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 34 

Abstract 35 
 36 

As a pregnancy progresses, inhibition of aversion circuitry and activation of 37 
reward-related pathways is necessary for the onset of maternal care postpartum. We 38 
and others have also demonstrated significant neuroimmune changes that emerge 39 
during late pregnancy and persist postpartum, most prominently decreased microglia 40 
numbers within limbic brain regions. Here we hypothesized that microglial 41 
downregulation is important for the onset and display of maternal behavior. To test this, 42 
we recapitulated the peripartum neuroimmune profile by depleting microglia in non-43 
mother (i.e., nulliparous) female rats who are typically not maternal but can be induced 44 
to behave maternally towards foster pups after repeated exposure, a process called 45 
maternal sensitization. BLZ945, a selective colony-stimulating factor 1 receptor 46 
(CSF1R) inhibitor, was administered systemically to nulliparous rats, which led to ~75% 47 
decrease in microglia number. BLZ- and vehicle-treated females then underwent 48 
maternal sensitization and tissue stained for ∆fosB to examine activation across 49 
maternally relevant brain regions. We found BLZ-treated females with microglial 50 
depletion met criteria for displaying maternal behavior significantly sooner than vehicle-51 
treated females and displayed increased pup-directed behaviors. Microglia depletion 52 
also reduced threat appraisal behavior in an open field test. Notably, nulliparous 53 
females with microglial depletion had decreased numbers of ∆fosB+ cells in the medial 54 
amygdala and periaqueductal gray, and increased numbers in the prefrontal cortex and 55 
somatosensory cortex compared to vehicle. Our results demonstrate that microglia 56 
regulate maternal behavior in adult females, possibly by shifting patterns of the activity 57 
in the maternal brain network.   58 

59 



 60 
1. Introduction 61 

Over 200 million people worldwide become pregnant each year [1]. Successful 62 
maternal care is necessary for the well-being of both mother and offspring, with life-long 63 
consequences when perturbed [2-4]. Across mammalian species, new mothers exhibit 64 
coordinated changes in the neural circuits that regulate processes essential for 65 
appropriate maternal behavior. When considering maternal care in rodents, this involves 66 
inhibition of aversion circuitry and activation of reward-related pathways, resulting in a 67 
shift from pup avoidance or attack, to pup-directed behavior [5,6]. 68 

 69 
 Neuroendocrine factors mediating the transition from aversion to reward have 70 
been well-elucidated [7-9]. However, pregnancy affects nearly every system in the body 71 
[10], and one system that undergoes particularly profound changes is the immune 72 
system. In the periphery, pregnancy induces a shift from a pro-inflammatory toward a 73 
more anti-inflammatory signaling milieu. This occurs to prevent an attack on non-self 74 
cells (i.e., the fetus), and is therefore necessary to support a successful pregnancy and 75 
healthy fetal development [11-13]. While the timing and general purpose of these shifts 76 
in the peripheral immune milieu are well established, considerably less is known about 77 
the status of immune cells and inflammatory signaling within the central nervous system 78 
during pregnancy. We and others have recently shown that the brain of pregnant and 79 
postpartum rats displays significant decreases in the number of innate immune cells, 80 
called microglia [14-16]. These decreases are particularly observed in several limbic 81 
brain regions that play critical roles in maternal care [16], including the prefrontal cortex, 82 
nucleus accumbens, amygdala, and hippocampus. This decrease in microglia emerges 83 
during late pregnancy and persists until at least postpartum day 8, the time frame during 84 
which maternal behavior is at its highest. Microglia return in number by postpartum day 85 
21, the same time at which pups are ready to be weaned.  86 
 87 

Given the concurrent timing of microglia downregulation in the peripartum brain 88 
and the onset of maternal behavior, we aimed to investigate whether these microglia 89 
changes are involved in the onset and display of maternal behavior. One approach for 90 
examining the role of microglia involves global depletion with selective colony-91 
stimulating factor 1 receptor (CSF1R) inhibitors. The CSF1 pathway is essential for 92 
microglia survival, and accordingly its inhibition causes rapid apoptosis [17]. In adult 93 
male mice, microglia depletion with PLX5622, a CSF1R inhibitor [18] did not have any 94 
significant effects on locomotor, anxiety-like, or cognitive behavior. Similarly, there were 95 
no effects on sociability in male mice following microglia depletion via systemic 96 
administration of another CSF1R inhibitor, PLX3397 [19]. However, since females were 97 
not examined, the possibility remains that microglia are important for the display of 98 
female-specific social behaviors like maternal caregiving. 99 

 100 
Rats that have never been mothers (e.g., nulliparous females) do not 101 

spontaneously display maternal behavior, but alloparenting behavior can be induced 102 
through continuous or repeated exposure to foster pups. This process, known as 103 
maternal sensitization, has been a valuable model for exploring the factors responsible 104 
for maternal care [20-27]. Here, we used the maternal sensitization model to investigate 105 



microglia modulation of maternal behavior for the first time. Specifically, we depleted 106 
microglia from the brains of nulliparous rats and tested whether recapitulating the 107 
decreased microglia tone that we previously observed in the maternal brain would 108 
impact their subsequent sensitization to maternal behavior and display of caregiving 109 
behaviors. We then examined number of cells expressing ∆fosB across brain regions 110 
important for facilitating the shift from aversion to reward in promoting maternal care. As 111 
∆fosB is a marker of neuronal activation and accumulates in neurons after repeated 112 
exposure to external stimuli [28], in this case continuous foster pup exposure, this would 113 
provide insights into which brain regions across extensive maternal circuitry were 114 
differentially active during the sensitization procedure as a result of microglia depletion. 115 
Together these studies implicate microglia downregulation in facilitating maternal 116 
behavior onset, possibly by shifting patterns of the activity in the maternal brain network. 117 
 118 
2. Materials and Methods 119 

2.1 Animals. All procedures were conducted in accordance with The Guide for 120 
the Care and Use of Laboratory Animals published by the National Institutes of Health 121 
and approved by The Ohio State University Institutional Animal Care and Use 122 
Committee. Adult female nulliparous Sprague Dawley rats and timed gestational day 8 123 
and gestational day 15 pregnant rats (Harlan/Envigo) were ordered, single housed upon 124 
arrival and provided with nesting material. Pregnant rats served as surrogates to 125 
provide foster pups for nulliparous animals. Animal cages for all animals were kept in 126 
the same temperature- and humidity-controlled room maintained on a 12/12hour 127 
light/dark cycle. Animals were given food and water ad libitum. Upon study completion, 128 
surrogate dams and foster pups were used for other pilot studies within the lab when 129 
possible or humanely euthanized with CO2.  130 

 131 
2.2 Microglia Depletion. In this study, we utilized a CSF1R antagonist, BLZ945, 132 

that works via a similar mechanism to PLX5622 used by many other groups to deplete 133 
microglia in rodents. BLZ945 is equally effective at microglia depletion, [29] but unlike 134 
PLX drugs, was widely commercially available at the time we began these experiments. 135 
A 10 mg/ml solution of BLZ945 (Selleckchem; #S7725) was prepared 1-2 days before 136 
use in vehicle of 20% 2-hydroxy-propyl-β-cyclodextrin (Sigma; H107-5G), (powder 137 
dissolved in molecular H20). Adult female rats were injected intraperitoneally with 138 
BLZ945 (N=4) at a dosage of 60 mg/kg or an equivalent volume of vehicle (N= 4) 139 
followed by a second administration 48 hours later. A pilot study for dose effectiveness 140 
revealed that a larger dose (100mg/kg) achieved the same depletion level as the dose 141 
(60mg/kg) used for sensitization experiments. Twenty-four hours following the second 142 
injection, rats were euthanized to verify effectiveness of BLZ945 at depleting microglia. 143 
Additional groups of adult female rats were randomly assigned to receive vehicle (N = 144 
12) or BLZ945 (N = 12) according to the same administration paradigm, but 24 hours 145 
after the second injection, the maternal sensitization procedure began.  146 

 147 
2.3 Maternal Sensitization. Each day between 8:30-10:30am, a home cage 148 

observation was performed. Nulliparous females were given three same-aged foster 149 
pups (1-10 days old) scattered in the home cage opposite to where the nulliparous 150 
female was positioned [23, 24]. The youngest available foster pups were used each day, 151 



and age of pups was balanced across conditions. Incidences of maternal and non-152 
maternal behaviors were tabulated every 30 sec for a 30-minute period via scan 153 
sampling, for a total of 60 scans (2 per minute). Maternal behaviors included: huddling 154 
(laying on or in physical contact with pups), pup-licking (licking the pup’s 155 
body/anogenital region), pup-sniffing, retrieving (grasping of the pup with the mouth and 156 
returning it to the nest), mouthing (grasping the pup with the mouth, carrying it around, 157 
but not to the nest), and nest-building (collecting and/or handing nesting material). Non-158 
maternal behaviors included: self-grooming, eating, rearing (two front paws off the 159 
ground), sniffing air (with head/neck extended), and resting (no general motor activity, 160 
not in contact with pups). Each morning, the pups were removed from the nulliparous 161 
female’s home cage and replaced by milk-replete foster pups that had remained with a 162 
lactating surrogate for at least 24 hours. Continuous pup exposure was chosen as it 163 
allows for more rapid sensitization as has been previously reported [21, 30, 31]. Pups 164 
can remain healthy for that time frame, and as such there were zero instances of pup 165 
death due to poor thermoregulation or malnutrition in the current study. The daily 166 
observation began when the replacement pups were added to the cage. All 167 
observations took place in the animal colony room and were performed by a single 168 
observer. Nulliparous females were considered maternal (“sensitized”) when they 169 
licked, retrieved, and grouped all three pups within the 30-minute observation period on 170 
two consecutive days. The first of these two consecutive days was operationalized as 171 
the day the animal become maternal (e.g., the latency to maternal behavior onset). 172 

 173 
2.4 Open Field Test The day after maternal criteria were met, rats were 174 

subjected to an open field test (60cm x 60cm arena) for 10 minutes under red light 175 
following a 10 minute habituation period to the behavioral testing room. The task was 176 
video recorded and scored by a rater blind to experimental conditions. Videos were 177 
scored for time spent in the center of the arena, number of entries into the center of the 178 
arena, and number of grid crosses that occurred as a proxy measure of overall 179 
locomotor behavior. One hour following the completion of the open field test, animals 180 
were euthanized.  181 

 182 
2.5 Tissue processing, histology, and cell counting. Animals were deeply 183 

anesthetized with Euthasol and then transcardially perfused with 0.01M phosphate 184 
buffered saline (PBS) and 4% paraformaldehyde. Brains were extracted, post-fixed in 185 
4% paraformaldehyde for 24 hours followed by 30% sucrose solution. Brains were 186 
sectioned coronally at 40µm into cryoprotectant. Tissue sections were subsequently 187 
mounted on charged slides and microglia immunofluorescent staining according to the 188 
following procedure. Tissue was washed in 0.01M PBS, followed by 30 minutes in 50% 189 
methanol to quench background fluorescence. Antigen retrieval was performed using a 190 
tris-EDTA buffer for 10 minutes in a 90°C water bath followed by 10 minutes in the 191 
buffer at room temperature. Tissue was permeabilized for 1 hour with 0.4% Triton-x100 192 
in 0.01M PBS and blocked for 1 hour in 5% Normal Donkey Serum (NDS; Lampire 193 
Biological Laboratories, #7332100) in 0.4% Triton in 0.01M PBS. To label Iba1+ 194 
microglia (Wako [#019-19741]) or ∆fosB (Abcam [ab184938]), tissue incubated in 195 
primary antibody (1:500) with 2.5% NDS in 0.4% Triton in 0.01M PBS for 24 hours at 196 
4°C. Slides were well rinsed and secondary antibody (donkey anti-rabbit Alexa Fluor+ 197 



highly cross-adsorbed 647+ [Invitrogen, #A32795]; 1:200) added with 2.5% NDS in 198 
0.4% Triton in 0.01M PBS for 2 hours.  Slides were cover-slipped with Prolong Diamond 199 
Antifade mountant (Invitrogen, #P36970). Four to six representative images per animal 200 
for all regions of interest (ROI), counterbalanced across hemispheres, were obtained in 201 
StereoInvestigator (MBF Bioscience) on a Zeiss Axioimager M2 microscope and a 202 
CX9000 Digital Camera. ROIs analyzed included (with stereotaxic coordinates in 203 
reference to bregma [32]: prelimbic prefrontal cortex (PFC; +3.20mm), nucleus 204 
accumbens (NAc; +1.20mm), preoptic area (POA; -1.30mm), medial amygdala (MeA; -205 
2.80mm), periaqueductal grey (PAG; -5.60mm), anterior olfactory nucleus (AON; 206 
+3.70mm), and the barrel field within the primary somatosensory cortex (S1BF; -207 
1.30mm). Iba1 was captured at 10x and ∆fosB was imaged at 20x. Images were then 208 
analyzed by a rater blinded to conditions in ImageJ.  209 

 210 
2.6 Statistical analysis. One-way ANOVAs with Tukey’s post hoc comparisons 211 

were used to analyze efficacy of the two different drug doses on microglia depletion. 212 
Unpaired two-tailed t-tests were conducted to compare vehicle vs BLZ treatment 213 
outcomes on behavior, and Welch’s corrections used when between group variances 214 
were unequal. Statistical significance for these experiments was set at α = 0.05.  215 
Pearson’s correlations were conducted between: open field behavior and latency to 216 
reach maternal criteria, ∆fosB counts and select maternal behaviors (latency to reach 217 
maternal criteria, licking pups, and sniffing pups), and ∆fosB counts between brain 218 
regions within both experimental groups. Fisher r-to-z transformations were performed 219 
followed by Fisher Z-tests on transformed data [33] to assess any potential differences 220 
in correlations between experimental groups. Bonferroni correction was applied to these 221 
analyses (α = 0.05/# comparisons) to control for multiple comparisons. Data points were 222 
considered statistical outliers when greater than ±2 standard deviations away from the 223 
mean and removed when appropriate. Effect size (eta squared [R2]) calculations were 224 
reported for significant effects, where a value of 0.01 is considered a small effect, 0.06 a 225 
medium effect, and 0.14 (or higher) a large effect. Statistics were conducted in Prism 9 226 
Software (GraphPad Software; San Diego, CA) or R (version 4.2).  227 
 228 
3. Results 229 

3.1 BLZ945 treatment successfully and rapidly depleted microglia  230 
  BLZ945 treatment led to a significant decrease in microglia number relative to 231 
vehicle treatment across all brain regions examined. The average reduction in microglia 232 
number across region was ~75%, and there were no differences in the level of depletion 233 
produced between the two doses of BLZ945. Full statistical results are shown in Table 234 
1. Only the data for vehicle vs 60mg/kg are shown in Figure 1 because the 60 mg/kg 235 
dose was chosen for use in subsequent experiments. Data for 100mg/kg dosing is 236 
depicted in Supplemental Figure 1.  237 

238 



 239 
 240 

 One-way ANOVA Tukey’s HSD 
 F(df) p  R 2 Vehicle vs 60mg/kg BLZ Vehicle vs 100mg/kg BLZ 60mg/kg vs 100mg/kg BLZ 

PFC 112.4 
(2,9) p < 0.0001 0.962 p < 0.0001 p < 0.0001 p = 0.512 

NAc 256.9 
(2,9) p < 0.0001 0.983 p < 0.0001 p < 0.0001 p = 0.912 

POA 83.44 
(2,9) p < 0.0001 0.949 p < 0.0001 p < 0.0001 p = 0.635 

AMY 109.3 
(2,9) p < 0.0001 0.961 p < 0.0001 p < 0.0001 p = 0.496 

PAG 161.0 
(2,9) p < 0.0001 0.973 p < 0.0001 p < 0.0001 p = 0.374 

AON 71.68 
(2,8) p < 0.0001 0.947 p < 0.0001 p < 0.0001 p = 0.806 

S1BF 106.6 
(2,9) p < 0.0001 0.960 p < 0.0001 p < 0.0001 p = 0.381 

 

Table 1. One-way ANOVA results with Tukey’s multiple comparisons between vehicle, 60mg/kg of 
BLZ945, and 100mg/kg of BLZ945 demonstrating effects on microglia cell numbers across brain regions. 



 241 
  242 

3.2 Microglia depletion promoted onset of maternal behavior and reduced 243 
threat appraisal behavior 244 

After verifying that the BLZ945 treatment strategy led to substantial and rapid 245 
microglia depletion, we applied the maternal sensitization procedure to another cohort 246 
of nulliparous females one day following the second administration of BLZ945. 247 
Nulliparous females undergoing maternal sensitization must display retrieval, grouping, 248 



and huddling to be considered fully maternal, but the full criteria for maternal behavior is 249 
typically preceded by exhibiting sporadic maternal behaviors as well as other non-250 
maternal behaviors [25, 26]. 251 

BLZ945- and vehicle-treated animals showed several notable differences in 252 
behavior in the days leading up to reaching maternal sensitization criterion. Prior to 253 
reaching the threshold for sensitization, BLZ-treated females showed increased pup-254 
directed behaviors that included more licking, t(11.09) = 2.54, p = 0.027, R 2 = 0.369, 255 
and sniffing of foster pups relative to vehicle-treated females, t(13.98) = 3.35, p = 0.005, 256 
R 2 = 0.445, while vehicle-treated females had higher rates of ‘other’ behaviors t(9.20) = 257 
2.46, p = 0.036, R 2 = 0.260 (Fig. 2A). All other observed behaviors did not vary by 258 
experimental treatment, p’s > 0.1. With regard to the days needed to reach sensitization 259 
threshold, BLZ-treated females had a significantly shorter latency to display full 260 
maternal behavior than vehicle-treated animals, t(22) = 2.23, p = 0.0365, R 2 = 0.184 261 
(Fig. 2B). 262 

The day after an animal was designated as maternal, it was tested in the open 263 
field to assess threat appraisal behavior.  BLZ-treated animals showed decreased threat 264 
appraisal behavior compared to vehicle-treated animals, as measured by increased 265 
time spent in the center of an open field, t(21) = 4.67, p < 0.001, R 2 = 0.509, as well as 266 
increased number of entries into the center of the open field, t(21) = 3.21, p = 0.004, R 2 267 
= 0.329. These differences were not due to changes in locomotor activity, as indicated 268 
by similar numbers of grid crosses between groups, t(21) = 0.26, p = 0.780. (Fig. 2C). 269 
When correlating time spent in the center of the open field with latency to maternal 270 
criteria (Fig. 2D), there was only a significant correlation in the vehicle-treated animals, r 271 
= -0.658, p = 0.027, R2 = 0.433, and not the BLZ-treated group, r = -0.044, p = 0.891.   272 
 273 
 3.3 Microglia depletion prior to maternal sensitization altered ∆fosB 274 
expression across maternally relevant brain regions  275 

Next, we examined the extent to which there was a difference in activity across 276 
brain regions governing these behaviors resulting from microglia depletion, using ∆fosB+ 277 
cells as a proxy for chronic neuronal activation.  In the sensitized animals who 278 
previously had microglia depleted with BLZ945, there was increased number of ∆fosB+ 279 
cells in both the PFC, t(22) = 2.346, p = 0.028, R2 = 0.20 and the S1BF, t(21) = 2.248, p 280 
= 0.035, R2 = 0.194, when compared to those that were treated with vehicle (Fig. 3A). 281 
Furthermore, there was a significant decrease in number of ∆fosB+ cells in both fear 282 
appraisal regions assessed, the MeA, t(20) = 2.947, p = 0.008, R2 = 0.303, and the 283 
PAG, t(19) = 5.363, p < 0.0001,  R2 = 0.602, in BLZ-treated animals compared to 284 
vehicle-treated. BLZ-treated animals trended towards increased numbers of ∆fosB+ cells 285 
in both the NAc, t(22) = 1.808, p = 0.084, and the POA, t(22) = 1.824, p = 0.082, 286 
compared to those treated with vehicle, although both failed to reach significance. There 287 
was no difference in the AON, t(21) = 0.1099, p = 0.914, between treatment conditions.  288 

 289 
We then assessed whether there was a pattern to changes in ∆fosB cell numbers 290 

between brain regions. Network analyses of each treatment group (Fig. 4A) show within 291 
group correlations (see Supplement Table 1 for full statistical results). We examined 292 
whether these correlations varied by treatment condition and found significantly different 293 
patterns of activation in vehicle-treated rats compared to rats that had microglia 294 



depleted prior to maternal sensitization (Fig. 4B). Finally, we examined whether ∆fosB 295 
numbers correlated with the display of maternal behaviors. Statistical results are 296 
displayed in Supplemental Table 2. There were no significant correlations with overall 297 
latency to reach maternal criteria, or pup-directed licking or sniffing with ∆fosB numbers 298 
across brain regions in either vehicle or BLZ treated animals.  299 

 300 
Overall, microglia depletion prior to maternal sensitization led to shifts in ∆fosB+ 301 

staining throughout the maternal brain network of sensitized animals. Moreover, there 302 
are distinct differences between treatment conditions in the pattern of ∆fosB+ between 303 
brain regions, though no relationship was found with the display of maternal behaviors.   304 
 305 

 306 
307 
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Figure 2. A.) Behaviors quantified during maternal sensitization observation the day prior to maternal 
criteria being met, represented as percentage of total behaviors recorded. Bar graphs show individual 
data points for behaviors that were significantly different between experimental treatments. B.) Latency 
corresponding to the first day of two consecutive displays of maternal behavior. C.) Time in and entries 
into center of the Open Field (OF) arena, and number of grid crosses made during 10min recording. D.) 
Latency to maternal criteria correlated to time spent in the center of the Open Field for each 
experimental treatment (same result when correlated to number of entries into center). Individual data 
points for each animal are included. Error bars represent mean ± SEM. Unpaired two-tailed t-tests: * P 
< 0.05, ** P < 0.01, *** P = 0.001, ns – not significant.  
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 311 
312 

Figure 3. A.) Quantification of ∆fosB positive cells in maternally-sensitized animals across regions 
of interest: prefrontal cortex (PFC), nucleus accumbens (NAc), preoptic area (POA), medial 
amygdala (MeA), periaqueductal gray (PAG), anterior olfactory nucleus (AON), and barrel field 
within primary somatosensory cortex (S1BF). B.) Representative images (20x) of ∆fosB staining in 
Vehicle- vs BLZ-treated animals taken in the PFC and PAG. Individual data points for each animal 
are included. Error bars represent mean ± SEM. Unpaired two-tailed t-tests: * P < 0.05, ** P < 
0.01, **** P < 0.0001.  



 313 

 314 
 315 

316 Figure 4. A.) Correlation networks of ∆fosB counts between brain regions within Vehicle and 
BLZ-treated animals. Transparency and width of lines represents strength of correlation. 
Regions that have similar correlation patterns cluster together. Black dashed lines represent 
within group correlations between regions that have p-values < 0.05, but do not remain 
significant following Bonferroni correction (significance set at p < 0.002). B.) Statistical 
comparison of ∆fosB correlations in Vehicle-treated animals vs correlations in BLZ-treated 
animals. Between treatment group comparisons that reached statistical significance (p < 0.002) 
are denoted above dashed line for ease of presentation. 



4. Discussion 317 
We and others have previously reported decreased microglia number in the 318 

maternal brain that emerges during late pregnancy and persists for at least one week 319 
postpartum [14, 15]. Here, we showed that experimentally inducing decreased microglia 320 
tone in nulliparous female rats led to an accelerated onset of maternal behavior in a pup 321 
sensitization paradigm. Thus, even in the absence of hormonal manipulations, 322 
recapitulating the neuroimmune profile seen in the peripartum brain is sufficient to 323 
promote the display of maternal behaviors in nulliparous females. Moreover, we found 324 
that microglia depleted females showed increased investigative behaviors specifically 325 
directed toward pups, and evidence of decreased threat appraisal behavior on the open 326 
field test without impacting overall locomotor activity levels. The novel finding that 327 
microglia manipulations facilitate maternal caregiving behavior in maternally-328 
unexperienced animals points to an unappreciated role for neuroimmune cells in 329 
adaptive function in the adult female brain. 330 

 331 
Pups are initially aversive stimuli to non-sensitized female rats [30], and 332 

avoidance behavior is partially mitigated by inhibition of brain regions involved in fear 333 
and anxiety-like behaviors [31, 34-36]. Thus, we sought to determine whether a more 334 
rapid display of maternal behavior could be attributed to a reduction in threat appraisal. 335 
There were significant changes in ∆fosB staining in the MeA and PAG, two regions 336 
critical for the aversion behavior that non-maternal rodents exhibit in response to pup 337 
exposure. Specifically, there was a decrease in activation of these regions if the animals 338 
were treated with BLZ prior to being sensitized, compared to those treated with vehicle. 339 
While the loss of microglia did also reduce threat appraisal behavior in the open field, 340 
this effect did not correlate with a faster onset of maternal care. Thus, changes in threat 341 
appraisal alone are likely insufficient to account entirely for the accelerated onset of 342 
maternal care after microglial depletion. This is consistent with previous work showing 343 
that only inhibiting the fear response was inadequate in promoting a quicker onset of 344 
maternal behavior in nulliparous females [37]. 345 
 346 
 Somatosensory and chemosensory input from pups is also critical in facilitating 347 
the reinforcing properties of maternal-pup interactions and reducing neophobic 348 
responses [7, 38]. The somatosensory cortex in mothers is responsible for governing 349 
tactile interactions with pup, both through whisker stimulation that occurs during sniffing, 350 
and in maternal animals, suckling during lactation [8, 39, 40]. Increased ∆fosB cell 351 
numbers in S1BF following microglia depletion is consistent with the increased display 352 
of pup-directed sniffing exhibited by the BLZ-treated animals. The olfactory system also 353 
mediates maternal caregiving, with pup odor being a well-established aversive cue in 354 
nulliparous females that normally acts to inhibit maternal care. There is some evidence 355 
that microglia depletion leads to olfactory deficits, which if present in the current study, 356 
could have led to accelerated maternal sensitization [35, 37]. However, studies showing 357 
olfactory deficits examined developmental microglia depletion and weeks-long depletion 358 
in adult animals [41, 42].  Here, using acute microglia depletion, we did not see any 359 
difference in activation of the AON, and behaviorally the BLZ-treated animals spent 360 
more time engaging in sniffing the foster pups. Thus, olfactory impairments are unlikely 361 
to be responsible for the maternal phenotype displayed after microglia depletion.  362 



 363 
Increased activation of reward-related regions is necessary for maternal care to 364 

be displayed [5].  Retrieval and pup-directed licking and sniffing are behaviors often 365 
linked with increased dopaminergic activity [43] in mesolimbic reward pathways [9]. 366 
∆fosB staining, though trending higher following microglia depletion, did not reach 367 
significance in the NAc. There may have been a ceiling effect in this measure, as we 368 
collected tissue after animals were fully sensitized, and pup interactions should be 369 
rewarding to animals across both treatment groups. Examining immediate early gene 370 
expression earlier in the sensitization process may be more likely to capture differences 371 
in reward-related regions. The POA serves as an important central integrator to regulate 372 
approach and avoidance responses [9] and as all sensitized animals completed the shift 373 
from avoidance to approach, it is possible that microglia loss would also significantly 374 
impact activation of this area earlier in the sensitization procedure than we examined 375 
here.  376 

 377 
We found increased activation in the PFC in microglia depleted animals 378 

compared to those treated with vehicle. The PFC, especially the medial prelimbic 379 
subregion where our analyses were focused, is important for modulating maternal care 380 
behaviors. Via output projections to the nucleus accumbens, the prelimbic PFC 381 
regulates dopaminergic activity and guides motivated maternal behavior [44]. Moreover, 382 
it has been shown that lesions of the PFC impair pup retrieval and pup licking [45], two 383 
behaviors that in the current study were promoted in microglia-depleted females. 384 
Increases in dendritic architecture in the PFC have also been linked to improved 385 
attention and behavioral flexibility in maternal rats, as tested in an attentional set shifting 386 
task [46]. Rats that perform worse in an attentional set shifting task also have been 387 
found to be less attentive to pups and spend less time licking pups [47]. Behavioral 388 
flexibility is necessary in sensitization paradigms [48], therefore it would be valuable to 389 
determine the consequence of PFC microglia loss on cognitive and executive function, 390 
and the extent to which it affects the display of maternal behaviors. Determining the 391 
consequences of both PFC and widespread microglia loss on cognition in adult females 392 
could also reveal important sex-specific roles for adult microglia function, as previous 393 
studies of microglia depletion in male rodents reported no major changes in cognitive 394 
outcomes [49], but may be missing female-specific effects. 395 
 396 

These studies provide an important foundation for future work determining which 397 
regions of the maternal brain are most impacted by the peripartum downregulation of 398 
microglia. Microglia-neuronal crosstalk is important for maintaining homeostatic 399 
conditions [50, 51]. Microglia shape neural circuitry, and consequently behavioral 400 
outputs, by regulating myelination, neurogenesis, and synaptic patterning [29, 52, 53]. 401 
This can be accomplished either through directly phagocytosing synaptic elements, or 402 
through the release of diffusible factors, such as cytokines, chemokines, complement 403 
components, and growth factors, leading to activation of downstream signaling 404 
pathways [51, 53, 54]. During late pregnancy, the brain rapidly adapts a widespread 405 
neuroplastic state to allow the mother to successfully provide care for her offspring. 406 
Absence of microglia has been linked to increased dendritic spine density [55], while 407 
increases in dendritic spines have also been shown in the postpartum brain [46, 56, 57]. 408 



Given that maternal microglia alterations are occurring at this same time [14], there may 409 
be a mechanistic link between microglia downregulation and circuit remodeling 410 
necessary to permit the onset of maternal behavior [58].  411 

 412 
Here, we examined ∆fosB expression as an indicator of which regions of the 413 

maternal circuitry might be implicated in the behavioral phenotype displayed following 414 
microglia depletion. Correlations of ∆fosB expression between brain regions showed 415 
different patterns of activation between vehicle-treated animals and those who had 416 
microglia depleted prior to sensitization, which suggests circuit level differences in 417 
neuronal activity. Additional studies examining co-localization of specific neuronal 418 
markers with ∆fosB to determine which populations are being activated would be a 419 
useful first step in understanding how microglia downregulation led to changes in the 420 
patterns of activity of the maternal brain network. For example, in the POA, ∆fosB 421 
expression co-localizes with oxytocin neurons following parturition in maternal animals 422 
[59], and reactivity in this region can increase following pup exposure [60]. However, 423 
∆fosB can be expressed by diverse cell populations across brain regions [59, 61, 62]. 424 
The breadth of regions examined here allows for the possible combination of excitatory 425 
and inhibitory populations experiencing changes in fosB expression, which would have 426 
varying implications for circuitry output. Another possibility is that transcription of fosB 427 
itself is an essential component for promoting maternal sensitization, as mice lacking 428 
the fosB gene have been found to be unable to care for or nurture pups [63]. Elucidating 429 
whether microglia depletion promoted an adaptive neuronal response to drive 430 
behavioral changes, or whether behavior changes promoted neuronal responses 431 
following microglia depletion could provide valuable mechanistic insight into the 432 
phenotype demonstrated here.  433 

 434 
Correlations of fosB cell numbers across brain regions with the display of specific 435 

maternal behaviors (latency to reach maternal criteria, pup-directed sniffing, and pup-436 
directed licking) yielded no significant results in both vehicle and BLZ-treated animals. 437 
This strengthens the idea that circuit levels differences in neuronal activity might be 438 
more relevant to consider when further exploring the mechanism governing behavioral 439 
changes following microglia depletion. It is also important to again consider that fosB 440 
measurements were taken after all animals were fully sensitized. It is possible that 441 
group-based relationships between fosB expression in individual brain regions with the 442 
display of a specific behaviors might be detectable earlier in the sensitization process, 443 
when brain remodeling to permit caregiving behaviors is underway.  444 
 445 

One caveat related to our experimental approach is that certain aspects of our 446 
microglia depletion strategy did not exactly recapitulate the downregulation of microglia 447 
seen in the maternal brain. We previously documented that microglia numbers decrease 448 
significantly across limbic regions in the maternal brain, but that the decrease does not 449 
occur in the motor cortex [14]. In contrast, peripheral administration of the CSF1R 450 
inhibitor BLZ945 led to decreased microglia in both limbic and non-limbic regions in 451 
adult female rats in this study. Moreover, global CSF1R inhibition has been shown to 452 
deplete peripheral monocytes and macrophages in addition to microglia [64]. Trafficking 453 
of peripheral immune cells into the brain can impact affective behavior [65, 66], so it is 454 
possible that the loss of peripheral innate immune cells could contribute to the social 455 



behavior phenotype we observed. However, the ability of peripheral immune cells to 456 
impact affiliative behavior in homeostatic conditions or in maternal animals remains to 457 
be established. CSF1R inhibitors are useful tools in examining how simultaneous 458 
microglia downregulation across many brain regions in a functional circuit is important in 459 
modulating behavior, but it is relevant to consider that a global depletion may have 460 
different outcomes than those occurring more specifically in a particular subset of brain 461 
regions.   462 
  463 

In our current study using the maternal sensitization paradigm, we did not directly 464 
assess how pup characteristics may be influencing the development of maternal 465 
behavior of the nulliparous animal after microglia loss. For example, some previous 466 
work has shown that male and female pups can elicit varying caregiving responses due 467 
to sex differences in urine odor [67] or pup ultrasonic vocalizations [68]. Whether the 468 
effect of microglia manipulations on maternal behavior is influenced or moderated by 469 
pup characteristics would be an important future question as we consider a broader role 470 
for microglia as mediators of social behavior.  471 

 472 
In conclusion, our results show BLZ945 was effective at rapidly and non-473 

invasively depleting microglia in the adult female rat brain. Further, we demonstrate a 474 
strong pro-social and anxiolytic behavioral phenotype following microglia depletion in 475 
the healthy adult brain of nulliparous female rats. These behavioral changes were 476 
accompanied by alterations in ∆fosB staining across brain regions critical for maternal 477 
care. There are two major implications of these findings. First, when considered with 478 
prior work suggesting little behavioral impact of microglial depletion in adult males [18, 479 
49] the current data suggest that there may in fact be key functions for microglia in 480 
modulating behavior in adult females. Second, these data give insight into the parts of 481 
the maternal brain network that are most impacted by microglia loss, and thereby may 482 
lead to advancements in our understanding of neuroimmune function in the maternal 483 
brain. Overall, this work suggests that the suppression of microglia seen in the brain 484 
during pregnancy may serve an adaptive role, permitting the onset of maternal 485 
behavior. Together, these data are transformative in that they provide evidence that 486 
microglia functional changes are relevant to study across a variety of research areas in 487 
neuroscience and behavior.  488 
 489 
Author contributions  490 
CND performed experiments, analyzed the data, and wrote the manuscript. DF 491 
contributed to behavior analysis. BL and KML conceptualized and supervised the 492 
experiments and edited the manuscript.  493 
 494 
Funding 495 
National Institute of Mental Health grant (R21 MH117482-02) to BL and KML; National 496 
Science Foundation grant (2114381) to BL and KML; CND was supported by National 497 
Institute of Neurological Disorders and Stroke (T32NS105864).  498 
 499 
Competing interests  500 
The authors have nothing to disclose. 501 

502 



 503 

References 504 

1. Sedgh G, Singh S, Hussain R. Intended and unintended pregnancies worldwide 505 
in 2012 and recent trends. Stud Fam Plann. 2014; 45:301–314. 506 
 507 

2. Orso R, Creutzberg KC, Wearick-Silva LE, Wendt Viola T, Tractenberg SG, 508 
Benetti F, et al. How early life stress impact maternal care: a systematic review of 509 
rodent studies. Front Behav Neurosci. 2019; 13:197. 510 
 511 

3. Champagne FA. Epigenetic mechanisms and the transgenerational effects of 512 
maternal care. Front Neuroendocrinol. 2008; 29:386–397. 513 
 514 

4. Brummelte S, Galea LAM. Postpartum depression: etiology, treatment and 515 
consequences for maternal care. Horm Behav. 2016; 77:153–166. 516 
 517 

5. Russell JA, Brunton PJ. The expectant brain: adapting for motherhood. Nat Rev 518 
Neurosci.  2008; 9:11–25. 519 
 520 

6. Numan M. Neural basis of maternal behavior in the rat. 521 
Psychoneuroendocrinology. 1988; 13:47. 522 
 523 

7. Numan M. Maternal behavior: neural circuits, stimulus valence, and motivational 524 
processes. Parent Sci Pract. 2012; 12:105–114. 525 
 526 

8. Stern JM. Maternal behavior: Sensory, hormonal, and neural determinants. 527 
Physiol Behav.  1989:105–226. 528 
 529 

9. Numan M, Stolzenberg DS. Medial preoptic area interactions with dopamine 530 
neural systems in the control of the onset and maintenance of maternal behavior 531 
in rats. Front Neuroendocrinol. 2008; 30:46–64. 532 
 533 

10. Napso T, Yong HEJ, Lopez-Tello J, Sferruzzi-Perri AN. The role of placental 534 
hormones in mediating maternal adaptations to support pregnancy and lactation. 535 
Front Physiol. 2018; 9:1091. 536 
 537 

11. Murrieta-Coxca J, Rodríguez-Martínez S, Cancino-Diaz ME, Markert UR, Favaro 538 
RR, Morales-Prieto DM. IL-36 cytokines: regulators of inflammatory responses 539 
and their emerging role in immunology of reproduction. Int J Mol Sci. 2019; 20. 540 
 541 

12. Mor G, Cardenas I. The immune system in pregnancy: a unique complexity. Am 542 
J Reprod Immunol. 2010; 63:425–433. 543 
 544 



13. Dye C, Lenz KM, Leuner B. Immune system alterations and postpartum mental 545 
illness: evidence from basic and clinical research. Front Glob Women’s Health. 546 
2022; 2. 547 
 548 

14. Haim A, Julian D, Albin-Brooks C, Brothers HM, Lenz KM, Leuner B. A survey of 549 
neuroimmune changes in pregnant and postpartum female rats. Brain Behav and 550 
Immun. 2016; 59:67–78. 551 
 552 

15. Posillico CK, Schwarz JM. An investigation into the effects of antenatal stressors 553 
on the postpartum neuroimmune profile and depressive-like behaviors. Behav 554 
Brain Res. 2016; 298:218–228. 555 
 556 

16. Dulac C, O’Connell LA, Wu Z. Neural control of maternal and paternal behaviors. 557 
Science. 2014; 345:765–770. 558 
 559 

17. Green KN, Crapser JD, Hohsfield LA. To kill a microglia: a case for CSF1R 560 
inhibitors. Trends Immunol. 2020; 41:771–784. 561 
 562 

18. Dagher NN, Najafi AR, Kayala KMN, Elmore MRP, White TE, Medeiros R, et al. 563 
Colony-stimulating factor 1 receptor inhibition prevents microglial plaque 564 
association and improves cognition in 3xTg-AD mice. J Neuroinflammation. 565 
2015; 12:139. 566 
 567 

19.  Torres L, Danver J, Ji K, Miyauchi, JT, Chen D, Anderson ME, et al. Dynamic 568 
microglial modulation of spatial learning and social behavior. Brain Behav and 569 
Immun. 2016; 55:6-16.  570 
 571 

20. Champagne F, Diorio J, Sharma S, Meaney MJ. Naturally occurring variations in 572 
maternal behavior in the rat are associated with differences in estrogen-inducible 573 
central oxytocin receptors. Proc Natl Acad Sci. 2001; 98:12736–12741. 574 
 575 

21. Fleming AS, Sarker J. Experience-hormone interactions and maternal behavior in 576 
rats. Physiol Behav. 1990; 47:1165. 577 
 578 

22. Leuner B, Shors TJ. Learning during motherhood: a resistance to stress. Horm 579 
Behav. 2006; 50:38–51. 580 
 581 

23. Li M, Fleming AS. The nucleus accumbens shell is critical for normal expression 582 
of pup-retrieval in postpartum female rats. Behav Brain Res. 2003; 145:99. 583 
 584 

24. Peña CJ, Neugut YD, Champagne FA. Developmental timing of the effects of 585 
maternal care on gene expression and epigenetic regulation of hormone receptor 586 
levels in female rats.  Endocrinology. 2013; 154:4340–4351. 587 
 588 



25. Ragan, Ahmed, Vitale, Linning-Duffy, Miller-Smith, Maguire, et al. Postpartum 589 
state, but not maternal caregiving or level of anxiety, increases medial prefrontal 590 
cortex GAD65 and vGAT in female rats. Front Glob Women’s Health. 2022; 591 
2:746518. 592 
 593 

26. Rees SL, Panesar S, Steiner M, Fleming AS. The effects of adrenalectomy and 594 
corticosterone replacement on induction of maternal behavior in the virgin female 595 
rat. Horm Behav. 2006; 49:337–345. 596 
 597 

27. Pedersen CA, Prange, Jr AJ. Induction of maternal behavior in virgin rats after 598 
intracerebroventricular administration of oxytocin. Proc Natl Acad Sci. 1979; 599 
76:6661–6665. 600 
 601 

28. Nestler EJ. ΔFosB: a transcriptional regulator of stress and antidepressant 602 
responses. Eur J Pharmacol. 2014; 753:66–72. 603 
 604 

29. Hagemeyer N, Hanft K-M, Akriditou M-A, Unger N, Park ES, Stanley ER, et al. 605 
Microglia contribute to normal myelinogenesis and to oligodendrocyte progenitor 606 
maintenance during adulthood. Acta Neuropathol. 2017; 134:441–458. 607 
 608 

30. Rosenblatt JS. Nonhormonal basis of maternal behavior in the rat. Science. 609 
1967; 156:1512–1514. 610 
 611 

31. Fleming AS, Vaccarino F, Luebke C. Amygdaloid inhibition of maternal behavior 612 
in the nulliparous female rat. Physiol Behav. 1980; 25:731. 613 
 614 

32. Paxinos G, Watson C. The rat brain in stereotaxic coordinates. Academic Press; 615 
1982. 616 

33. Salvatore M, Wiersielis KR, Luz S, Waxler DE, Bhatnagar S, Bangasser DA. Sex 617 
differences in circuits activated by corticotropin releasing factor. Horm Behav. 618 
2018; 145-153.  619 

34. Stern JM. Maternal behavior priming in virgin and caesarean-delivered Long-620 
Evans rats: effects of brief contact or continuous exteroceptive pup stimulation. 621 
Physiol Behav. 1983; 31:757. 622 
 623 

35. Fleming AS, Rosenblatt JS. Olfactory regulation of maternal behavior in rats: I. 624 
Effects of olfactory bulb removal in experienced and inexperienced lactating and 625 
cycling females. J Comp Physiol Psychol. 1974; 86:221–232. 626 
 627 

36. Lonstein JS. Regulation of anxiety during the postpartum period. Front 628 
Neuroendocrinol. 2007; 28:115–141. 629 
 630 



37. Fleming A, Vaccarino F, Tambosso L, Chee P. Vomeronasal and olfactory 631 
system modulation of maternal behavior in the rat. Science. 1979; 203:372–374. 632 
 633 

38. Morgan HD, Fleming AS, Stern JM. Somatosensory control of the onset and 634 
retention of maternal responsiveness in primiparous Sprague Dawley rats. 635 
Physiol Behav. 1992; 51:549. 636 
 637 

39. Brecht M. Barrel cortex and whisker-mediated behaviors. Curr Opin Neurobiol. 638 
2007; 17:408–416. 639 
 640 

40. Rosselet C, Zennou-Azogui Y, Xerri C. Nursing-induced somatosensory cortex 641 
plasticity: temporally decoupled changes in neuronal receptive field properties 642 
are accompanied by modifications in activity-dependent protein expression. J 643 
Neurosci. 2006; 26:10667–10676. 644 
 645 

41. Erblich B, Zhu L, Etgen AM, Dobrenis K, Pollard JW. Absence of colony 646 
stimulation factor-1 receptor results in loss of microglia, disrupted brain 647 
development and olfactory deficits. PLoS ONE. 2011; 6:e26317. 648 
 649 

42. Wallace J, Lord J, Dissing-Olesen L, Stevens B, Murthy VN. Microglial depletion 650 
disrupts normal functional development of adult-born neurons in the olfactory 651 
bulb. eLife. 2020; 9. 652 
 653 

43. Champagne FA, Chretien P, Stevenson CW, Zhang TY, Gratton A, Meaney MJ. 654 
Variations in nucleus accumbens dopamine associated with individual 655 
differences in maternal behavior in the rat. J Neurosci. 2004; 24:4113–4123. 656 
 657 

44. Del Arco A, Mora F. Prefrontal cortex–nucleus accumbens interaction: in vivo 658 
modulation by dopamine and glutamate in the prefrontal cortex. Pharmacol 659 
Biochem Behav. 2008; 90:226–235. 660 
 661 

45. Afonso, Sison, Lovic, Fleming. Medial prefrontal cortex lesions in the female rat 662 
affect sexual and maternal behavior and their sequential organization. Behav. 663 
Neurosci. 2007; 121:515–526. 664 
 665 

46. Leuner B, Gould E. Dendritic growth in medial prefrontal cortex and cognitive 666 
flexibility are enhanced during the postpartum period. J Neurosci. 2010; 667 
30:13499–13503. 668 
 669 

47. Lovic V, Fleming AS. Artificially-reared female rats show reduced prepulse 670 
inhibition and deficits in the attentional set shifting task-reversal of effects with 671 
maternal-like licking stimulation. Behav Brain Res.2004; 148:209. 672 
 673 



48. Olazabal DE, Pereira M, Uriarte N, Agrati D, Ferreira A, Fleming AS, et al. 674 
Flexibility and adaptation of the neural substrate that supports maternal behavior 675 
in mammals. Neurosci Biobehav Rev. 2013; 37:1875–1892. 676 
 677 

49. Elmore MRP, Najafi AR, Koike MA, Dagher NN, Spangenberg EE, Rice RA, et al. 678 
Colony-stimulating factor 1 receptor signaling is necessary for microglia viability, 679 
unmasking a microglia progenitor cell in the adult brain. Neuron. 2014; 82:380–680 
397. 681 

50. Eyo UB, Wu L-J. Bidirectional microglia-neuron communication in the healthy 682 
brain. Neural Plast. 2013; 456857: 10.  683 

51. Wu Y, Dissing-Olesen L, MacVicar BA, Stevens B. Microglia: dynamic mediators 684 
of synapse development and plasticity. Trend Immunol. 2015; 36(10): 605-613. 685 
 686 

52. Bolton JL, Bilbo SD. Developmental programming of brain and behavior by 687 
perinatal diet: focus on inflammatory mechanisms. Dialogues in Clin Neurosci. 688 
2014; 16:307–320. 689 

 690 
53. Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR, Yamasaki R, 691 
et al. Microglia sculpt postnatal neural circuits in an activity and complement-692 
dependent manner. Neuron. 2012; 74:691–705. 693 
 694 

54. Biber K, Vinet J, Boddeke HWGM. Neuron-microglia signaling: chemokines as 695 
versatile messengers. J. Neuroimmunol. 2008; 198: 69-74. 696 
 697 

55. Rice RA, Spangenberg EE, Yamate-Morgan H, Lee RJ, Arora RPS, Hernandez 698 
MX, et al. Elimination of microglia improves functional outcomes following 699 
extensive neuronal loss in the hippocampus. J Neurosci. 2015; 35(27): 9977-700 
9989. 701 
 702 

56. Rasia-Filho AA, Fabian C, Rigoti KM, Achaval M. Influence of sex, estrous cycle 703 
and motherhood on dendritic spine density in the rat medial amygdala revealed 704 
by the golgi method. Neurosci. 2004; 126: 839-847. 705 
 706 

57. Sheppard PAS, Choleris E, Galea LAM. Structural plasticity of the hippocampus 707 
in response to estrogens in female rodents. Mol. Brain. 2019; 12(22): 17. 708 
 709 

58. Badimon A, Strasburger HJ, Ayata P, Chen X, Nair A, Ikegami A, et al. Negative 710 
feedback control of neuronal activity by microglia. Nature. 2020; 586:417. 711 
 712 

59. Lin SH, Kiyohara T, Sun B. Maternal behavior: activation of the central oxytocin 713 
receptor system in parturient rats? Neuroreport. 2003; 14(11): 1439-1444.  714 



 715 

60. Mathieson WB, Wilkinson M, Brown RE, Bond TLY, Taylor SW, Neumann PE. 716 
FOS and FOSB expression in the medial preoptic nucleus pars compacta of 717 
maternally active C57BL/6J and DBA/2J mice. Brain Res. 2002; 952: 170-175.  718 

61. Nomaru H, Sakumi K, Katogi A, Ohnishi YN, Kajitani K, Tscuchimoto D, et al. 719 
Fosb gene products contribute to excitotoxic microglia activation by regulating 720 
the expression of complement C5a receptors in microglia. Glia. 2014; 62(8): 721 
1284-1298.  722 

62. Patterson JR, Kim EJ, Goudreau JL, Lookingland KJ. FosB and ∆FosB 723 
expression in brain regions containing differentially susceptible dopamine 724 
neurons following acute neurotoxicant exposure. Brain Res. 2016; 1649(Pt A): 725 
53-66.  726 

63. Brown JR, Ye H, Bronson RT, Dikkes P, Greenberg ME. A defect in nurturing in 727 
mice lacking the immediate early gene fosB. Cell. 1996; 86: 297-309. 728 

64. Lei F, Cui N, Zhou C, Chodosh J, Vavvas DG, Paschailis EI. CSF1R inhibition by 729 
a small-molecule inhibitor is not microglia specific; affecting hematopoiesis and 730 
the function of macrophages. Proc Natl Acad Sci. 2020; 117(38): 23336-23338. 731 

65. Wohleb ES, Delpech, J-C. Dynamic cross-talk between microglia and peripheral 732 
monocytes underlies stress-induced neuroinflammation and behavioral 733 
consequences. Prog. Neuropsychopharmacol. Biol. Psychiatry. 2017; 70: 40-48.  734 

66. Weber MD, Godbout JP, Sheridan JF. Repeated social defeat, 735 
neuroinflammation, and behavior: monocytes carry the signal. 736 
Neuropsychopharmacol. 2017; 42: 46-61. 737 

 738 
67. Moore CL. Sex differences in urinary odors produced by young laboratory rats 739 
(Rattus norvegicus). J Comp Psychol. 1985; 99:336–341. 740 
 741 

68. Bowers JM, Perez-Pouchoulen M, Edwards NS, McCarthy MM. Foxp2 mediates 742 
sex differences in ultrasonic vocalization by rat pups and directs order of 743 
maternal retrieval. J Neurosci. 2013; 33:3276–3283. 744 

 745 


