 174 
Tissue collection 175 
Tissues were collected between 11:00 and 13:00 to minimize the diurnal effects of 176 
corticosterone. Mice were anesthetized and transcardially perfused with ice-cold PBS/heparin 177 
(50 u/ml) solution (Bio-Rad, Cat #1610780; Sigma, Cat# H3393), followed by 10% formalin 178 
(Polyscience, Cat# 08279-20). The brains were postfixed for 1hr with 10% formalin at r.t. and 179 
then stored in PBS at 4°C until they were processed for immunohistochemistry or DiOlistic 180 
labeling. 181 
 182 
DiOlistic labeling 183 
This procedure was performed as described previously (Forlano and Woolley, 2010) with the 184 
following modifications. Perfused brains were coronally sectioned at 200 µm using a VT1000S 185 
vibratome (Leica). Sections containing the dorsal hippocampus (Paxinos, Bregma -1.82 to -186 
2.30) were labeled with a Helios gene gun (Bio-Rad) using 200 psi and µm tungsten particles 187 
coated with fluorescent 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (DiI, 188 
Thermo Fisher Scientific; D-282). The DiI was allowed to diffuse at r.t. for 24 hrs and then 189 
washed with PBS. The slices were then postfixed with 10% formalin for 2hrs at r.t, washed with 190 
PBS, mounted on Superfrost Plus slides (Therrmo Scientific, Cat. # 4951F-001) with 191 
Fluoromount-GTM solution (Invitrogen, Cat. # 00-4958-02), and coverslipped. 192 
 193 
Immunohistochemistry  194 
Fifty-micron coronal sections were collected using a VT1000S vibratome (Leica) in 6 pools, 195 
each containing 16-18 slices, spanning the entire rostral-caudal axis of the hippocampus. To 196 
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assess microglial phagocytic activity, one pool of slices was stained with rabbit anti-Iba1 (1:500; 197 
Wako, Cat. #019-19741), mouse anti -PSD95 (1:100; Merck-Millipore, Cat. #MAB1596), and rat 198 
anti -CD68 (1:400; Bio-Rad, Cat. # MCA1957T).To assess the density of functional 199 
glutamatergic synapses, slice were incubated with guinea pig anti-Vglut2 (1:700; EMD-Millipore 200 
Cat. #AB2251-I), and mouse anti-PSD95 (1:100; Merck-Millipore, Cat. #MAB1596). Astrocytic 201 
phagocytic activity and MEGF10 levels were characterized using sequential staining in order to 202 
minimize cross reactivity between mouse and rat antibodies. Briefly, sections were washed with 203 
TBST (3 X 15 min each) and blocked with Triton-X 100 (0.5%) + normal goat serum (NGS) (5%) 204 
for 2 hr. Sections were then first incubated with mouse anti-PSD95 antibodies (1:100; Merck-205 
Millipore, Cat. #MAB1596) overnight at 4°C, washed and incubated with Alexa FlourTM 555 goat 206 
anti-mouse secondary antibody (1:400;  Invitrogen Cat. # A21422). The sections were again re-207 
blocked with 5% NGS for 2 hr (second serum blocking) and subsequently stained with rat anti- 208 
GFAP (1:500; Invitrogen Cat. #13-0300), and rabbit anti-Megf10 (1: 400; EMD-Millipore Cat. 209 
#ABC-10). Stained slices were then labelled with the appropriate fluorescently labeled 210 
secondary antibodies (1:400; Thermo Fisher) and then mounted on glass slides with 211 
VECTASHIELD HardSet antifade mounting medium with DAPI (Vector laboratories Cat# 212 
10955). 213 
 214 
Microscopy and image analysis 215 
Spine density and morphology were assessed in fully impregnated CA1 pyramidal cells located 216 
in the dorsal hippocampus and imaged with a Zeiss LSM 880 confocal workstation equipped 217 
with Airyscan using 20X objective at 0.5 µm intervals. Secondary and tertiary apical dendrites 218 
located in the stratum radiatum and were 20 ±3 µm in length and 1.0 ±0.2 μm in diameter were 219 
then cropped and modeled using the semiautomated filament tracer tool in Imaris 10.0 (Oxford 220 
Instruments). The default setting of the Classify Spines X Tension tool in Imaris was 221 
subsequently used to classify spines as stubby, mushroom, long thin, or filopodia and to 222 
calculate total spine density and maturity index= density of mushroom/all other spine categories. 223 
The data from 6 dendrites were averaged to obtain the total spine density and maturity index for 224 
each individual animal. Microglial volume, CD68 volume, and the number of PSD95 puncta 225 
inside microglia located in the stratum radiatum were determined as described previously 226 
(Dayananda et al., 2022). To assess glutamatergic spine density, high-resolution (1024 x 1024), 227 
6-8 confocal Z stack images of the stratum radiatum were acquired using an Olympus FV-3000 228 
microscope with a 60X objective, 2x digital zoom and 0.30 μm intervals for a total thickness of 229 
15-20 μm. The acquired images were deconvoluted and processed using the Imaris version-230 
9.9.1 (Oxford Instruments) according to the following protocol.  A 25 μm x 50 μm x10 μm region 231 
of interest was selected using the cropped 3D function with each channel adjusted using 232 
gaussian filter, automated background subtraction, and gamma correction. A 3D reconstruction 233 
spots were created for each channel using the ‘spot function’ with an XY diameter of 0.2 μm and 234 
Z-axis elongation at 10 μm. Spots were selected based on the ‘Quality’ filter type with the center 235 
point and radius size set at 10. Finally, the spots which were in close proximity (0-250 μm apart) 236 
were considered functional synapses and were calculated using the ‘shortest distance to spot-237 
spot’ filter. The densities obtained from 6-8 pictures were averaged to determine VGlut2, 238 
PSD95, and glutamatergic synapse densities for each mouse. Z- stack images of GFAP- 239 
positive cells localized in the stratum radiatum were acquired using an Olympus FV-3000 using 240 
a 60x objective, 2x digital zoom, and 0.30 μm intervals for a total thickness of 20 μm and 241 
processed using the 3D surface rendering function in Imaris. A 50 μm x 50 μm x 10 μm region 242 
of interest was copped using the 3D function and each channel adjusted via a Gaussian filter 243 
using automated background subtraction and gamma correction. GFAP and Megf10 surfaces 244 
were created using a semiautomated thresholds of 0.3 μm and 0.2 μm respectively. PSD95 245 
puncta were detected and quantified using the ‘spot function’ with a threshold of 0.2 μm. Finally, 246 
the number of PSD95 puncta and Megf10 volume engulfed inside GFAP-positive cells were 247 
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quantified using the ‘spot closed to surfaces’ function with a threshold set at zero. 248 
Measurements obtained from 5-6 astrocytes were averaged to determine cell volume, number 249 
of PSD95 puncta per cell, and volume of MEGF10 staining per cell for each mouse. 250 
 251 
Resting state fMRI (rsfMRI) 252 
We used functional connectivity density (FCD) mapping to assess the local functional 253 
connectivity. FCD is a voxel- and degree-based metric, which identifies the number of correlated 254 
voxels to a base voxel without identifying the precise location of the correlated voxels. These 255 
metrics are degree based, as they are based on the number of voxels that a given voxel is 256 
strongly correlated with, or functionally ‘‘connected to.’’ Global FCD determination is a standard 257 
graph theory-based analysis determining brain functional connectivity using resting state fMRI 258 
and originally demonstrated in the human brain (Tomasi and Volkow, 2010). Local functional 259 
connectivity was determined as described previously (Farina et al., 2021; Sanganahalli et al., 260 
2021). Mice were initially anesthetized with 2-3 % isoflurane, and a PE 50 tubing was placed 261 
into the i.p. cavity for dexmedetomidine (sedative) infusion. Thereafter, mice were maintained 262 
under complete anesthesia with 0.25% isoflurane and 250 μg/kg/h i.p, of dexmedetomidine. 263 
Body temperature was maintained at 36°C–37°C using a heating pad and monitored using an 264 
MRI-compatible rectal probe throughout the MRI experiments. Heart rate and respiratory rate 265 
were continuously monitored throughout the MRI experiments. Dynamic blood oxygenation 266 
dependent (BOLD) data were obtained using a Bruker 9.4T/16 magnet (Bruker BioSpin, MA, 267 
USA) using a single-shot gradient echo, echo planar imaging (GE-EPI) sequence with the 268 
following parameters: TR of 1000 ms, TE of 12 ms, in-plane resolution of 400 × 400 μm and 269 
slice thickness of 1000 μm, for a total of 300 images for each run. BOLD time series across all 270 
voxels were detrended using a second order fit and bandpass filtered (0.001 to 0.1 Hz) to 271 
exclude slow drift of the signal. Images were then registered to a brain template (200 x 200 x 272 
200 um spatial resolution) followed by spatial Gaussian filtering (FWHM=1.5 mm) as previously 273 
described (Farina et al., 2021; Sanganahalli et al., 2021).  274 
 275 
Transient microglial ablation 276 
CX3CR1creET2-DTA male breeders (C57BL/6J background) that were homozygous for the 277 
CX3CR1-Cre-ET2 transgene (Jax #021160) and heterozygous for the floxed diphtheria toxin A 278 
gene (R26-eGFP-DTA, (Jax #006331) were mated with Balb/cByj females to generate mixed 279 
litters in which half of the pups were CX3CR1-creET/WT;DTADTA/WT (abbreviated as DTA) and the 280 
other half are CX3CR1-creET/WT;DTAWT/WT (abbreviated as WT). All litters were raised under CTL 281 
conditions (i.e. 2 cups of bedding and one nestlet) and at P10 administered tamoxifen i.p. (30 282 
mg/kg) to rapidly ablate microglia. Most pups were weaned at P26 and housed with 2-3 same-283 
sex mice until tested in the contextual fear conditioning at P30-33, although a few pups were 284 
sacrificed at different ages to assess microglial elimination or were tested in the open field test 285 
at P17. Twenty-four hours after testing contextual freezing, mice were perfused to assess spine 286 
density and morphology or glutamatergic spine density. An additional cohort of P30-33 mice 287 
were scanned to assess local functional connectivity using rsfMRI. 288 
 289 
Transient chemogenetic activation of microglia 290 
CX3CR1 creET2-Gq-DREADD male breeders (C57BL/6J background) that were homozygous for 291 
the CX3CR1-Cre-ET2 transgene (Jax #021160) and heterozygous for the CAG-LSL-Gq-292 
DREADD transgene (Gq-DREADD, Jax# 026220) were mated with Balb/cByj females to 293 
generate mixed litters in which half of the pups were CX3CR1-creET/WT;Gq-DREADDGq/WT 294 
(abbreviated as Gq) and the other half were CX3CR1-creET/WT; Gq-DREADDWT/WT (abbreviated as 295 
WT). Litters were randomized to CTL or LB conditions and administered tamoxifen i.p. (30 296 
mg/kg, MP Biomedicals LLC Cat# 156738) at P10 to induce Gq-DREADD expression in 297 
microglia. CNO (1 mg/kg, Sigma, Cat#C0832) was then administered i.p. daily on P13, P14, 298 
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P15, P16, and P17. Some pups were processed at P17, 1hr after the last CNO injection, to 299 
assess in vivo phagocytic activity. All other mice were weaned at P26 and housed with 2-3 300 
same-sex mice until tested in the contextual fear conditioning at P30-33. Twenty-four hours after 301 
contextual fear conditioning, mice were perfused to assess spine density and morphology or 302 
glutamatergic spine density.  303 
 304 
Statistical analysis 305 
The data were carefully screened for inaccuracies, outliers, normality, and homogeneity of 306 
variance using SPSS (IBM Corp. version 26) and visualized with GraphPad Prism (iOS, version 307 
10.0). Two-way ANOVA was used to assess the effects of rearing (CTL vs. LB), sex and their 308 
interaction on contextual freezing, the maturity index, and glutamatergic synapse density (Fig 1), 309 
as well as in vivo phagocytic activity and MEGF10 expression in astrocytes (Fig 6). Significant 310 
main effect of rearing or interaction were followed by a preplanned Sidak-post-hoc analysis for 311 
each sex. The effects of rearing (CTL vs LB), sex, age (P17 vs P33), and their interaction on 312 
microglial-phagocytic activity (Fig 2) were initially examined using a 3-way ANOVA but simplified 313 
to a two-way ANOVA focusing on the main effects of rearing and age and their interaction. 314 
Significant interaction between rearing and age was followed by a preplanned Tukey-HSD post-315 
hoc comparison across all groups. For microglial ablation, a two-way ANOVA was used to 316 
assess the effects of genotype (WT vs DTA), sex, and their interaction on contextual freezing, 317 
the maturity index, and glutamatergic synapse density with significant main effects of genotype 318 
or interaction followed by preplanned Sidak-post-hoc analyses for each sex. Three-way ANOVA 319 
was initially used to assess the effects rearing (CTL vs LB), sex, and genotype (WT vs. Gq) on 320 
microglial phagocytic activity in-vivo in P17 pups. However, since similar outcomes were seen in 321 
males and females, this was simplified to a two-way ANOVA focusing on the effects of rearing 322 
and genotype with significant interaction followed by Tukey-HSD post-hoc comparisons across 323 
all groups (Fig 4). Three-way ANOVA was also used to assess the effects of rearing (CTL vs 324 
LB), sex, and genotype (WT vs. Gq) on contextual freezing in P33 adolescent mice. However, 325 
since there was a significant interaction between rearing and sex, we conducted separate two-326 
way analyses in males and females. Significant effects of rearing or interaction were followed by 327 
preplanned Tukey-HSD post-hoc comparisons across all groups. Local functional connectivity 328 
maps were calculated for each voxel using threshold correlation (Tc) > 0.6, a signal-to-noise 329 
ratio (TSNR> 0.5), and distance < 1 mm in individual space and normalized to a z score with the 330 
Fisher r to z transformation. Significance was assessed using same-sex Student’s t-test 331 
comparisons for different rearing conditions with Benjamini-Hochberg correction for multiple 332 
comparisons with a false discovery rate (FDR) < 0.05 and local cluster size of k> 25 voxels. 333 
 334 
RESULTS 335 
 336 
LB Causes Sex-Specific Structural and Functional Synaptic Deficits in Adolescent Male 337 
Mice 338 
We have recently demonstrated that adolescent male LB mice exhibit more severe deficits in 339 
contextual fear conditioning compared to female LB mice (Islam et al., 2023). Here, we 340 
replicated these findings using an independent cohort of mice (Figure 1A-B). At the completion 341 
of the behavioral testing, mice were processed to evaluate the effects of rearing and sex on 342 
spine density and morphology using DiOlistic labeling (Figure 1C and Figure S1A). A 2 x 2 343 
ANOVA revealed a significant effect of rearing on total spine density, with no significant main 344 
effect of sex or interaction (Figure 1D). Sidak post-hoc analysis revealed a significant increase 345 
in total spine density in males but not females (Figure 1D). The increase in spine density was 346 
due to a higher number of immature spines, which was again significant in males but not 347 
females (Figure 1E). A 2 x 2 ANOVA of the density of mature (mushroom) spines found 348 
significant effects of rearing and sex, but no significant interaction. Sidak post-hoc analysis 349 
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indicated a significant decrease in the density of mushroom spines in males but not in females 350 
(Figure 1F). 351 

 352 
Figure 1. LB Causes Sex-Specific Deficits in Contextual Freezing, Synaptic Maturity, 353 
Synaptic Density and Local Functional Connectivity in LB Male Adolescent Mice.  354 
(A) Experimental Timeline.  355 
 356 
(B) Contextual fear conditioning. Rearing: F (1, 42) = 34.44, P< 0.0001, Sex: F (1, 42) = 0.84, P= 357 
0.36, Interaction: F (1, 42) = 11.63 P=0.0014, CTL vs LB- males: P <0.0001, Cohen’s d= 3.5, 358 
females: P= 0.16, Cohen’s d= 0.62. N= 11-15 mice per rearing and sex group.  359 
 360 
(C) DiOlistic images and Imaris models of apical dendrites in the stratum radiatum in adolescent 361 
CTL and LB mice. Mushroom spines (green), thin spines (blue), filopodia (magenta).  362 
 363 
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(D) Total Spine Density. Rearing: F (1, 21) = 10.19, P=0.0044, hp2= 0.33, Sex: F (1, 21) = 0.23, 364 
P= 0.63, Interaction: F (1, 21) = 0.9, P= 0.33. Sidak post-hoc analysis, CTL vs LB- males: P= 365 
0.0093, Cohen's d= 1.57. CTL vs LB- females: P= 0.29, Cohen's d= 0.99. 366 
 367 
(E) Density of Immature spines. Rearing: F (1, 21) = 11.99, P= 0.0023, hp2= 0.36, Sex F (1, 21) 368 
= 0.082, P= 0.77, Interaction: F (1, 21) = 1.135, P= 0.29. Sidak post-hoc analysis, CTL vs LB- 369 
males: P= 0.0051, Cohen's d= 1.71. CTL vs LB- females: P= 0.23, Cohen's d= 1.07. 370 
 371 
(F) Mature spines. Rearing: F (1, 21) = 7.827 P=0.011, hp2= 0.27, Sex: F (1, 21) = 5.560 P=0.0282, 372 
hp2= 0.21, Interaction: F (1, 21) = 0.4883, P= 0.49. Sidak post-hoc analysis, CTL vs LB- males: 373 
P= 0.03, Cohen's d= 1.22. CTL vs LB- females: P= 0.32, Cohen's d= 1.16. 374 
 375 
(G) Maturity Index: Rearing: F (1, 21) = 23.28, P< 0.0005, hp2= 0.53, Sex: F (1, 21) = 1.789, 376 
P=0.19, Interaction: F (1, 21) = 1.69, P= 0.21. Sidak post-hoc analysis, CTL vs LB- males: P= 377 
0.0003, Cohen's d= 2.38. CTL vs LB- females: P= 0.056, Cohen's d= 1.5. 378 
 379 
(H) Confocal images and Imaris models used to calculate glutamatergic synapse density in the 380 
stratum radiatum.  381 
 382 
(I) Density of VGlut2 puncta. Rearing: F (1, 18) = 4.816, P= 0.041, hp2= 0.21, Sex: F (1, 18) = 383 
1.049, P= 0.319, Interaction: F (1, 18) = 1.458, P=0.24. Sidak post-hoc analysis, CTL vs LB- 384 
males: P= 0.067. CTL vs LB- females: P= 0.95. 385 
 386 
(J) Density of PSD95 puncta. Rearing: F (1, 18) = 0.3042, P= 0.58, Sex: F (1, 18) = 6.495, P= 387 
0.02, Interaction: F (1, 18) = 1.492, P= 0.24.  388 
 389 
(K) Density of glutamatergic synapses: Rearing: F (1, 18) = 1.119, P= 0.30, Sex: F (1, 18) = 4.185, 390 
P= 0.056, Interaction: F (1, 18) = 9.702, P= 0.006, hp2= 0.35. Sidak post-hoc analysis, CTL vs 391 
LB- males: P= 0.022, Cohen's d= 2.05. CTL vs LB- females: P= 0.29, Cohen's d= -0.81. 392 
 393 
(L-M) Effects of rearing on local functional connectivity in males (L) and females (M), FDR < 0.05, 394 
local cluster size k> 25 voxels, N= 5-6 mice per rearing and sex group. Abbreviations: ACB- 395 
nucleus accumbens, AID- agranular insular area, BLA- basolateral amygdala, CP- 396 
caudoputamen, ENT- Entorhinal cortex, HPC- hippocampus, Hypo- hypothalamus, MOp- primary 397 
motor area, OT- olfactory tubercle, Pir- piriform area, SSp- primary sensory area. 398 
 399 
We defined the "maturity index" as the ratio between mature mushroom spines and immature 400 
spines (e.g., filopodia, thin, stubby; Figure S1B) and found a significant effect of rearing, but no 401 
significant effect of sex or interaction (Figure 1G). Post-hoc analysis in males found a highly 402 
significant reduction in maturity index while only a trend was observed in LB females (Figure 403 
1G). There was also a highly significant correlation between the maturity index and freezing 404 
behavior (r= 0.43, P= 0.007, Figure S1C). 405 
 406 
Next, we evaluated the impact of rearing and sex on the density of glutamatergic synapses in 407 
the stratum radiatum (Figure 1H). For the presynaptic marker VGlut2, we found a significant 408 
effect of rearing, but no significant effects of sex or interaction. A preplanned Sidak post-hoc 409 
analysis revealed a non-significant trend for increased VGlut2 density in males and no 410 
difference in females (Figure 1I). For the excitatory postsynaptic marker PSD95, there was a 411 
significant effect of sex, with a small increase observed in males, but no significant effects of 412 
rearing or interaction (Figure 1J). Consistent with the DiOlistic results, we found a significant 413 
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interaction between LB and sex for the number of functional glutamatergic synapses. This was 414 
due to a decrease in excitatory synapses in LB males but not in LB females (Figure 1K). 415 
 416 
To investigate the impact of LB and sex on local functional connectivity throughout the entire 417 
brain, we adopted an MRI-based method previously employed in human subjects (Tomasi and 418 
Volkow, 2010) and applied it to rodents. This approach generates whole-brain voxel maps 419 
corrected for multiple comparisons and unbiasedly identify brain regions with abnormal local 420 
functional connectivity. Adolescent male LB mice showed reduced local connectivity in multiple 421 
brain regions, including the hippocampus, entorhinal cortex, striatum, basolateral amygdala, 422 
hypothalamus, and the nucleus accumbens (Figure 1L). In contrast, there was no reduction in 423 
local functional connectivity in the hippocampus of LB females with only few brain regions 424 
showing significantly lower local functional connectivity (Figure 1M). These findings reveal novel 425 
sex differences in the impact of LB on contextual fear conditioning, maturity index, glutamatergic 426 
synapse density, and local functional connectivity in the hippocampus of adolescent mice. 427 
 428 
LB Transiently Impairs Microglial Function in the Developing Hippocampus 429 
LB impairs microglial ramification and their ability to engulf synaptic material at P17, an age 430 
when the hippocampus undergoes intense synaptic pruning (Dayananda et al., 2022). To 431 
determine if these changes persisted in P33 adolescent mice and whether they differentially 432 
impacted males, we evaluated the effects of rearing, sex, and age in P17 and P33 mice. No 433 
significant main effect or interaction with sex were found, so the data for males and females 434 
were combined. A 2 x 2 ANOVA found a significant interaction between rearing and age for 435 
microglial volume. Post-hoc analysis comparing CTL and LB P17 pups replicated our previous 436 
work showing a significant reduction in microglial volume (Fig 2 A & B), CD68 volume (Fig 2 A & 437 
C), the number of PSD96 engulfed by microglia (Fig 2 A & D), and the number of PSD95 inside 438 
CD68 (Fig 2 A & D), all with large effect sizes. No significant differences between CTL and LB 439 
survived multiple comparisons at P33 when using the entire set of data. A 2 x 2 ANOVA 440 
examining the effects of rearing and sex at P33, revealed a significant increase in the number of 441 
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PSD95 puncta inside microglia (Fig S2C) and inside CD68 (Fig S2D) in LB male and female 442 
mice, suggesting a possible compensatory microglial response at this age. 443 
 444 
Figure 2. LB Impairs Microglial Mediated Synaptic Pruning at P17 but not P33.  445 
(A) Imaris images of microglia (green, left panel) in CTL and LB P17 and P33 mice. CD68 446 
phagosome staining (blue), and PSD95 puncta (red) of the same cells are shown in the right 447 
panel. Scale bars 10um. N= 8 mice per rearing and age group, 50% females. 448 
 449 
(B) Microglial volume. Rearing by age interaction: F (1, 28) = 98.95 P<0.0001, hp2 = 0.78. CTL vs 450 
LB P17: P< <0.0001, Cohen’s d= 5.92. CTL vs LB P33: P= 0.63. P17 vs P33 CTL: P< 0.0001, 451 
Cohen’s d= 5.09 (shown as lower-case a). P17 vs P33 LB: P= 0.01, Cohen’s d= -1.56 (shown as 452 
lower-case b). 453 
 454 
(C) CD68 volume. Rearing by age interaction: F (1, 28) = 34.82 P<0.0001, hp2 = 0.55.   455 
CTL vs LB P17: P< <0.0001 Cohen’s d= 3.1. CTL vs LB P33: P= 0.35. P17 vs P33 CTL: P< 456 
<0.0001 Cohen’s d= 2.61 (lower-case a). P17 vs P33 LB: P= 0.25  457 
 458 
(D), Number of PSD95 puncta inside microglia. Rearing by age interaction: F (1, 28) = 56.58 459 
P<0.0001, hp2 = 0.67. CTL vs LB P17: P< <0.000, Cohen’s d= 3.23. CTL vs LB P3: P= 0.98. P17 460 
vs P33 CTL P< <0.0001, Cohen’s d= 4.1 (shown as a), P17 vs P33 LB: P= 0.92. 461 
 462 
(E) Number of PSD95 puncta inside CD68 phagosome. Rearing by age interaction: F (1, 28) = 463 
86.90, P<0.0001, hp2 = 0.75. CTL vs LB P17: P< <0.0001, Cohen’s d= 4.1. CTL vs LB P33: P= 464 
0.18. P17 vs P33 CTL: P< <0.0001, Cohen’s d= 5.88 (lower-case a). P17 vs P33 LB: P= 0.98. 465 
 466 
CTL mice exhibited a dramatic reduction in microglial volume, phagosome size, and the number 467 
of PSD95 engulfed by microglia at P33 compared to P17 (Figure 2). This is consistent with 468 
previous work showing that synaptic pruning reaches its peak in the hippocampus during the 469 
second and third weeks of life (Filipello et al., 2018; Scott-Hewitt et al., 2020; Zhan et al., 2014). 470 
In contrast, LB microglia showed a small but significant increase in volume at P33 compared to 471 
P17 (Figure 2B). However, there were no significant differences in CD68 size, PSD95 puncta 472 
inside microglia, or PSD95 puncta inside CD68 between P17 and P33 (Figure 2 C-E). Together, 473 
these findings indicate that LB impairs the ability of microglia to engulf synaptic material at P17. 474 
These deficits are no longer observed at P33 when microglial phagocytic activity is significantly 475 
lower. 476 
 477 
Transient Ablation of Microglia Induces Sex-Specific Changes in the Hippocampus that 478 
Resemble Abnormalities Observed in LB Mice. 479 
Our data indicate that LB transiently impairs microglial phagocytic activity during the second and 480 
third weeks of life when the hippocampus undergoes intense synaptic pruning. These changes 481 
are associated with sex-specific impairments in contextual fear conditioning, maturity index, 482 
glutamatergic synaptic densities, and local functional connectivity. To test whether transient 483 
perturbation in microglial activity can induce similar sex-specific changes, we developed a 484 
method to transiently ablate microglia during the 2nd-3rd weeks of life and tested the impact of 485 
this manipulation on contextual fear conditioning, maturity index, glutamatergic synapse density, 486 
and local functional connectivity in adolescent male and female mice. To transiently ablate 487 
microglia, we mated CX3CR1-Cre-ET2/ Cre-ET2; ROSA26-eGFP-DTA/wt male mice with Balb/cByj 488 
females to generate mixed litters that are either CX3CR1-Cre-ET2/ WT; ROSA26-eGFP-DTA/wt (DTA) 489 
or CX3CR1-Cre-ET2/ WT; ROSA26-eGFP-wt/wt (WT) littermates (Fig 3A-B and Fig S2A).  490 
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 491 

 492 
Figure 3. Transient Ablation of Microglia Induces Similar Sex-Specific Changes Observed 493 
in LB Adolescent Mice.  494 
(A) Experimental Timeline. 495 
  496 
B. Contextual fear conditioning. Genotype: F (1, 39) = 3.00, P=0.09, Sex: F (1, 39) = 4.49, P=0.04, 497 
Interaction: F (1, 39) = 2.98, P= 0.092. Post-hoc CTL vs LB- males: P= 0.046. CTL vs LB- females: 498 
P >0.99. 499 
 500 
(C) Confocal images and Imaris models of DiOlistic labeling of apical dendrites in the stratum 501 
radiatum in adolescent WT and DTA male mice. Mushroom spines (green), thin spines (blue), 502 
filopodia (magenta).  503 

CFCA B C

D

Males Females
0

50

100

150

Fr
ee

zi
ng

 %

WT
DTA

✱

M
al

e 
DT

A
M

al
e

W
T

Males Females
0

2

4

6

Sp
in

es
 p

er
 1

 µ
m

WT
DTA

✱✱

Total  Spine Density E Maturity IndexFImmature Spines
(Stubby, Thin, Filopodia)

Mature Spines
(Mushroom)

G

Males Females
0

2

4

6

Sp
in

es
 p

er
 1

 µ
m

WT
DTA

✱✱

Males Females
0.0

0.2

0.4

0.6

0.8

Sp
in

es
 p

er
 1

 µ
m

WT
DTA

Males Females
0.00

0.05

0.10

0.15

0.20

M
us
hr
oo
m
s/
im
m
at
ur
e

WT
DTA

✱✱

Bi
rth

W
ea
ni
ng

0 26
CF
C

33

CTL
17

TM
X

10

Microglial
ablation

CX3CR1-Cre/DTA

Di
I

rs
-fM
RI

34

IH Glutamatergic Synapse Density
Vglut2/PSD95

J KVGlut2 PSD95 Glutamatergic Synapse
density

Males Female
0

500

1000

1500

VG
LU

T2
 p

un
ct

a
 

WT
DTA

✱

Males Female
0

200

400

600

800

1000

 
PS

D
95

 p
un

ct
a WT

DTA

✱✱

Males Female
0

50

100

150

G
lu

ta
m

at
er

gi
c 

Sy
np

as
es

WT
DTA

✱✱

Local Functional Connectivity- Males Local Functional Connectivity- FemalesL M

RSGHPC

HPC

Hypo

ACA

NAc AIPFC

V2L

VIS

LEC

SS

PIR

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 15, 2024. ; https://doi.org/10.1101/2024.02.14.580284doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.14.580284
http://creativecommons.org/licenses/by-nc-nd/4.0/


(D) Total spine density. Genotype: F (1, 23) = 8.097, P= 0.0092, Sex: F (1, 23) = 0.012, P= 0.91, 504 
Interaction: F (1, 23) = 6.374, P=0.019. Post-hoc CTL vs LB- males: P= 0.0022. CTL vs LB- 505 
females: P= 0.97.  506 
 507 
(E) Immature spines. Genotype: F (1, 23) = 8.020, P=0.0094, Sex: F (1, 23) = 0.1401, P=0.712, 508 
Interaction: F (1, 23) = 8.05, P= 0.0093. Post-hoc CTL vs LB- males: P= 0.0013. CTL vs LB- 509 
females: P >0.99.  510 
 511 
(F). Mature Spines. Genotype: F (1, 23) = 1.788, P= 0.19, Sex: F (1, 23) = 0.078, P= 0.78, 512 
Interaction: F (1, 23) = 1.41, P= 0.25.  513 
 514 
(G) Maturity Index. Genotype: F (1, 23) = 5.99, P= 0.022, Sex: F (1, 23) = 0.12, P= 0.731, 515 
Interaction: F (1, 23) = 9.425, P=0.0054. Post-hoc CTL vs LB- males: P= 0.0017. CTL vs LB- 516 
females: P= 0.88.   517 
 518 
(H) Confocal images and Imaris models of VGlut2 and PSD95 puncta in the stratum radiatum. 519 
 520 
(I) VGlut2 density. Genotype: F (1, 12) = 2.19, P= 0.16, Sex: F (1, 12) = 0.76, P= 0.39, Interaction: 521 
F (1, 12) = 5.874, P=0.032. Post-hoc CTL vs LB- males:  P= 0.035. CTL vs LB- females: P> 0.99.  522 
 523 
(J) PSD95 density. Genotype: F (1, 12) = 5.09, P= 0.043, Sex: F (1, 12) = 1.09, P= 0.32, 524 
Interaction: F (1, 12) = 7.827, P=0.016. Post-hoc CTL vs LB- males: P= 0.0077, Females: P> 525 
0.99.  526 
 527 
(K) Glutamatergic Synapse Density. Genotype: F (1, 12) = 5.014, P=0.04, Sex: F (1, 12) = 1.19, 528 
P= 0.29, Interaction: F (1, 12) = 9.58, P= 0.0093. Post-hoc CTL vs LB- males: P= 0.0053, females: 529 
P> 0.99. 530 
 531 
(L-M) Local functional connectivity. Local functional connectivity maps of WT vs DTA males (L) 532 
and females (M), FDR < 0.05, local cluster size k> 25 voxels, N= 6 mice per rearing and sex group 533 
(red-yellow colors indicate reduced connectivity in DTA compared to WT mice). Abbreviations: 534 
ACA- Anterior Cingulate Area, AI- Anterior Insular area, V2L secondary visual lateral Cortex, 535 
RSG- retrosplenial granular area, HPC- hippocampus, VIS- visual cortex, LEC- lateral entorhinal 536 
cortex, Hypo- hypothalamus, NAc- nucleus accumbens, PIR- piriform area, SS- Somatosensory 537 
area, PFC- medial prefrontal cortex. 538 
 539 
A single injection of tamoxifen at P10 induced rapid elimination of microglia in DTA, but not WT 540 
littermates with no signs of toxicity (Figure S3). By P21, the number and the morphology of  541 
microglia in the hippocampus of DTA mice were indistinguishable from WT littermates (Fig S3), 542 
consistent with previous work showing that a small pool of microglia survives the initial ablation 543 
and proliferates to restore normal number of microglia within 1-2 weeks (Bruttger et al., 2015; 544 
Nelson and Lenz, 2017; Rice et al., 2015; Schalbetter et al., 2022). Next, we tested the impact 545 
of transiently ablating microglia on contextual fear conditioning in adolescent mice raised under 546 
CTL condition (Fig 3A-B). Similar to findings with LB mice, transient ablation of microglia 547 
reduced contextual freezing in male DTA, but not female DTA mice (Figure 3B). DTA male 548 
mice, but not females showed an increase in the total number of spines (Figure 3 C-D) due to 549 
the retention of immature spines (Figure 3E). The mean number of mature mushroom spines 550 
was reduced in male DTA mice, but this did not reach significance (Figure 3F). The maturity 551 
index was reduced in DTA males, but not female adolescent mice (Figure 3G) and as with LB 552 
adolescent mice (Figure S1B), there was a significant correlation between the maturity index 553 
and freezing behavior (r= 0.74, P= 0.0027, Figure S1).  554 
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 555 
Unlike outcomes seen in adolescent LB mice, transient ablation of microglia decreased the 556 
density of VGlut2 (Figure 3 H & I) and PSD95 (Figure 3 H & J) in males, but not females. 557 
However, the density of functional glutamatergic synapses was reduced in DTA males but not in 558 
female DTA (Figure 3 K), further highlighting similarities with LB mice (see Figure 1K). DTA 559 
male mice had reduced local functional connectivity compared to WT littermates across multiple 560 
brain regions, including the hippocampus (Figure 3L), changes that were not seen in DTA 561 
females (Figure 3M). Together, these findings indicate that transient ablation of microglial during 562 
the second and third weeks of life can replicate several of the sex-specific changes seen in the 563 
hippocampus of LB adolescent mice.  564 
 565 
Chemogenetic Activation of Microglia Restores Phagocytic Activity in P17 LB Mice. 566 
To test whether chemogenetic activation of microglia during the second and third weeks of life 567 
can normalize microglial-mediated synaptic pruning in 17-day-old LB pups, we mated CX3CR1-568 
Cre-ET2/ Cre-ET2/; CAG-LSL-Gq-DREADDGq/WT males to Balb/cByj females to generate mixed litters 569 
that are either CX3CR1-Cre-ET2/ WT; CAG-LSL-Gq-DREADDGq/WT (abbreviated as Gq) or CX3CR1-570 
Cre-ET2/ WT; CAG-LSL-Gq-DREADDWT/WT (abbreviated as WT) and randomized them to either CTL 571 
or LB conditions. At P10 tamoxifen was administered to express the Gq-DREADD followed by 572 
five daily injections of CNO from postnatal day 13 to 17. Pups were perfused 60 minutes after 573 
the last CNO injection to assess microglial morphology and phagocytic activity (Figure 4 A-B).  574 

 575 
Figure 4. Chemogenetic Activation of Microglia Restores Normal Phagocytic Activity in 576 
P17 LB Mice 577 
(A) Experimental Timeline. 578 
 579 
(B) Effects of rearing and genotype on body weight. Rearing: F (1, 57) = 55.87, P< 0.0001, 580 
Genotype: F (1, 57) = 5.714, P= 0.020. Interaction: F (1, 57) = 3.86, P= 0.054. Tukey-HSD post-581 
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hoc CTL-WT vs LB-WT: P <0.0001. CTL-Gq vs LB-Gq: P= 0.0010, LB-WT vs LB-Gq: P= 0.015. 582 
CTL-WT vs LB-Gq: P= 0.0041. Half of the animals are females. 583 
 584 
(C) Confocal and Imaris images of IBA1 (green), CD68 (blue), and PSD95 puncta (red) staining 585 
of microglia located in the stratum radiatum of P17 mice administered daily CNO injections from 586 
P13-17.  587 
 588 
(D) Effects of rearing and genotype on microglial volume. Rearing: F (1, 16) = 22.88, P= 0.0002, 589 
Genotype: F (1, 16) = 11.25, P= 0.0040. Interaction: F (1, 16) = 19.35, P= 0.0004. Tukey-HSD 590 
post-hoc CTL-WT vs LB-WT: P <0.0001. CTL-Gq vs LB-Gq: P >0.99, LB-WT vs LB-Gq: P= 591 
0.0003. CTL-WT vs LB-Gq: P >0.99. Half of the animals are females. 592 
 593 
(E) Effects of rearing and genotype on CD68 volume. Rearing: F (1, 16) = 27.92, P< 0.0001, 594 
Genotype: F (1, 16) = 21.93, P= 0.0002. Interaction: F (1, 16) = 2.42, P= 0.14. Tukey-HSD post-595 
hoc CTL-WT vs LB-WT: P= 0.0002. CTL-Gq vs LB-Gq: P= 0.0180, LB-WT vs LB-Gq: P= 0.0004. 596 
CTL-WT vs LB-Gq: P= 0.68. Half of the animals are females. 597 
 598 
(F) Effects of rearing and genotype on PSD95 engulfed by microglia. Rearing: F (1, 16) = 3.35, 599 
P= 0.086, Genotype: F (1, 16) = 1.84, P=0.19. Interaction: F (1, 16) = 5.033, P= 0.039. Tukey-600 
HSD post-hoc CTL-WT vs LB-WT: P= 0.048. CTL-Gq vs LB-Gq: P= 0.99, LB-WT vs LB-Gq: P= 601 
0.09. CTL-WT vs LB-Gq: P= 0.99. Half of the animals are females. 602 
 603 
All microglia from Gq mice expressed the HA tag, and no HA tag was expressed in microglia 604 
from WT mice (Figure S4). No sex differences or interaction with sex were found for any tested 605 
variables and therefore data from male and female mice were combined to determine main 606 
effects of rearing, genotype, and their interaction. For body weight, there was a significant main 607 
effect of rearing and genotype, with a trend for a significant interaction. Tukey-HSD post hoc 608 
analysis confirmed our previous work showing a reduction in body weight in LB pups. This was 609 
highly significant for CTL-WT vs LB-WT mice and to a lesser degree, although still significant, 610 
for CTL-Gq vs LB-Gq mice (Figure 4B). Interestingly, chemogenetic activation of microglia 611 
increased the body weight of LB (LB-WT vs LB-Gq) but not CTL mice (CTL-WT vs CTL-Gq) 612 
indicating that abnormal microglial activity contributes to the reduction in LB body weight. 613 
Chemogenetic activation increased the volume of microglia, CD68 size, and the number of 614 
PSD95 puncta inside microglia in LB-Gq pups to levels observed in CTL-WT pups with similar 615 
outcomes seen in males and females (Figure 4C-F). These findings indicate that chemogenetic 616 
activation of microglia during the second and third weeks of life normalizes microglia-mediated 617 
synaptic pruning in the developing hippocampus of mice exposed to LB.  618 
 619 
Chemogenetic Activation of Microglia During the 2nd and 3rd Weeks of Life Restores 620 
Normal Hippocampal Function in Adolescent LB males. 621 
Next, we tested whether chemogenetic activation of microglia from P13-17 can reverse the 622 
contextual fear conditioning deficits observed in adolescent LB mice (Figure 5A). A three-way 623 
ANOVA revealed a significant interaction between rearing, sex, and genotype (F (1, 107) = 624 
5.643, P= 0.019), prompting us to conduct separate analyses in males and females. Males 625 
exhibited a significant interaction between rearing and genotype due to reduced freezing in LB-626 
WT compared to CTL-WT and LB-Gq, with no significant differences between LB-Gq and LB-627 
WT or CTL-WT mice (Figure 5B). As expected, no significant effects of rearing, genotype, and 628 
interaction were seen in females (Figure 5C). We then focused on the effects of chemogenetic 629 
activation on spine density and morphology in CA1 apical dendrites (Figure 5D). LB increased 630 
the total spine density in WT mice, but not in Gq mice, with no significant difference between 631 
CTL-WT and LB-Gq mice (Figure 5E), with similar outcomes observed for the number of 632 
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immature spines (Figure 5F). Chemogenetic activation also normalized the number of mature 633 
spines in LB male mice (Figure 5G) and significantly increased the maturity index in LB-Gq mice 634 
to levels observed in CTL-Gq mice, although it did not fully restore the maturity index to CTL-635 
WT levels (Figure 5F). The maturity index was again highly correlated with freezing behavior (r= 636 
0.87, P= 0.001). LB increased the number of the presynaptic Vglut2 puncta in WT but not Gq 637 
mice (Figure 5 I & J), while levels of PSD95 were unexpectedly higher in LB-Gq compared to 638 
CTL-WT or CTL-Gq mice (Figure 5K). Chemogenetic activation completely restored the density 639 
of functional glutamatergic synapses in the stratum radiatum (Figure 5L). 640 

 641 
 642 
Fig 5. Chemogenetic Activation of Microglia During the Second and Third Weeks of Life 643 
Normalizes Contextual Fear Conditioning and Synaptic Abnormalities in Adolescent LB 644 
Males.  645 
(A) Experimental timeline.  646 
 647 
(B-C) contextual fear conditioning. (B) Males, n=12-19 mice per group. Rearing: F (1, 58) = 4.28, 648 
P= 0.043, Genotype F (1, 58) = 6.197, P=0.016, Interaction: F (1, 58) = 10.44, P=0.0020. CTL vs 649 
LB WT: P= 0.0011, CTL vs LB Gq: 0.97.  LB-WT vs LB-Gq P= 0.0003, CTL-WT vs LB-Gq P= 650 
0.99. (C) Females, n=11-18 mice per group. Rearing: F (1, 48) = 0.91, P= 0.35, Genotype: F (1, 651 
48) = 0.033, P= 0.85, Interaction: F (1, 48) = 0.22, P= 0.64. 652 
 653 
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(D) Confocal images and Imaris models of DiOlistic labeling of apical dendrites in the stratum 654 
radiatum of adolescent male mice. Mushroom spines (green), thin spines (blue), filopodia 655 
(magenta).  656 
 657 
(E) Total spine density. Rearing: F (1, 12) = 2.66, P= 0.12, Genotype: F (1, 12) = 14.41,P= 0.0025, 658 
Interaction: F (1, 12) = 3.66, P= 0.07. CTL-WT vs LB-WT: P= 0.0077, CTL-Gq vs LB-Gq: P= 0.56.  659 
LB-WT vs LB-Gq P= 0.11, CTL-WT vs LB-Gq P= 0.45.  660 
 661 
(F) Immature spines. Rearing: F (1, 12) = 5.74, P= 0.0338, Genotype: F (1, 12) = 24.36, P= 662 
0.0003, Interaction: F (1, 12) = 6.172, P=0.029. CTL-WT vs LB-WT: P= 0.0012, CTL-Gq vs LB- 663 
Gq: P= 0.49.  LB-WT vs LB-Gq P= 0.028, CTL-WT vs LB-Gq P= 0.46.  664 
 665 
(G) Mature spines. Rearing: F (1, 12) = 2.165, P= 0.16, Genotype: F (1, 12) = 17.81, P= 0.0012, 666 
Interaction: F (1, 12) = 8.84, P= 0.0116. CTL-WT vs LB-WT: P= 0.0013, CTL-Gq vs LB-Gq: P=  667 
0.81.  LB-WT vs LB-Gq P= 0.037, CTL-WT vs LB-Gq P= 0.26. 668 
 669 
(H) Maturity Index. Rearing: F (1, 12) = 7.79, P= 0.016, Genotype: F (1, 12) = 72.83, P< 0.0001, 670 
Interaction: F (1, 12) = 20.09, P= 0.0008. CTL-WT vs LB-WT: P <0.0001, CTL-Gq vs LB-Gq: P= 671 
0.082. LB-WT vs LB-Gq P= 0.0015, CTL-WT vs LB-Gq P= 0.0094. 672 
 673 
(I) Confocal images and Imaris models of VGlut2 and PSD95 puncta in the stratum radiatum. 674 
 675 
(J) VGlut2 density. Rearing: F (1, 12) = 24.22, P= 0.0004, Genotype: F (1, 12) = 0.39, P= 0.5437, 676 
Interaction: F (1, 12) = 2.47, P= 0.14. CTL-WT vs LB-WT: P= 0.0037, CTL-Gq vs LB-Gq: P= 0.21. 677 
LB-WT vs LB-Gq: P= 0.87, CTL-WT vs LB-Gq: P= 0.062. 678 
 679 
(K) PSD95 density. Rearing: F (1, 12) = 6.676 P=0.024, Genotype: F (1, 12) = 0.68, P= 0.42, 680 
Interaction: F (1, 12) = 4.068, P=0.067. CTL-WT vs LB-WT: P= 0.69, CTL-Gq vs LB-Gq: P= 681 
0.0069. LB-WT vs LB-Gq: P= 0.067, CTL-WT vs LB-Gq: P= 0.032. 682 
 683 
(L) Glutamatergic synapse density. Rearing: F (1, 12) = 3.924 P=0.071, Genotype: F (1, 12) = 684 
22.36, P= 0.0005, Interaction: F (1, 12) = 18.61 P=0.0010. CTL-WT vs LB-WT: P= 0.0047, CTL-685 
Gq vs LB-Gq: P= 0.75. LB-WT vs LB-Gq: P= 0.0002, CTL-WT vs LB-Gq: P= 0.45. 686 
 687 
 688 
LB Increases MEGF10 and Phagocytic Activity in Females’ Astrocytes 689 
Our data suggest that during the second and third weeks of life, female LB mice are somehow 690 
able to compensate for deficits in microglial-mediated synaptic pruning. Given that astrocytes 691 
also play an important role in synaptic pruning and, in some cases, can compensate for 692 
abnormal microglia-mediated synaptic pruning (Chung et al., 2013; Damisah et al., 2020; 693 
Konishi et al., 2020; Lee et al., 2021; Perez-Catalan et al., 2021), we tested whether 17-day-old 694 
female LB mice can upregulate phagocytic activity in astrocytes (Figure S5A-B). No significant 695 
effects of rearing, sex, or their interaction were found for the number of GFAP-positive 696 
astrocytes in the stratum radiatum (Figure S5C). However, there was a significant interaction 697 
between rearing and sex for the number of PSD95 puncta per astrocyte and the density of 698 
PSD95 inside astrocytes. Post-hoc analysis revealed that this interaction was due to increase in 699 
PSD95 puncta in LB females but not in LB males (Figure S5 D-E). Previous studies have 700 
demonstrated that phagocytic activity in astrocytes is regulated by the MerTK and MEGF10 701 
receptors (Chung et al., 2013; Lee et al., 2021). We therefore teste the levels of these receptors 702 
in LB male and female mice. No MerTK, staining was observed in GFAP-positive astrocytes in 703 
the stratum radiatum at this age. However, MEGF10 staining was clearly localized within GFAP-704 
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positive cells (Figure 6). We therefore assessed the effects of rearing and sex on MEGF10 and 705 
PSD95 puncta in astrocytes using a second cohort of 17-day-old pups (Figure 6A). There was a 706 
significant effect of rearing, but no significant effects of sex or interaction for the volume of 707 
GFAP-positive astrocytes located in the stratum radiatum (Figure 6B). We replicated our initial 708 
findings, showing a significant increase in the number of PSD95 inside astrocytes in LB 709 
females, but not LB males (Figure 6C and Fig S5). Additionally, this sex-specific effect was 710 
accompanied by an increase in MEGF10 staining in astrocytes from LB females, but not LB 711 
males (Figure 6D). Next, we investigated whether similar sex-specific changes were seen in 17-712 
day old mice exposed to transient ablation of microglia. Similar to outcomes seen in LB mice, 713 
transient ablation of microglia led to an increase in the size of GFAP-positive astrocytes in 714 
female subjects, but not in males (Fig S6A-B). However, unlike the outcomes in LB, microglial 715 
ablation increased the number of PSD95 puncta and MEGF10 staining in both males and 716 
females (Figure S6 C & D). 717 
 718 
 719 

 720 
 721 
Fig 6. LB Increases MEGF10 and Phagocytic Activity in Female Astrocytes 722 
(A) Confocal images and Imaris models of GFAP-positive astrocytes in the stratum radiatum of 723 
17-day old CTL and LB pups. GFAP (green), PSD95 puncta (red), MEGF10 (white). Scale bar 724 
10µm. 725 
 726 
(B) Astrocyte cell volume. Rearing: F (1, 20) = 4.916, P= 0.038, Sex: F (1, 20) = 0.82, P= 0.38, 727 
Interaction: F (1, 20) = 1.196, P= 0.29. CTL vs LB Males: P= 0.68, CTL vs LB Females: P= 0.059. 728 
 729 
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(C) PSD95 puncta inside astrocyte. Rearing: F (1, 12) = 23.02, P= 0.0004, Sex: F (1, 12) = 20.61, 730 
P= 0.0007, Interaction: F (1, 12) = 5.583, P= 0.036, CTL vs LB Males: P= 0.2092, CTL vs LB 731 
Females: P= 0.0006. 732 
 733 
(D) MEGF10 staining inside astrocyte. Rearing: F (1, 20) = 12.92, P= 0.0018, Sex: F (1, 20) = 734 
12.52, P= 0.0021, Interaction: F (1, 20) = 16.19, P=0.0007, CTL vs LB Males: P= 0.76, CTL vs 735 
LB Females: P< 0.0001. 736 
 737 
DISCUSSION 738 
One of the most consistent findings in individuals exposed to ELA is abnormal hippocampal 739 
function, which seems to be more pronounced in men than in women (Garvin and Bolton, 2022; 740 
Teicher and Samson, 2016; White and Kaffman, 2019). However, little is currently known about 741 
the nature of these sex-specific structural and functional changes in the hippocampus and their 742 
impact on cognition. Furthermore, it is unclear which forms of ELA cause sexually dimorphic 743 
changes and what underlying mechanisms are responsible for the different outcomes in males 744 
and females. These are difficult questions to address in humans, but they can be investigated in 745 
rodent models of ELA and further validated with imaging techniques that can be used across 746 
species (Kaffman et al., 2019). However, most of the research on rodents to date has focused 747 
on changes in adult males. Therefore, additional studies are needed to examine changes in 748 
both sexes, especially during adolescence when sex differences might be more prominent 749 
(Gershon et al., 2008; White and Kaffman, 2019). Moreover, most studies have examined the 750 
effects of ELA on neurons, with relatively little attention paid to the possible contribution of glial 751 
cells. In particular, the role of microglia in inducing sexually dimorphic changes in ELA needs 752 
further investigation, considering the crucial role of microglia in establishing sexually dimorphic 753 
changes in the developing brain (VanRyzin et al., 2020) and sex-specific responses to pain, 754 
obesity (Dorfman et al., 2017), and ischemia (Villa et al., 2018). This study presents several 755 
novel findings about the role of glial cells in programming sexually dimorphic changes in the 756 
hippocampus of adolescent mice exposed to LB, a commonly used mouse model of ELA.  757 
 758 
LB causes sex-specific deficits in the stratum radiatum and contextual fear conditioning 759 
in adolescent mice. 760 
Our work supports the emerging notion that LB causes more severe hippocampal-dependent 761 
deficits in males compared to females (Bath et al., 2017; Islam et al., 2023; Naninck et al., 762 
2015). Naninck and colleagues provided evidence indicating that these sex differences were 763 
due to more severe deficits in adult neurogenesis in males (Naninck et al., 2015), but these 764 
findings have not been replicated by others (Bath et al., 2017; Youssef et al., 2019). We have 765 
recently shown that LB causes significant deficits in contextual fear conditioning in adolescent 766 
male, but not female, mice (Islam et al., 2023). LB reduced hippocampal volume in both 767 
adolescent male and female mice, indicating that LB female mice are also affected by LB and 768 
that volumetric changes are unlikely to explain the sex-specific abnormalities in contextual fear 769 
conditioning (Islam et al., 2023). Instead, we found that the connectivity between the entorhinal 770 
cortex and the dorsal hippocampus was reduced fourfold in LB males but not in female mice. 771 
Given the critical role that these projections play in mediating contextual fear conditioning we 772 
proposed that changes in connectivity contribute to sex differences in hippocampal function 773 
(Islam et al., 2023). 774 

 775 
Here we examine the effects of rearing and sex on spine density and morphology of CA1 776 
pyramidal neurons apical dendrites located in the stratum radiatum. These apical dendrites 777 
receive input from CA3 pyramidal neurons via the Schaffer collaterals and play a critical role in 778 
hippocampal mediated tasks such as contextual fear conditioning (Astudillo et al., 2020; Basu et 779 
al., 2016; Li et al., 2005; Sacchetti et al., 2001; Sun et al., 2016). Using DiOlistic labeling we 780 
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found that LB male, but not LB female, mice show higher levels of immature spines (e.g., 781 
stubby, thin, filopodia) and low levels of mature mushroom spines. We found that the maturity 782 
index is significantly reduced in male LB mice, but not females, and is highly correlated with 783 
contextual freezing. Sex-specific deficits were also observed in the density of glutamatergic 784 
synapse density in the stratum radiatum and local functional connectivity using rsfMRI. 785 
Together, these findings uncover novel differences in synaptic function in the hippocampus of 786 
adolescent male and female mice exposed to LB providing a likely explanation for the sex 787 
differences seen in contextual fear conditioning. We provide evidence that alterations in glial 788 
mediated synaptic pruning are likely to contribute to these sex-specific synaptic abnormalities, 789 
but are mindful of the possibility that other processes, such as changes in connectivity between 790 
the entorhinal cortex and the dorsal hippocampus, may also play a role. 791 
 792 
LB Impairs Microglial Mediated Synaptic Pruning at P17 but not P33 Adolescent mice. 793 
Consistent with previous findings (Dayananda et al., 2022), we determined that LB causes 794 
severe deficits in microglial mediated synaptic pruning during the second and third weeks of life, 795 
and clarified that these abnormalities are no longer present in P33 adolescent LB mice. 796 
Interestingly, the numbers of PSD95 puncta inside microglia or inside the phagosome were 797 
roughly two-fold greater in adolescent (P33) LB compared to CTL mice. We hypothesize that 798 
higher rates of synaptic pruning in adolescent LB mice may serve as a compensatory 799 
mechanism to minimize the impact of deficits earlier in life but may also lead to “over pruning” 800 
and cognitive deficits later in life. We show that the rate of synaptic engulfment is 7.6- fold 801 
higher at P17 compared to P33 in CTL mice. This finding is consistent with previous work 802 
showing that microglial mediated synaptic pruning peaks in the hippocampus during the second 803 
and third weeks of life and that perturbation of this process leads to reduced connectivity in the 804 
Schaffer collaterals later in life (Filipello et al., 2018; Scott-Hewitt et al., 2020; Zhan et al., 2014). 805 
Zhan et al. (2014) have suggested that synaptic pruning is necessary for the formation of 806 
multisynapse boutons 1(MSB1s). However, since MSB1s account for only 5% of all synaptic 807 
boutons, a reduction in this small population of synaptic connections is unlikely to fully account 808 
for the synaptic and cognitive deficits induced in response to abnormal microglial synaptic 809 
pruning in the developing hippocampus. We propose that spine formation and maturation is a 810 
competitive intracellular process for limited neuronal resources. The removal of non-functional 811 
or weak spines during the second and third weeks of life is necessary to support the formation 812 
of mature mushroom spines that are necessary for normal hippocampal function. The maturity 813 
index provides a highly sensitive structural “footprint” for detecting earlier deficits in microglial-814 
mediated synaptic pruning. Importantly, both LB and transient ablation of microglia halve the 815 
synaptic maturity index, and this index is strongly correlated with contextual fear conditioning. 816 
 817 
Transient Elimination of Microglia Leads to Similar Sex-Specific Deficits Observed in LB 818 
Adolescent Mice 819 
This study is the first to investigate the effects of transiently ablating microglia during the second 820 
and third weeks of life on hippocampal function in adolescent male and female mice. Our 821 
findings indicate that microglia play a more prominent role in modulating synaptic plasticity and 822 
contextual fear conditioning in male compared to female mice. These findings are supported by 823 
research indicating that genomic differences between male and female microglia become 824 
apparent during the second week of life  (Hanamsagar et al., 2017; Thion et al., 2018). 825 
Additionally, it has been shown that microglia have sex-specific impact on pain sensitivity 826 
(Sorge et al., 2015), obesity (Dorfman et al., 2017), and neuroprotection against ischemic 827 
strokes (Villa et al., 2018). Our findings are also consistent with studies showing that transient 828 
perturbation of microglial function during a critical period of development results in long-term 829 
alterations in synaptic plasticity and behavior (Bolton et al., 2022; Favuzzi et al., 2021; Garvin 830 
and Bolton, 2022). For example, localized ablation of microglia in the prefrontal cortex of 6-831 
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week-old male adolescent mice resulted in impaired working memory, decreased density of 832 
mature mushroom spines, and reduced glutamatergic synapse density in adulthood. These 833 
abnormalities were not observed when microglia were ablated in adult animals (Schalbetter et 834 
al., 2022). Unfortunately, most ablation studies have been conducted exclusively in male mice. 835 
However, the few studies that have examined both sexes found significant differences between 836 
males and females (Bolton et al., 2022; Favuzzi et al., 2021; Garvin and Bolton, 2022). The 837 
similarities between outcomes in adolescent LB mice and adolescent DTA mice (Figs 1 & 3) 838 
support the idea that transient ablation of microglia contributes to sex differences in contextual 839 
fear conditioning, maturity index, glutamatergic synapses, and local functional connectivity in the 840 
hippocampus. The mechanisms responsible for the sex differences reported here in normally 841 
developing DTA mice are yet to be elucidated, but it is possible that male mice have higher 842 
rates of synapse formation compared to females. Assuming comparable rates of synapse 843 
elimination in males and females (Figure 2 and Figure S6), elimination of microglia would thus 844 
be expected to cause a more prominent reduction in the maturity index in males. 845 
 846 
This is the first study to use rsfMRI to evaluate local functional connectivity in an animal model 847 
of ELA. This approach provides an unbiased method to identify brain regions with presumed 848 
differences in local connectivity (Tomasi and Volkow, 2010). However, to the best of our 849 
knowledge, this is first example in which reduced local functional connectivity is linked to 850 
reduced structural synaptic abnormalities. Using this approach, we identified several other brain 851 
regions that show sex-specific changes in local connectivity in adolescent LB mice. These 852 
include the entorhinal cortex, striatum, basolateral amygdala, nucleus accumbens, and the 853 
hypothalamus. Additional work is required to further characterize the impact of LB and sex on 854 
synaptic changes in these brain regions. It would be valuable to determine whether similar sex-855 
specific changes can be detected in humans exposed to various forms of ELA. Finally, the 856 
observation that transient ablation of microglia reduces local functional connectivity in several 857 
brain regions of normally developing adolescent mice suggests that this approach may provide 858 
an indirect method to monitor microglial-mediated synaptic pruning during early development in 859 
humans. 860 
 861 
Chemogenetic Activation of Microglia During the Second and Third Weeks of Life 862 
Normalizes Microglial-Mediated Synaptic Pruning and Hippocampal Function  863 
Chemogenetic activation of microglia from P13-P17 was able to normalize microglial phagocytic 864 
activity at P17 in LB male and female pups to levels seen in CTL. This, in turn, reversed the 865 
deficits in contextual freezing and synaptic abnormalities observed in adolescent LB males. 866 
These results align with recent findings indicating that chemogenetic activation of microglia 867 
during the first week of life can restore normal glutamatergic innervation of CRH-positive cells in 868 
the hypothalamus, adrenal size, and stress reactivity in male LB mice (Bolton et al., 2022). Our 869 
findings demonstrate that increasing levels of microglial-mediated synaptic pruning during the 870 
second and third weeks of life is sufficient to normalize the cognitive and synaptic abnormalities 871 
observed in adolescent LB males and suggest that interventions enhancing microglial-mediated 872 
synaptic pruning in childhood may offer an effective therapy for early adversities characterized 873 
by low functional connectivity. 874 
 875 
LB Increases MEGF10 and Astrocyte-Mediated Synaptic Pruning in the Developing 876 
Hippocampus of Female Mice. 877 
Previous work has shown that microglial mediated synaptic pruning in the hypothalamus is 878 
impaired in 10-days old LB male, but not LB female, pups (Bolton et al., 2022). This was not the 879 
case during peak synaptic pruning in the hippocampus where both male and female mice 880 
showed pronounced deficits in microglial phagocytic activity in vivo and ex vivo (Dayananda et 881 
al., 2022). Given that female adolescent mice show minimal synaptic and cognitive deficits and 882 
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that astrocytes can compensate for deficits in microglial-mediated synaptic pruning (Chung et 883 
al., 2013; Damisah et al., 2020; Konishi et al., 2020; Lee et al., 2021; Perez-Catalan et al., 884 
2021), we assessed the effects of LB on synaptic pruning in astrocytes located in the stratum 885 
radiatum. We found that LB increased the number of PSD95 puncta in astrocytes from female, 886 
but not male, mice, an increase that was associated with upregulation of the MEGF10 receptor. 887 
This is consistent with previous work showing that MEGF10 is necessary to support normal 888 
synaptic pruning in astrocytes (Chung et al., 2013; Lee et al., 2021) and suggest a mechanism 889 
by which female LB mice are able to compensate for microglial-mediated synaptic deficits. 890 
Future studies will test whether cell-specific deletion of MEGF10 in astrocytes render females 891 
more sensitive to LB-mediated changes in hippocampal function. Furthermore, clarifying the 892 
mechanisms by which females upregulate the MEGF10 receptor, may offer novel strategies for 893 
minimizing hippocampal-dependent synaptic and cognitive deficits in male LB mice. 894 
 895 
Conclusions 896 
A better understanding of the underlying pathophysiology through which ELA alters 897 
hippocampal function in both males and females is essential for the development of more 898 
effective therapies. Here we show that LB causes more severe deficits in contextual freezing 899 
and synaptic plasticity in adolescent male compared to female mice. At P17, when synaptic 900 
pruning peaks in the hippocampus, both male and female pups exhibit a fourfold reduction in 901 
microglial-mediated synaptic pruning. This is no longer the case at P33 when the rate of 902 
microglial-mediated synaptic pruning is significantly lower. Transient ablation of microglia during 903 
the second and third weeks of life leads to sex-specific deficits similar to those observed in LB 904 
adolescent mice. Chemogenetic activation of microglia during the same period is sufficient to 905 
reverse the contextual and synaptic abnormalities observed in LB male adolescent mice. 906 
Finally, levels of MEGF10 and synaptic engulfment are elevated in 17-day-old LB females, 907 
suggesting a potential compensatory mechanism for reducing the microglial-mediated 908 
abnormalities in LB females. These studies highlight a novel role for glial cells in mediating sex-909 
specific hippocampal deficits in a mouse model of ELA. 910 
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Fig S1. The Maturity Index Correlates with Contextual Fear Conditioning. (A) A 
representative low magnification image of CA1 pyramidal neuron labeled with DiI (Left). High 
magnification of a secondary apical dendrite and an Imaris color-coded model of spine 
morphology. (B) The ratio between the number of mushroom spines and all other spines was 
calculated for each apical dendrite and then averaged across 5-6 dendrites to quantify the 
maturity index for each mouse. (C) The maturity index is correlated with contextual fear 
conditioning in adolescent CTL and LB mice. Significant correlation between the maturity index 
and contextual fear conditioning was also seen in WT and DTA adolescent mice (r= 0.74, P= 
0.0027, n= 14), and in adolescent mice in which microglia were chemogenetically activated from 
P13-17 (r= 0.87, P= 0.001, n= 16). 
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Fig S2. LB Increases Microglial Phagocytic Activity in Adolescent P33 mice. CTL and LB 
adolescent mice were perfused at P33 to assess microglial volume, CD68 volume, number of 
PSD95 puncta inside microglia, and number of PSD95 puncta inside CD68. For representative 
images see figure 2. (A) Microglial volume. Rearing: F (1, 12) = 0.344, P= 0.57, Sex: F (1, 12) = 
0.89, P= 0.36, Interaction: F (1, 12) = 1.19, P= 0.29 (B) CD68 phagosome volume inside microglia. 
Rearing: F (1, 12) = 0.36, P= 0.56, Sex: F (1, 12) = 0.14, P= 0.71, Interaction: F (1, 12) = 0.42, 
P= 0.53.  (C) PSD95 puncta inside microglia. Rearing: F (1, 12) = 35.54, P< 0.0001, Sex: F (1, 
12) = 0.67, P= 0.43, Interaction: F (1, 12) = 1.18, P= 0.30 (D). PSD95 puncta inside CD68. 
Rearing: F (1, 12) = 21.62, P= 0.0006, Sex: F (1, 12) = 1.054, P= 0.32, Interaction: F (1, 12) = 
0.019, P= 0.89. Error bars represent mean ± SEM. Two-way ANOVA, ***p< 0.001, ****p< 0.0005. 
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Fig S3. Transient Microglial Ablation During the Second and Third Weeks of Life Does not 
Impact Weight or Mobility at P17. (A) Schematics of ablation strategy. Tamoxifen (TMX) 
induces Cre mediated removal of a neomycin-GFP cassette containing a stop codon allowing for 
the expression of the diphtheria toxin A (DTA) subunit in microglia. (B) Experimental timeline. 
TMX (30mg/kg) was administered i.p. at P10 and tissue was collected at P13, P17, P21 and P26. 
(C-D) Western blot and quantification of Iba1 in the hippocampus (N= 5-7 mice per age and 
genotype, 50% females). (E-F) Confocal images and quantification of the number of Iba1-positive 
cells in the stratum radiatum (N= 6-8 mice per age and genotype, 50% females). Effects of 
genotype (WT vs DTA), sex, and their interaction in body weight (G), total distance moved (H) 
and maximum in the open field test velocity (I). Error bars represent mean ± SEM.  
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Fig S4- HA-Gq-DREADD expression in P17 Microglia. (A) Schematic illustration of the 
tamoxifen induced expression of HA-Gq-DREADD in CX3Cre-ET2-Gq-DREADD mice. (B) Gq and 
WT pups were administered tamoxifen i.p. at P10 (30mg/kg), followed by daily CNO injections 
P13-17 and perfused at P17. Tissue was then stained with anti-HA antibody (1:1000; 
BioLegend, Cat. #901501) and anti-Iba1 antibodies (1:500; Wako, Cat. #019-19741). HA-Gq-
DREADD expression was detected in microglia from Gq but not WT littermates.  
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Fig S5- LB Increases Phagocytic Activity in Female Astrocytes Located in the Stratum 
Radiatum. (A) Low magnification of GFAP-positive cells in the dorsal hippocampus. (B) Higher 
magnification of GFAP (green) and PSD95 (red) staining and Imaris models of a GFAP-positive 
astrocyte located in the stratum radiatum and PSD95 puncta inside the cell. (C) Density of 
GFAP-positive cells in the stratum radiatum. Rearing: F (1, 19) = 0.95, P= 0.34, Sex: F (1, 19) = 
0.19, P= 0.67, Interaction: F (1, 19) = 0.009, P= 0.92. (D) Number of PSD95 puncta per GFAP-
positive cell, Rearing: F (1, 19) = 1.694 P= 0.21, Sex: F (1, 19) = 1.48, P= 0.24, Interaction: F (1, 
19) = 6.82; P= 0.017, Males: P= 0.58, Females: P= 0.028. (E) Density of PSD95 puncta in 
GFAP-positive astrocytes, Rearing: F (1, 19) = 7.18, P= 0.014, Sex: F (1, 19) = 7.54; P= 0.013, 
Interaction: F (1, 19) = 3.6, P= 0.073. Males: P= 0.82, Females P= 0.010. Error bars represent 
mean ± SEM. *p< 0.05.  
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Fig S6. Microglial Ablation Increases PSD95 Puncta and MEGF10 Expression in Normally 
Developing Male and Female Pups. WT and DTA P10 pups were administered tamoxifen i.p. 
at P10 and processed at P17 to assess phagocytic activity and MEGF10 levels in GFAP-
positive astrocytes located in the stratum radiatum. (A) Representative confocal images and 
Imaris models. (B) Cell volume, Rearing: F (1, 16) = 20.34, P=0.0004, Sex: F (1, 16) = 0.00037 
P= 0.98, Interaction: F (1, 16) = 3.33, P=0.086, Sidak post-hoc, males: P= 0.15, females: P= 
0.0008. (C) Number of PSD95 puncta inside GFAP-positive astrocytes, Rearing F (1, 16) = 
15.59, P=0.0012, Sex: F (1, 16) = 0.035, P= 0.85, Interaction: F (1, 16) = 0.26, P= 0.62, Sidak 
post-hoc, males: P= 0.11, females: P= 0.12. (D) MEGF10 staining in astrocytes, Rearing: F (1, 
16) = 8.2, P= 0.011, Sex: F (1, 16) = 0.41, P= 0.53, Interaction: F (1, 16) = 0.00075, P= 0.97, 
Sidak post-hoc, males: P= 0.012, females: P= 0.053. Error bars represent mean ± SEM. *p< 
0.05, **p< 0.01, ***p< 0.001.  
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