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ABSTRACT 1 

Functional asymmetries in the medial prefrontal cortex (mPFC) are significant 2 

attributes of this brain area, implicated in its role in emotional processing and 3 

executive function. Evidence suggests that, under normal conditions, there is a 4 

tonic inhibition of the right (R) mPFC by the left (L) mPFC, and a dysregulation 5 

of this hemispheric functional lateralization is implicated in detrimental chronic 6 

stress effects. Considering the wide interhemispheric connection and the 7 

inhibitory tone from the LmPFC to the RmPFC, we hypothesize that alterations 8 

in the activity of the direct projections between the mPFC hemispheres during 9 

stressful situations are related to stress vulnerability. To address this question, 10 

we used a chemogenetic approach to modulate the activity of L-to-R 11 

dorsomedial prefrontal cortex (dmPFC) monosynaptic projections during 12 

psychosocial stress (PSS) exposure in mice. We found that activating LdmPFC 13 

projections during a repeated PSS protocol prevents stress-induced apathy-like 14 

behavior in females and males and social avoidance in male mice. On the other 15 

hand, inhibiting such projections during a single session of PSS increases 16 

vulnerability to stress effects in male mice, increasing social avoidance and 17 

anxiety-like behaviors. Both glutamatergic and GABAergic cells compose the 18 

projecting interhemispheric neurons in the dmPFC. However, the LdmPFC 19 

showed a higher density of glutamatergic projections to the RdmPFC than the 20 

opposite. In conclusion, our results revealed an involvement of the 21 

monosynaptic projections from the LdmPFC to RdmPFC in the vulnerability to 22 

the behavioral alterations induced by PSS in female and male mice. 23 

 24 

KEYWORDS 25 
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Medial prefrontal cortex; Functional asymmetry; Lateralization; Psychosocial 26 

stress; Sex differences. 27 

 28 

1. Introduction 29 

Functional hemispheric asymmetries, or functional brain lateralization, 30 

are a fundamental feature of cerebral structure, impacting from motor functions 31 

to cognitive processing (Ocklenburg and Güntürkün, 2012). Not surprisingly, 32 

many psychiatric disorders have been linked to alterations in functional brain 33 

lateralization (Ocklenburg et al., 2024). In this context, the extensive 34 

communication between the medial prefrontal cortex (mPFC) hemispheres, 35 

especially its dorsal part (dmPFC) (Hoover and Vertes, 2007) and seminal 36 

findings from the 1970s to late 1990s (Gainotti, 1972; Robinson et al., 1984; 37 

Robinson and Szetela, 1981; Sullivan and Gratton, 2002, 1999) have led to the 38 

hypotheses that a disruption in the functional asymmetries in this region 39 

underlies the development of stress-related disorders. Central to this framework 40 

is the postulate that, under baseline conditions, there is a tonic inhibition of the 41 

right (R) dmPFC by the left (L) dmPFC. However, chronic stress exposure 42 

disrupts this inhibitory control, heightening RdmPFC activity to drive emotional 43 

expression, promoting anxiogenic and depressogenic responses, and reducing 44 

behavioral flexibility (Cerqueira et al., 2008).  45 

Consistent findings across human and animal research support this 46 

hypothesis. Patients affected by ischemic lesions in the anterior part of the left 47 

frontal cortex show an increase in anxious/depressive mood compared to those 48 

affected by lesions in any other brain sites (Gainotti, 1972; Robinson et al., 49 

1984; Robinson and Szetela, 1981). Moreover, the severity of the symptoms is 50 
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correlated to the proximity of the lesion to the frontal pole in the computed 51 

tomography scan (Robinson et al., 1984). Lower left frontal cortex baseline 52 

activity, relative to the right frontal cortex, in women, is correlated to an increase 53 

in the severity of depressive symptoms in the future (Stewart and Allen, 2018). 54 

In male rats, ibotenic acid-induced lesions of the RmPFC attenuate 55 

neuroendocrine responses to repeated restraint stress (RRS) (Sullivan and 56 

Gratton, 1999) and decrease anxiety-like behaviors in the elevated plus maze 57 

(EPM) (Sullivan and Gratton, 2002). Sustained hypercorticosteronemia in male 58 

rats decreases left anterior cingulate cortex (ACC) volume (Cerqueira et al., 59 

2005), while aged men that do not show a decrease in plasmatic cortisol 60 

concentration after a low-dose dexamethasone administration (called non-61 

suppressors) have smaller left ACC volume relative to suppressors, i.e., those 62 

who show a decrease in plasmatic cortisol after low-dose dexamethasone 63 

administration (MacLullich et al., 2006). The intrinsic differences in dendritic 64 

arborization and neurogenesis between the LdmPFC and the RdmPFC in male 65 

rats are abolished following chronic social defeat stress (CSDS) (Czéh et al., 66 

2007) or RRS exposure (Perez-Cruz et al., 2007). 67 

While few studies have assessed the effects of unilateral modulation of 68 

the dmPFC activity, growing evidence corroborates the hypothesis of dmPFC 69 

functional lateralization in mediating stress-related outcomes. The optogenetic 70 

activation of the LmPFC reversed the social avoidance induced by CSDS 71 

exposure in male mice, while the optogenetic inhibition of the LmPFC induced 72 

social avoidance in individuals identified as resilient to the CSDS (Lee et al., 73 

2015). The nitrergic activation of the RdmPFC using a nitric oxide donor 74 

produces anxiogenic-like effects, whereas RdmPFC inactivation using cobalt 75 
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chloride elicits anxiolysis in male mice exposed to the EPM (Costa et al., 2016). 76 

Male mice subjected to the CSDS showed an increased activation of the nitrous 77 

oxide-producing neurons in the RmPFC (Faria et al., 2020). The inactivation of 78 

the LdmPFC using cobalt chloride prolonged the anxiogenic-like effect of a 79 

single social defeat stress (SDS) episode (Costa et al., 2016; Victoriano et al., 80 

2020). Additionally, CSDS exposure increases the activation of glutamatergic 81 

neurons specifically in the right prelimbic area (PrL) (Santos-Costa et al., 2021). 82 

In a model of post-traumatic stress disorder (PTSD) in male rats, daily 83 

optogenetic activation of the left infralimbic cortex (IL) rescues fear extinction 84 

deficits (Canto-de-Souza et al., 2021), while RmPFC inactivation using cobalt 85 

chloride reduces the conditioned freezing behavior but not cardiovascular 86 

responses in contextual fear conditioning in male rats (Gomes-de-Souza et al., 87 

2024). 88 

Collectively, the evidence above indicates that the functional asymmetry 89 

and interhemispheric communication within the dmPFC play a critical role in 90 

emotional responses to stressful stimuli, and their disruption may impact how 91 

individuals cope with stressful environments and adverse situations. However, it 92 

is not clear yet whether a disruption in the activity of the LdmPFC 93 

interhemispheric projections is related to the abovementioned dysregulation of 94 

the dmPFC functional lateralization induced by chronic stressors. Here, we 95 

examined the impact of the LdmPFC activity on the behavioral consequences of 96 

psychosocial stress (PSS) exposure.   97 

 98 

2. Material and methods 99 

2.1. Subjects 100 
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 One hundred and forty-three Swiss-Webster mice (70 males and 73 101 

females, 6-8 weeks old on the surgery day) were used as experimental 102 

subjects. Additionally, 20 male Swiss-Webster mice (>4 months old) were used 103 

as aggressors in the PSS. Animals were obtained from the Centro de Pesquisa 104 

e Produção de Animais (CPPA) at the São Paulo State University/UNESP 105 

(Botucatu, Brazil) and arrived at the local animal facility at 3 weeks old. 106 

Experimental subjects were grouped (age and sex-matched, 4-5 animals/cage) 107 

in individually ventilated polysulfone cages (240 x 251 x 386 mm, floor area 695 108 

cm2, ref. 000121, ALBR Indústria e Comércio LTDA, Monte Mor, BRA) with 109 

sawdust bedding supplied with sterile cardboard tubes as environmental 110 

refinement (Ambient Trio®, Animal Pro, São Paulo, BRA). The facility was 111 

maintained under an artificial 12h light-dark cycle (lights on at 7 am), and 112 

controlled temperature (23 ± 1°C). Tap water (supplied by the distribution 113 

network) and food (Benelab, Qualy Nutrição Animal Indústria e Comércio Ltda., 114 

Lindóia, BRA) were freely available except during the brief periods of behavioral 115 

testing. The aggressors used in the PSS were individually housed in individually 116 

ventilated polysulfone cages (207 x 216 x 316 mm, floor area 451 cm2, ref. 117 

003466, ALBR) under the same conditions as described above.    118 

All procedures involving animals were previously approved by the local 119 

ethics committee for animal care and use (CEUA FCF/CAr protocol number 120 

16/2021) and were conducted according to the principles of the Brazilian Guide 121 

for the Care and Use of Animals in Scientific Research (DBCA) issued by the 122 

National Council for Animal Experiments Control (CONCEA/MCTI). The DBCA 123 

was based on the NIH (National Research Council) Guide for the Care and Use 124 

of Laboratory Animals. 125 
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 126 

2.2. Clozapine N-oxide, Fluoro-Gold, and viral vectors 127 

Clozapine-N-oxide base (CNO) was obtained from the National Institute 128 

of Mental Health (NIMH) Chemical Synthesis and Drug Supply Program 129 

(catalog number C-929). It was dissolved (0.1 mg/mL) in a vehicle solution 130 

containing dimethyl sulfoxide (DMSO, 1%) and 0.1M phosphate-buffered saline 131 

(PBS). CNO was used to activate the designer receptors exclusively activated 132 

by designer drugs (DREADDs) and was administered in a dose of 1 mg/kg (0.1 133 

ml/10 g, i.p.) based on our previous publication (Morais-Silva et al., 2023). An 134 

experiment was conducted to evaluate whether the CNO dose used in our study 135 

can induce behavioral alterations on its own. The full experimental description 136 

and the obtained data are available as supplementary material (Supplementary 137 

Material S1, Figure S1). 138 

For the manipulation of the monosynaptic dmPFC interhemispheric 139 

projections, we used a combination of the following adeno-associated viral 140 

vectors (AAV): pENN.AAV5.hSyn.HI.eGFP-Cre.WPRE.SV4 (Addgene viral prep 141 

#105540-AAV5, a gift from James M. Wilson), hereafter abbreviated as AAV5-142 

Cre; rgAAV-hSyn-DIO-hM3Dq-mCherry (Addgene viral prep #44361-AAVrg, a 143 

gift from Bryan Roth), hereafter abbreviated as rgAAV-DIO-hM3Dq; 144 

rgAAV.hSyn.DIO.hM4Di.mCherry (Addgene viral prep #44361-AAVrg, a gift 145 

from Bryan Roth) hereafter abbreviated as rgAAV-DIO-hM4Di; rgAAV-hSyn-146 

DIO-mCherry (Addgene viral prep #50459-AAVrg, a gift from Bryan Roth) 147 

hereafter abbreviated as rgAAV-DIO-mCherry; 148 

The neuronal retrograde tracer Fluoro-GoldTM (Fluorochrome LLC, 149 

Englewood, USA), dissolved at a concentration of 1% in saline (NaCl 0.9%) was 150 
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used for the characterization of the monosynaptic dmPFC interhemispheric 151 

projections.  152 

 153 

2.3. Stereotaxic surgery 154 

Experimental animals were subjected to a stereotaxic surgery for the 155 

infusion of 0.1 µL of the desired AAV or Fluoro-GoldTM in the LdmPFC or 156 

RdmPFC depending on the experiment. For that, mice were anesthetized with 157 

isoflurane (5% induction, 3-1.5% maintenance in 21% oxygen at 0.8 L/min, 158 

Isoforine®, Cristália, Itapira, BRA) using a digital low-flow inhalation anesthesia 159 

system (Bonther, Ribeirão Preto, BRA), had their head fixed on the stereotaxic 160 

frame (51615T, Stoelting Co., Wood Dale, USA) for targeting the LdmPFC or 161 

the RdmPFC (anteroposterior, 1.9 mm; mediolateral, 0.3 mm to the left or the 162 

right hemisphere; dorsoventral, -2.0 mm from the skull surface, 90° angled). 163 

The microinjection was performed using a microsyringe (0.5 µL Neuros Syringe, 164 

Model 7000.5 Knurled Hub, 32G, Hamilton Co., Reno, USA) coupled with a 165 

precision pump (Stoelting Quintessential Stereotaxic Injector, Stoelting Co.) at 166 

0.02 µL/min. After the infusion, the needle was kept in place for an additional 5 167 

min to avoid liquid diffusion. After the microinjection, the skin was sutured (5-0 168 

Nylon suture, Labor Import Comercial Imp. e Exp. Ltda, BRA) and the animals 169 

were monitored until the beginning of the experiments. Right before the surgery, 170 

animals received a prophylactic administration of a veterinary antibiotic (17 171 

mg/mL; 0.1 mL/animal i.m., Pentabiótico® Veterinário, Zoetis, BRA; a 172 

commercial mixture of 600,000 UI benzathine benzylpenicillin; 600,000 UI 173 

procaine benzylpenicillin; 300,000 UI potassium benzylpenicillin; 250 mg 174 

dihydrostreptomycin; 250 mg streptomycin) and the nonsteroidal anti-175 
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inflammatory drug flunixin-meglumine (3.5 mg/kg s.c., Banamine®, Merck & 176 

Co., Inc., Rahway, USA). The animals were allowed to recover for at least 2 177 

weeks before the beginning of the experiments. 178 

  179 

2.4. Histological determination of microinjection site and 180 

Immunofluorescence 181 

At the end of the experiments, mice were deeply anesthetized with 182 

urethane (2.5 g/kg, 0.1 mL/10 g i.p., U2500, Sigma-Aldrich Co., St. Louis, USA), 183 

and transcardially perfused with 24 mL of room temperature 0.1M PBS pH 7.4 184 

followed by 50 mL of cold (4°C) 4% paraformaldehyde (PFA). The brains were 185 

removed, kept in PFA at 4°C for 24 hours, and then transferred to a 30% 186 

sucrose solution in PBS for 48 hours at 4°C. Then, the brains were flash-frozen 187 

and stored at -80°C until needed. Coronal sections of the dmPFC (30 µm) were 188 

obtained in PBS using a cryostat (Leica CM1850, Leica Biosystems, Nussloch, 189 

GER). To the correct identification of the brain hemisphere, the right 190 

hemisphere was marked using a 25G blunt needle before sectioning. 191 

For the histological determination of the microinjection site in 192 

experiments 1 and 2, slices were washed in PBS (3x 10-minute washes), 193 

mounted in adhesion microscope slides (158105B, Indústria e Comércio de 194 

Produtos Científicos Perfecta LTDA, São Paulo, BRA) with Fluoroshield™ 195 

mounting media (F6182, Sigma-Aldrich Co.) and sealed with coverslip and nail 196 

polish. Images of the LdmPFC and RdmPFC were captured at 25x and 200x 197 

magnification on an epifluorescence microscope (Axio Imager.D2, Carl Zeiss 198 

Microscopy, LLC, Thornwood, USA) using the Zen Pro 2.0 software (Carl Zeiss 199 

Microscopy) for the visualization of eGFP and mCherry fluorescence. Animals 200 
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showing eGFP or mCherry fluorescence in brain areas other than the dmPFC, 201 

no expression of the reporter fluorescent proteins, or bilateral eGFP expression 202 

(result of AAV5-Cre spillage) were excluded from the analysis. 203 

For the characterization of the interhemispheric projections in experiment 204 

3, slices were washed in PBS (3x 10-minute washes) and blocked in a solution 205 

containing 5% horse serum (H1270, Sigma-Aldrich Co.), 3% bovine serum 206 

albumin (Interlab LTDA, São Paulo, BRA) and 0.2% Triton X-100 (Dinâmica 207 

Química Contemporânea LTDA, Indaiatuba, BRA) in PBS for 1 hour. Then, 208 

slices were washed in PBS (6x 5-minute washes) and then incubated overnight 209 

at 4°C in blocking buffer containing the primary monoclonal antibodies mouse 210 

anti-CAMKII alpha (1:200, cat. No. TH269517: 6G9, Thermo Fischer Scientific, 211 

Rockford, USA) or mouse anti-GAD67 (1:1000, cat. No ab26116, Abcam, 212 

Cambridge, GBR). Next day, slices were washed in PBS (6x 5-minute washes) 213 

and incubated for 2 hours at room temperature in blocking buffer containing the 214 

polyclonal secondary antibody goat anti-mouse IgG conjugated with Alexa 215 

FluorTM 594 (1:1000, cat. No. A11005, Life Technologies Co., Eugene, USA). 216 

After washing in PBS (6x 5-minute washes) the slices were mounted in 217 

adhesion microscope slides with Fluoroshield™ mounting media. Images of the 218 

dmPFC contralateral to the neuronal tracer microinjection site were captured at 219 

25x, 200x and 400x magnification on an epifluorescence microscope (Axio 220 

Imager.D2) using the Zen Pro 2.0 software for the visualization of the neuronal 221 

tracer migration and quantification of CAMKII alpha staining, GAD67 staining 222 

and Fluoro-GoldTM/CAMKII alpha or Fluoro-GoldTM/GAD67 double staining. 223 

 224 

2.4.1. Immunofluorescence quantification 225 
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The background from the obtained images was manually subtracted 226 

based on the color histogram using the Zen Pro 2.0 software. The same 227 

criterion was applied to all images. The total fluorescence of the neuronal tracer 228 

Fluoro-GoldTM, CAMKII alpha, and GAD67 was quantified by the corrected total 229 

cell fluorescence (CTCF) method using the software ImageJ 1.54f (National 230 

Institutes of Health, Bethesda, USA). For that, the area and the integrated 231 

density of the dmPFC, and the integrated density of a background region of the 232 

slide were measured. Then, the final value was obtained according to the 233 

following formula: CTCF = integrated density of the slice – (area of the slice x 234 

integrated density of the background readings) (Canto-de-Souza et al., 2025). 235 

The total number of double-stained cells was manually counted using the 236 

software ImageJ 1.54f and the final value was corrected to the dmPFC area of 237 

each slice (Santos-Costa et al., 2021). For each measurement, values from 2 238 

adjacent slices per mouse were obtained and averaged. All analyses were 239 

performed by an investigator blinded to the experimental groups. 240 

 241 

2.5. Psychosocial stress 242 

 We used a modified version of the resident-intruder model (Pryce and 243 

Fuchs, 2017) and the witness social defeat stress (WSDS) paradigm (Iñiguez et 244 

al., 2018) as a protocol for the PSS, allowing simultaneous episodic exposure of 245 

both females and males to the stressor stimulus, as already performed in our 246 

laboratory (Canto-de-Souza et al., 2025).  247 

Accordingly, male experimental subjects (intruders) were exposed to the 248 

home cage of an aggressive male conspecific (resident), while one or two 249 

female experimental subjects (witnesses) were watching the agonistic 250 
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encounter between males to observe aggression toward the intruder and 251 

subsequent submission. To accommodate the witness in the resident’s home 252 

cage, an acrylic T-shaped removable perforated divider (207 x 216 x 100 mm, 253 

custom-made, Master One, Ribeirão Preto, BRA) was positioned on one side 254 

(the witnessing area), allowing two-thirds of the space for agonistic encounters. 255 

Witnessing mice had no visual contact with each other. Each PSS episode 256 

lasted 15 minutes, divided into three phases: first, the intruder (male 257 

experimental subject) was placed in a wire-mesh protective cage (155 x 106 x 258 

48 mm, custom-made, Master One) for 5 minutes. The intruder was then 259 

removed from the protective cage and exposed to resident attacks for 5 260 

minutes, while the witness observed the interaction. Finally, the intruder was 261 

returned to the protective cage for an additional 5 minutes, during which the 262 

witness remained in the resident’s home cage within the witnessing area. At the 263 

end of the PSS episode, intruders and witnesses were returned to their 264 

respective home cages. Each encounter was scheduled such that the resident 265 

was unfamiliar to both the intruder and the witnesses. In the repeated PSS 266 

(rPSS) animals were exposed to the protocol for 10 consecutive days, once 267 

daily. In the subthreshold PSS (sPSS), animals were exposed to a single 268 

encounter. As a control for the PSS, a non-aggressive interaction (NAI) and its 269 

observation were conducted. In NAI, two co-housed familiar males were placed 270 

in a novel cage to interact for 5 minutes, while females, confined to a protective 271 

area using a T-shaped removable perforated divider, witnessed the interaction. 272 

We used a shorter period of social interaction in NAI to avoid aggressiveness 273 

between the males. It was performed once a day for ten days (rNAI), as the 274 

control for the rPSS or as a single encounter (sNAI) as the control for the sPSS. 275 
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 276 

2.6. Physical state evaluation 277 

 Physical state was evaluated by analyzing the changes in body weight 278 

and coat state deterioration, as an indicator of the individual’s motivation for 279 

self-centered activities and apathy-like behavior (Planchez et al., 2019). 280 

 Before the first aggressive encounter in the PSS protocol (initial 281 

measurement) and the social interaction test (SIT, final measurement), 282 

experimental subjects were evaluated regarding body weight and the condition 283 

of their fur. Fur condition was evaluated using a scale from 3 (healthy and well-284 

cared fur) to 0 (unhealthy and dirty fur, hair loss, and piloerection), and 285 

intermediate states were assigned using 0.5-point decrements. Coat state 286 

deterioration and body weight change were expressed as the difference 287 

between the initial and final measurements.    288 

 289 

2.7. Social interaction test 290 

Social avoidance was evaluated in female and male mice using the SIT 291 

(Morais-Silva et al., 2023), 24 hours after the last PSS episode. The SIT was 292 

performed in an acrylic open arena (420 x 420 x 250 mm, custom-made, Master 293 

One) containing a perforated acrylic contention box (100 x 100 x 240 mm, 294 

custom-made, Master One) centered on one wall. The arena was virtually 295 

divided into an interaction zone (150 mm width zone near the contention box) 296 

and two avoidance zones (150 x 150 mm corners in the opposite wall relative to 297 

the contention box).  298 

The experimental animals were put in the center of the arena facing the 299 

empty contention box for 150 seconds for the evaluation of the basal 300 
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exploratory activity (no-target session). Then, animals were removed from the 301 

arena, and a non-aggressive conspecific (not used in the experiments) was 302 

placed in the contention box. The experimental animals were put again in the 303 

center of the arena facing the contention box for an additional 150 seconds for 304 

the evaluation of the social approaching/avoidance (target session). Animals’ 305 

behavior was recorded for the evaluation of the time spent in the interaction and 306 

avoidance zones, and the total distance traveled in the apparatus using the 307 

software ANY-maze® (Stoelting Co., Wood Dale, USA). The apparatus was 308 

cleaned with a hydroalcoholic solution (20% v/v) between subjects, and 309 

experiments were performed under dim red light (5 lux in the center of the 310 

apparatus) during the light phase of the circadian cycle. 311 

 312 

2.8. Elevated plus maze (EPM) 313 

Anxiety-related behaviors were assessed in the EPM following the 314 

original description (Lister, 1987) and previous work from our lab (Canto-de-315 

Souza et al., 2025; Morais-Silva et al., 2023), 24 hours after the SIT. The EPM 316 

consists of a custom-made wooden cross-shaped apparatus elevated 385 mm 317 

above the floor, with two open arms (no protective walls, 300 x 50 x 2.5 mm) 318 

and two closed arms (surrounded by transparent glass walls, 300 x 50 x 150 319 

mm) connected by a central platform (50 mm x 50 mm). 320 

During the test, animals were placed in the center of the apparatus facing 321 

one open arm for 5 minutes. The number of entries and time spent in the open 322 

and closed arms were recorded via a camera connected to a computer and 323 

analyzed using the software ANY-maze®. These data were used to calculate 324 

the percentage of open arm entries (number of open arm entries/total entries 325 
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into open and closed arms x 100) and the percentage of time spent in open 326 

arms (time in open arms / 300 x 100) (Rodgers and Johnson, 1995). The 327 

apparatus was cleaned with a hydroalcoholic solution (20% v/v) between 328 

subjects, and experiments were conducted under dim lighting (50 lux at the 329 

center of the apparatus) during the light phase of the circadian cycle. 330 

 331 

2.9. Experimental procedures 332 

2.9.1. Experiment 1: Chemogenetic activation of the neuronal 333 

projections from the left to the right dorsal medial prefrontal cortex 334 

during repeated psychosocial stress in female and male mice 335 

We used a chemogenetic approach to activate the direct projections from 336 

the LdmPFC to the RdmPFC during exposure to the rPSS, aiming to evaluate if 337 

the activation of such projections could prevent stress effects in female and 338 

male mice. Thirty male and 30 female mice underwent the stereotaxic surgery 339 

for the microinjection of the pan-neuronal AAV5-Cre in the LdmPFC and the 340 

retrograde Cre-dependent excitatory DREADD rgAAV-DIO-hM3Dq in the 341 

RdmPFC. The retrograde Cre-dependent rgAAV-DIO-mCherry was used in the 342 

RdmPFC of the control groups. Fourteen days later, animals were submitted to 343 

the rPSS protocol. CNO was administered 30 minutes before each aggressive 344 

encounter (or rNAI in control groups). Physical state was evaluated before the 345 

first PSS episode and before the SIT. Twenty-four hours after the last 346 

aggressive encounter, animals were tested in the SIT, and, 24 hours later, in 347 

the EPM. The experimental procedure is depicted in Figure 1A. A 348 

representative schematic coronal section of the microinjection site is available in 349 

Figure 1C.  350 
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 351 

2.9.2. Experiment 2: Chemogenetic inactivation of the neuronal 352 

projections from the left to the right dorsal medial prefrontal cortex 353 

during the subthreshold psychosocial stress in female and male 354 

mice 355 

We used a chemogenetic approach to inhibit the direct projections from 356 

the LdmPFC to the RdmPFC during exposure to the sPSS, aiming to evaluate if 357 

the inhibition of such projections could increase stress vulnerability in female 358 

and male mice. Thirty male and 32 female mice underwent the stereotaxic 359 

surgery for the microinjection of the pan-neuronal AAV5-Cre in the LdmPFC 360 

and the retrograde Cre-dependent inhibitory DREADD rgAAV-DIO-hM4Di in the 361 

RdmPFC. The retrograde Cre-dependent rgAAV-DIO-mCherry was used in the 362 

RdmPFC of the control groups. Fourteen days later, animals were submitted to 363 

the sPSS protocol. CNO was administered 30 minutes before the aggressive 364 

encounter (or NAI in control groups). Twenty-four hours later, animals were 365 

tested in the SIT, and 24 hours later, in the EPM. The experimental procedure is 366 

depicted in Figure 1B. A representative schematic coronal section of the 367 

microinjection site is available in Figure 1C. 368 

 369 

2.9.3. Experiment 3: Characterization of the interhemispheric projections 370 

of the dorsal medial prefrontal cortex 371 

To characterize the neuronal projections between the left and right 372 

hemispheres of the dmPFC, 10 male and 11 female mice underwent the 373 

stereotaxic surgery for the microinjection of the retrograde neuronal tracer 374 

(Fluoro-Gold™) into the LdmPFC or RdmPFC, as described above. Twenty-one 375 
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days after the microinjection, animals were euthanized, and the dmPFC was 376 

processed for the quantification of Fluoro-Gold™, CAMKII alpha, and GAD67 377 

markers, as previously described. A representative schematic coronal section of 378 

the microinjection site is available in Supplementary Material S2 (Figure S2A). 379 

 380 

2.10. Statistics  381 

Data were expressed as the mean ± SEM. Statistics were performed 382 

using the software Statistica 14 (TIBCO Software Inc., Palo Alto, USA), and 383 

graphs were generated in the GraphPad Prism 8 software (GraphPad Software 384 

Inc., Boston, USA). Results were analyzed by two-way or repeated measures 385 

Analysis of Variance (ANOVA), according to the specificity of each dataset, 386 

considering the factors PSS (rNAI or rPSS; sNAI or sPSS), AAV [mCherry or 387 

DREADD (hM3Dq or hM4Di)], the repeated factor session (no target or target), 388 

sex (female or male), and hemisphere (LdmPFC or RdmPFC). In cases where 389 

ANOVA showed significant differences (p ≤ 0.05), the Newman-Keuls post hoc 390 

test was performed. Except for experiment 3, the female and male datasets 391 

were analyzed separately. 392 

 393 

3. Results 394 

3.1. Chemogenetic activation of the neuronal projections from the left to the 395 

right dorsal medial prefrontal cortex prevents coat state deterioration 396 

induced by repeated psychosocial stress in female and male mice 397 

The rPSS induced a deterioration of the fur quality in both male and 398 

female mice, while hM3Dq activation in the LdmPFC projections to the 399 

RdmPFC prevented rPSS-induced coat state deterioration (Figure 2A and 2C). 400 
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The two-way ANOVA of the coat state deterioration in males showed a 401 

significant effect for the factor rPSS (F1,26 = 28.87; p < 0.001), AAV (F1,26 = 5.66; 402 

p < 0.05), and for the interaction between rPSS and AAV (F1,26 = 9.20; p < 403 

0.01). The Newman Keuls post hoc test revealed that the rPSS/mCherry group 404 

presented an increase in coat state deterioration, relative to rNAI/mCherry (p < 405 

0.001), rNAI/hM3Dq (p < 0.001), and rPSS/hM3Dq (p < 0.05) groups (Figure 406 

2A). In females, the two-way ANOVA of the coat state deterioration showed a 407 

significant effect for the interaction between rPSS and AAV (F1,26 = 7.76; p < 408 

0.01), while the post hoc test revealed a significantly increased coat state 409 

deterioration in the rPSS/mCherry group relative to the rNAI/mCHerry (p < 0.05) 410 

and rPSS/hM3Dq (p < 0.05) groups (Figure 2C). 411 

The rPSS exposure decreased the body weight of both male and female 412 

mice (Figures 2B and 2D). On the other hand, the chemogenetic activation of 413 

the LdmPFC projections to the RdmPFC was not effective in preventing such 414 

alterations. In females, the repeated hM3Dq activation also induced a decrease 415 

in body weight. The two-way ANOVA of the body weight changes in males 416 

showed a significant effect for the factor rPSS (F1,26 = 7.69; p < 0.05), where 417 

rPSS-exposed males lost more weight relative to rNAI-exposed males (p < 418 

0.05), independent of the viral vector administered (Figure 2B). The two-way 419 

ANOVA of the body weight changes in females showed a significant effect for 420 

the factors rPSS (F1,26 = 10.06; p < 0.01) and AAV (F1,26 = 5.64; p < 0.05), but 421 

not for the interaction between the factors. The rPSS-females lost more weight 422 

relative to rNAI-females (p < 0.01), regardless of hM3Dq activation, while the 423 

hM3Dq-females lost more weight relative to mCherry-females (p < 0.05), 424 

regardless of the rPSS exposure (Figure 2D). 425 
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Off-target animals in Experiment 1 were analyzed to exclude the 426 

influence of the viral vector itself on the behavioral responses to rPSS. The data 427 

is available as supplementary material (Supplementary Material 3). We find no 428 

effects of off-target viral vector expression in any of the parameters analyzed.  429 

 430 

3.2. Chemogenetic activation of the neuronal projections from the left to the 431 

right dorsal medial prefrontal cortex prevents social avoidance, but not 432 

the decrease in locomotor activity, induced by repeated psychosocial 433 

stress in male mice 434 

The exposure to the rPSS induced social avoidance and decreased 435 

exploratory activity in male but not female mice. On the other hand, the 436 

chemogenetic activation of the LdmPFC projections to the RdmPFC during the 437 

agonistic encounters prevented only the social withdrawal induced by rPSS in 438 

male mice, without altering the locomotor deficits (Figure 3). 439 

The repeated measures ANOVA of the time spent in the interaction zone 440 

during the SIT in males showed a significant effect for AAV (F1,26 = 4.45; p < 441 

0.05), session (F1,26 = 40.45; p < 0.001), and for the interaction between rPSS 442 

and AAV (F1,26 = 16.95; p < 0.001), rPSS and session (F1,26 = 25.65; p < 0.001), 443 

and rPSS, AAV, and session (F1,26 = 12.01; p < 0.01). The Newman-Keuls post 444 

hoc test revealed a significant decrease in the time spent in the interaction zone 445 

when the social target was present in the rPSS/mCherry group, relative to time 446 

spent in the interaction zone during target session in rNAI/mcherry (p < 0.001), 447 

rNAI/hM3Dq (p < 0.001), and rPSS/hM3Dq (p < 0.001) groups. Moreover, there 448 

was an increase in time spent in the interaction zone in the target session 449 
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compared to no target session in rNAI/mCherry (p < 0.001), rNAI/hM3Dq (p < 450 

0.01), and rPSS/hM3Dq groups (p < 0.05) (Figure 3A). 451 

For the time spent in the avoidance zone in males, the repeated 452 

measures ANOVA showed a significant effect for the interaction between rPSS 453 

and session factors (F1,26 = 11.83; p < 0.01). The post hoc test revealed a 454 

decrease in time spent in the avoidance zone when the social target was 455 

present in rNAI-exposed animals (p < 0.05), regardless of hM3Dq activation. 456 

Additionally, rPSS-exposed animals showed an increase in time spent in the 457 

avoidance zone in the target session relative to rNAI-exposed animals (p < 458 

0.05), regardless of hM3Dq activation (Figure 3B). 459 

There was a significant effect for rPSS (F1,26 = 15.99; p < 0.001) and 460 

session factors (F1,26 = 97.68; p < 0.001) on the total locomotor activity in the 461 

SIT in male mice according to the repeated measures ANOVA. There was a 462 

decrease in the total distance traveled in the apparatus in the target session 463 

compared to the no target session (p < 0.001), while the rPSS-exposed animals 464 

showed a significant decrease in the total distance traveled regardless of the 465 

hM3Dq activation or session (p < 0.001) (Figure 3C). 466 

 In females, the repeated measures ANOVA of the time spent in the 467 

interaction zone showed a significant effect for the session factor (F1,26 = 45.89; 468 

p < 0.001). Female mice spent more time in the interaction zone when the 469 

social target was present, regardless of the rPSS exposure or hM3Dq activation 470 

(p < 0.001) (Figure 3D). The repeated measures ANOVA showed a significant 471 

effect for the session factor (F1,26 = 10.91; p < 0.01) in the time spent in the 472 

avoidance zone in female mice. Female mice spent less time in the avoidance 473 

zone in the target session relative to the no target session, regardless of rPSS 474 
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exposure or hM3Dq activation (p < 0.01) (Figure 3E). Similarly, the repeated 475 

measures ANOVA showed a significant effect for the session factor (F1,26 = 476 

79.67; p < 0.001) on the total locomotor activity in the SIT in female mice. There 477 

was also a decrease in distance traveled in the apparatus in the target session 478 

relative to the no target session (p < 0.001), regardless of rPSS exposure or 479 

hM3Dq activation (Figure 3F). 480 

 481 

3.3. Chemogenetic activation of the neuronal projections from the left to the 482 

right dorsal medial prefrontal cortex does not impact the behavioral 483 

alterations in the elevated plus maze induced by repeated psychosocial 484 

stress in female and male mice. 485 

 The rPSS exposure affected male and female behavior in the EPM in a 486 

sex-specific manner, while the activation of the LdmPFC neuronal projections to 487 

the RdmPFC did not affect rPSS effects. In males, rPSS exposure for 10 days 488 

decreased the number of entries in the closed arms of the apparatus, while in 489 

females, rPSS exposure had an anxiogenic-like effect, decreasing the time 490 

spent in the open arms (Figure 4). 491 

 The two-way ANOVA of the number of closed arms entries in male mice 492 

showed a significant effect for the rPSS factor (F1,24 = 6.58; p < 0.05). The 493 

rPSS-exposed animals showed a reduction in the number of entries in the 494 

closed arms relative to rNAI-exposed animals (p < 0.05), regardless of hM3Dq 495 

activation (Figure 4A). The two-way ANOVA did not show any significant effect 496 

on the percentage of entries in the open arms (Figure 4B) or the percentage of 497 

time spent in the open arms (Figure 4C) in male mice.  498 
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 There were no significant effects in the number of closed arms entries 499 

(Figure 4D) or percentage of open arms entries (Figure 4E) in female mice. On 500 

the other hand, there was a significant effect for the rPSS factor (F1,26 = 4.90; p 501 

< 0.05) in the percentage of time spent in the open arms in female mice. The 502 

rPSS-exposed females showed a decrease in time spent in the open arms 503 

compared to rNAI-exposed females (p < 0.05), regardless of hM3Dq activation 504 

(Figure 4F). 505 

 506 

3.4. Chemogenetic inhibition of the neuronal projections from the left to the 507 

right dorsal medial prefrontal cortex increases the vulnerability to social 508 

avoidance and locomotor alterations induced by psychosocial stress in 509 

male mice. 510 

 As expected, sPSS exposure did not affect male mice's behavior in the 511 

SIT. On the other hand, the chemogenetic inhibition of the LdmPFC projections 512 

to the RdmPFC increased the vulnerability of male mice to sPSS, as it 513 

decreased social interaction and induced locomotor alterations in the EPM. In 514 

female mice, sPSS exposure increased social approach, as female mice that 515 

witnessed one episode of social defeat increased their time spent in the target 516 

zone when the social target was present. The hM4Di activation in female mice 517 

increased the distance traveled in the apparatus when a social target was 518 

absent (Figure 5). 519 

 The repeated measures ANOVA showed a significant effect for the 520 

factors sPSS (F1,26 = 5.83; p < 0.05), AAV (F1,26 = 14.24; p < 0.001), session 521 

(F1,26 = 48.77; p < 0.001), and for the interaction between sPSS and session 522 

(F1,26 = 10.65; p < 0.01) and sPSS, AAV, and session (F1,26 = 5.10; p < 0.05) for 523 
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the time spent in the interaction zone in male mice. The Newman Keuls post 524 

hoc test revealed a significant increase in time spent in the interaction zone in 525 

the target session relative to no target session in sNAI/mCherry (p < 0.001), 526 

sNAI/hM4Di (p < 0.001), and sPSS/mCherry (p < 0.001) groups, but not in the 527 

sPSS/hM4Di group. Moreover, the sPSS/hM4Di group spent less time in the 528 

interaction zone when the social target was present compared to sNAI/mCherry 529 

(p < 0.001), sNAI/hM4Di (p < 0.001), and sPSS/mCherry (p < 0.001) groups 530 

(Figure 5A). There were no significant effects in the time spent in the avoidance 531 

zone in male mice (Figure 5B). 532 

 There was a significant effect for the factor session (F1,26 = 173.94; p < 533 

0.001) and for the interaction between sPSS and session (F1,26 = 8.67; p < 0.01) 534 

and sPSS, AAV, and session (F1,26 = 4.45; p < 0.05) on the distance traveled in 535 

the SIT apparatus in male mice. The Newman Keuls post hoc test revealed a 536 

significant decrease in the total distance traveled during the target session in all 537 

groups (p < 0.001). Moreover, the sPSS/hM4Di group presented a further 538 

decrease in locomotor activity during the target session relative to 539 

sNAI/mCherry (p < 0.01) and sNAI/hM4Di (p < 0.01) groups (Figure 5C). 540 

 The repeated measures ANOVA showed a significant effect for the sPSS 541 

factor (F1,28 = 5.85; p < 0.05), session factor (F1,28 = 37.04; p < 0.001), and for 542 

the interaction between sPSS and session (F1,28 = 5.68; p < 0.05) for the time 543 

spent in the interaction zone in female mice. The post hoc test revealed a 544 

significant increase in the time spent in the interaction zone when the social 545 

target was present in all groups (p < 0.05). In female mice exposed to the 546 

sPSS, time spent in the interaction zone during the target session was further 547 

increased compared to sNAI female mice, regardless of hM4Di activation (p < 548 
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0.01) (Figure 5D). The repeated measures ANOVA showed a significant effect 549 

for the interaction between session and AAV factor (F1,28 = 5.37; p < 0.05) for 550 

the time spent in the avoidance zone. However, the Newman-Keuls post hoc 551 

test did not reveal any significant differences (Figure 5E). 552 

 Concerning the total locomotor activity in female mice during the SIT, the 553 

repeated measures ANOVA showed a significant effect for the session factor 554 

(F1,28 = 153.42; p < 0.001) and for the interaction between sPSS and session 555 

(F1,28 = 5.18; p < 0.05) and AAV and session (F1,28 = 9.85; p < 0.01). The post 556 

hoc test revealed that both sNAI and sPSS-exposed females showed a 557 

decrease in total distance traveled in the target session compared to the no 558 

target session (p < 0.001). Moreover, hMD4i activation increased total 559 

locomotor activity in female mice during the no target session (p = 0.05), 560 

regardless of sPSS exposure (Figure 5F). 561 

 562 

3.5. Chemogenetic inhibition of the neuronal projections from the left to the 563 

right dorsal medial prefrontal cortex increases anxiety-like behavior in 564 

male but not female mice in the elevated plus maze. 565 

The sPSS did not affect female or male mice's behavior in the EPM. 566 

However, the inhibition of the neuronal projections from the LdmPFC to the 567 

RdmPFC increased anxiety-like behaviors in the EPM 24 hours later in male but 568 

not female mice (Figure 6).  569 

There were no significant effects for the number of closed arm entries 570 

(Figure 6A) or the percentage of entries in the open arms (Figure 6B) in the 571 

EPM in male mice. On the other hand, the two-way ANOVA revealed a 572 

significant effect for the AAV factor (F1,26 = 3.89; p = 0.05) for the percentage of 573 
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time spent in the open arms. The hM4Di-injected animals showed a significant 574 

decrease in the percentage of time spent in the open arms of the apparatus 575 

relative to mCherry-injected animals (p = 0.05) (Figure 6C). 576 

The two-way ANOVA did not show any significant effect for the number 577 

of closed arms entries (Figure 6D), percentage of entries in the open arms 578 

(Figure 6E), or percentage of time spent in the open arms (Figure 6F) in the 579 

EPM in female mice. 580 

 581 

3.6. The left dorsomedial prefrontal cortex exhibits a greater number of 582 

glutamatergic projections to the contralateral hemisphere compared to 583 

the right dorsomedial prefrontal cortex in mice. 584 

 Surprisingly, the double staining of Fluoro-GoldTM + CAMKII-alpha and 585 

Fluoro-GoldTM + GAD67 markers revealed that both glutamatergic and 586 

GABAergic neurons project from one hemisphere of the dmPFC to another 587 

(Figure S2). A representative schematic coronal section of the microinjection 588 

site is available in Figure S2A. Figures S2B and S2C are representative 589 

photomicrographs of the microinjection site in the LdmPFC and RdmPFC, 590 

respectively. The photomicrographs in 400x magnification revealed the 591 

presence of both Fluoro-GoldTM + CAMKII-alpha and Fluoro-GoldTM + GAD67 592 

double-labeled neurons in the LdmPFC (Figure S2D and S2E, respectively) and 593 

RdmPFC (Figure S2F and S2G, respectively). 594 

 Next, we quantified the number of double-labeled neurons in the 595 

LdmPFC and RdmPFC of female and male mice (Figure 7). The repeated 596 

measures ANOVA showed a significant effect for the hemisphere factor (F1,17 = 597 

13.80; p < 0.01) on the number of interhemispheric glutamatergic projections. 598 

.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 March 25, 2026. ; https://doi.org/10.1101/2025.08.07.669148doi: bioRxiv preprint 

https://doi.org/10.1101/2025.08.07.669148
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 

 

The Newman-Keuls post hoc test revealed a higher number of glutamatergic 599 

projections in the left hemisphere compared to the right (p < 0.01), regardless of 600 

sex (Figure 7A). The repeated measures ANOVA did not show any significant 601 

effects on the number of GABAergic projections (Figure 7B). Thus, our results 602 

suggest that the glutamatergic projections from the LdmPFC to the contralateral 603 

hemisphere are heavier relative to the RdmPFC contralateral projections. 604 

 The repeated measures ANOVA did not show any significant effects on 605 

the corrected total fluorescence of Fluoro-GoldTM, CAMKII-alpha, and GAD67, 606 

suggesting that there are no significant differences relative to the total number 607 

of projections (Fluoro-GoldTM labeled neurons), total number of glutamatergic 608 

neurons (CAMKII-alpha labeled neurons) or total number of GABAergic neurons 609 

(GAD67 labeled neurons) (Figure 7C). Representative photomicrographs in 610 

200x magnification are available in Figures 7D and 7E. 611 

 612 

4. Discussion 613 

 Here we showed that the bidirectional chemogenetic modulation of the 614 

LdmPFC neuronal projections activity to the contralateral dmPFC during stress 615 

modulates the individual vulnerability to PSS in a sex-specific manner in mice. 616 

Additionally, there is a higher number of glutamatergic projecting neurons from 617 

the LdmPFC to the RdmPFC, which should be related to the behavioral 618 

outcomes found in our study. 619 

 Since the proposal of the hypothesis that a dysregulated functional 620 

lateralization of the mPFC may be a key factor in the development of stress-621 

related disorders (Cerqueira et al., 2008), subsequent studies highlighted that 622 

the disruption of the tonic inhibitory activity from the LdmPFC over the RdmPFC 623 
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is central in chronic stress pathophysiology. Our results indicate, for the first 624 

time, that the apathy-like effects in female and male mice and the social deficits 625 

in male mice induced by a chronic psychosocial stressor can be rescued by an 626 

increase in the activity of the direct neuronal projections from the LdmPFC to 627 

the contralateral dmPFC during PSS exposure, while the inhibition of such 628 

projections during a single stress episode increases the male mice vulnerability 629 

to PSS-induced social deficits and anxiogenic effects. 630 

Based on our results, we can hypothesize that the maintenance of tonic 631 

activity of the LdmPFC projections to the contralateral dmPFC during chronic 632 

stress exposure can prevent stress induced RdmPFC overactivity and 633 

consequent social deficits. Indeed, others have shown that increased RmPFC 634 

activity is related to CSDS-induced social deficits (Faria et al., 2020; Lee et al., 635 

2015) and to the anxiogenic effects of the LdmPFC inhibition in male mice 636 

(Costa et al., 2016; Santos-Costa et al., 2021), that can be prevented by 637 

LmPFC stimulation (Lee et al., 2015) or RdmPFC glutamatergic blockade 638 

(Santos-Costa et al., 2021). On the other hand, inhibiting the abovementioned 639 

projections during a single PSS episode may disrupt RdmPFC tonic inhibition 640 

by the LdmPFC, leading to an increased vulnerability to stress effects, at least 641 

in males. In this context, LdmPFC inhibition using cobalt chloride prolongs the 642 

anxiogenic-like effects of a single SDS exposure (Santos-Costa et al., 2021; 643 

Victoriano et al., 2020) and increases the activation of glutamatergic neurons in 644 

the RdmPFC in male mice (Santos-Costa et al., 2021). 645 

A dysregulation of LdmPFC to RdmPFC projections activity seems to be 646 

related to rPSS-induced apathy-like effects in female and male mice and social 647 

deficits in male mice, but not to rPSS-related behavioral alterations in the EPM. 648 
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However, disrupting LdmPFC activity during stressful situations seems to be 649 

enough to impair mPFC functional lateralization and increase anxiety-like 650 

behaviors and vulnerability to stress-induced social deficits, at least in male 651 

mice. It suggests that diverse neuronal projections from the LdmPFC are 652 

involved in distinct domains of stress-induced behavioral alterations and 653 

disruption of dmPFC functional asymmetries. In this sense, a significant 654 

proportion of neurons projecting to the contralateral mPFC often extend 655 

collateral projections to the amygdaloid complex (Cassell et al., 1989). Long-656 

range excitatory projecting neurons from the contralateral mPFC have a biased 657 

preference, in layer 5 (L5) of the mPFC, for neurons targeting subcortical 658 

regions over neurons that project to cortical areas (Anastasiades and Carter, 659 

2021). Thus, our results indicate that inhibiting the activity of the projecting 660 

neurons from the LdmPFC to RdmPFC is sufficient to induce an overall 661 

disruption of RdmPFC activity while enhancing the activity of the same neurons 662 

only rescues the stress-induced behavioral deficits controlled by this specific 663 

pathway.  664 

Our findings revealed asymmetric glutamatergic connectivity between the 665 

hemispheres of the dmPFC, with LdmPFC to RdmPFC glutamatergic neurons 666 

outnumbering RdmPFC to LdmPFC projections. Thus, the proposed tonic 667 

inhibition of the LdmPFC to the right hemisphere (Cerqueira et al., 2008)  668 

seems to be mediated by increased activation of the local RdmPFC GABAergic 669 

interneurons, which theoretically are activated by the glutamatergic signals 670 

originating from the LdmPFC. In this sense, there is an asymmetry between 671 

LdmPFC and RdmPFC electrical responses to the contralateral stimulation that 672 

suggest differences in excitation/inhibition balance between the dmPFC 673 

.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 March 25, 2026. ; https://doi.org/10.1101/2025.08.07.669148doi: bioRxiv preprint 

https://doi.org/10.1101/2025.08.07.669148
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 

 

hemispheres, with the RdmPFC showing an increase towards excitatory activity 674 

(Pérez et al., 1990). The RdmPFC showed increased resistance to fatigability in 675 

response to repetitive LdmPFC stimuli and increased amplitude changes in 676 

response to double stimulation of the contralateral hemisphere (Pérez et al., 677 

1990). The increase in anxiety-like behaviors in the EPM in male mice or the 678 

prolongation of SDS-induced anxiogenesis in male mice related to LdmPFC 679 

inhibition is dependent on NMDA receptor activation in the RdmPFC (Santos-680 

Costa et al., 2021; Victoriano et al., 2020), thus suggesting an increase in 681 

excitatory neurotransmission in the RdmPFC from other neuronal sources after 682 

LdmPFC blockade. 683 

Additionally, we find both glutamatergic and GABAergic interhemispheric 684 

projecting neurons in the dmPFC. It was surprising since the glutamatergic 685 

pyramidal neurons constitute the majority of mPFC neurons and typically project 686 

to other regions, establishing long-range communication and serving as the 687 

primary source of informational output (Feldmeyer, 2015). In contrast, 688 

GABAergic neurons are primarily local interneurons, modulating both efferent 689 

glutamatergic projections and incoming signals (Staiger, 2015). However, there 690 

is evidence of mPFC GABAergic neurons forming long-distance projections, 691 

implicated in the modulation of aversive behavior, impulsivity, and learning (Cho 692 

et al., 2023; Lee et al., 2014; Saffari et al., 2016; Utashiro et al., 2024). 693 

The higher number of glutamatergic projections from the LdmPFC to the 694 

RdmPFC does not exclude the participation of the GABAergic projecting 695 

neurons from the LdmPFC on the dmPFC functional asymmetries. They can act 696 

through the direct inhibition of the contralateral pyramidal neurons, increasing 697 

the tonic inhibitory activity exerted by the LdmPFC, or as modulators of the local 698 
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RdmPFC interneuron activation by the contralateral glutamatergic projections. 699 

Although the literature lacks a characterization of such neurons, there is a study 700 

characterizing a class of long-range GABAergic projections within the dmPFC, 701 

which projects from the PrL to the Cg1/2. Those neurons are synaptically 702 

connected to GABAergic interneurons specifically on layer 1 (L1) of the Cg1/2, 703 

where they act through inhibition. The Cg1/2 L1 interneurons, in their turn, 704 

inhibit L5 pyramidal neurons. Thus, the activation of the PrL long-range 705 

GABAergic projections to the Cg1/2 results in an indirect inhibition of the Cg1/2 706 

pyramidal cells (Utashiro et al., 2024). More studies are necessary to properly 707 

characterize the interhemispheric GABAergic projections and their role in 708 

dmPFC functional asymmetry. 709 

It is important to disclose that using the absolute specificity of CaMKII-710 

alpha expression for glutamatergic neurons should be carefully considered. 711 

Despite older evidence pointing towards a lack of CAMKII-alpha expression on 712 

cortical GABAergic interneurons (Wang et al., 2013), recent evidence suggests 713 

a functionally relevant expression of CAMKII-alpha on GABAergic interneurons, 714 

including in the mPFC (Veres et al., 2023). Still, studies have been 715 

demonstrating that CAMKII-alpha is highly enriched in glutamatergic pyramidal 716 

neurons (Basu et al., 2008; Egashira et al., 2018; Scheyltjens et al., 2015). 717 

Zhang et al. (2020) demonstrated that most CAMKII-positive neurons, identified 718 

by the administration of the viral vector AAV5‐CaMKII‐hM4Di‐mCherry into wild-719 

type mice, also express vGLUT1 mRNA (Zhang et al., 2020). Their 720 

chemogenetic inhibition attenuated cocaine-conditioned place preference 721 

acquisition and expression, while the chemogenetic activation of GAD67-722 

positive neurons had no effect, suggesting that a substantial number of CAMKII-723 
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positive neurons are glutamatergic and functionally diverse from the GABAergic 724 

population. Additionally, the glutamic acid decarboxylase isoforms (GAD65 and 725 

GAD67) are enzymes responsible for GABA synthesis in the brain from 726 

glutamate, leading to the absence of glutamate release from GAD-positive 727 

neurons (Martin and Rimvall, 1993). In this sense, GABA is functionally 728 

released from GAD67-positive neurons (Chowdhury et al., 2019). Nevertheless, 729 

we believe that in our study, this impact is less relevant, and our dual-marker 730 

approach (CaMKII-alpha and GAD67) provides robust validation of neuronal 731 

phenotypes in the context of dmPFC interhemispheric-projecting neurons. 732 

Using this approach, we had a reliable answer regarding the GABAergic 733 

population, as the GAD67 marker seems to be specific for GABAergic cells. 734 

They accounted for a limited number of FluoroGold-positive cells, compared to 735 

the CaMKII-alpha/FluoroGold-positive cells. In this case, we can propose that 736 

our differences are related to the glutamatergic population since we did not find 737 

differences in the GAD67-positive cells. 738 

The rPSS exposure did not induce social avoidance in female mice in the 739 

present study, but decreased self-care and increased anxiety-like behaviors as 740 

measured by the coat state deterioration and reduced open-arm exploration in 741 

the EPM, respectively. In C57BL/6 female mice subjected to 10 days of WSDS, 742 

stress exposure induced social avoidance in the SIT, increased depressive-like 743 

behaviors in the tail suspension test and sucrose preference test, and increased 744 

anxiety-like behaviors in the EPM (Iñiguez et al., 2018), along with decreased 745 

social preference in the 3-chamber social preference test (Morais-Silva et al., 746 

2023). On the other hand, WSDS for 10 days did not affect the sociability of 747 

Swiss-Webster mice, but increased anxiety-like behaviors in the EPM and 748 
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provoked memory impairment in the object recognition test (Canto-de-Souza et 749 

al., 2025). Whether differences in the stress protocol or mouse strain are 750 

involved in such discrepancies, or even whether female mice are less 751 

vulnerable to alterations in sociability after chronic stress exposure, remains to 752 

be determined.  753 

The activation of LdmPFC projections to the contralateral hemisphere, 754 

shown in the present study, appears to have rescued the increase in apathy-like 755 

behaviors but not the increase in anxiety-like behaviors after rPSS exposure in 756 

female mice. Similarly, the inhibition of the above-mentioned projections did not 757 

increase the vulnerability of female mice to stress effects on the EPM after the 758 

sPSS protocol. Such results suggest a distinct role of the LdmPFC 759 

interhemispheric projections in female and male mice. In this sense, it is 760 

suggested that afferent projections to the mPFC are distinct between female 761 

and male rats (Laine et al., 2024). In addition, there are intrinsic differences 762 

between female and male mice on baseline glutamatergic neurotransmission 763 

within the mPFC (Knouse et al., 2022). The activation of neurons expressing 764 

vesicular glutamate transporter 3 from the median raphe nucleus to the dmPFC 765 

increases GABAergic neurotransmission and enhances fear extinction in female 766 

but not male mice (Collins et al., 2023). Moreover, mPFC responses to stress 767 

exposure seem to be distinct between female and male individuals. For 768 

instance, RRS exposure increases dendritic arborization in the mPFC of female 769 

rats but decreases in male rats (Garrett and Wellman, 2009). This increase in 770 

dendritic arborization in females is specific for neurons projecting to the 771 

basolateral amygdala (Shansky et al., 2010). In women, mPFC lesion increases 772 

the cortisol release in response to the trier social stress test (TSST), while it 773 
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does not affect cortisol response in men. On the other hand, mPFC lesion 774 

increases heart rate and decreases heart rate variability during an orthostatic 775 

challenge in men but not women (Buchanan et al., 2010). 776 

Another interesting sex-specific effect found in our study is the decrease 777 

in body weight due to the repeated chemogenetic activation of the neuronal 778 

projection from the LdmPFC to the RdmPFC in female mice. Evidence suggests 779 

that the mPFC plays a role in the neural control of feeding behavior and food 780 

valuation (Land et al., 2014). However, as far as we know, there are few studies 781 

looking for the role of the dmPFC on sex differences in feeding or motivation for 782 

food seeking. Three studies aimed for cFos expression on the dmPFC during 783 

food consumption (Greiner et al., 2024; Parsons et al., 2022; Reppucci and 784 

Petrovich, 2018), although no significant differences were found. On the other 785 

hand, a study showed that neuronal ensembles representing social and 786 

nonsocial rewards in the dmPFC are more distinct and less overlapping in 787 

female mice relative to male mice (Isaac et al., 2024). Thus, further studies are 788 

necessary to clarify the implications of the sex-specific effects related to the 789 

activation of the projections from the LdmPFC to RdmPFC. 790 

The use of the EPM as the only behavioral test to evaluate anxiety-like 791 

behaviors limits a comprehensive assessment of the emotional state of mice 792 

following stress exposure. However, excessive exposure to behavioral tests 793 

could impact each other’s results (McIlwain et al., 2001; Shoji and Miyakawa, 794 

2021). Thus, we delineated our protocol to keep the number of behavioral tests 795 

to a minimum, maintaining the evaluation of the behavioral domains that are 796 

impacted by chronic stress exposure and are related to psychiatric disorders 797 

(anxiety, motivation and social behavior) (American Psychiatric Association, 798 
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2013). We used the EPM since it is a classical behavioral test used for the 799 

evaluation of anxiety-like behaviors in rodents, and was extensively used in the 800 

studies that identified the implications of the mPFC functional asymmetry on 801 

stress (Costa et al., 2016; Santos-Costa et al., 2021; Sullivan and Gratton, 802 

2002). The social interaction test was chosen due to its widespread use to 803 

identify the stress coping phenotypes after chronic stress exposure in rodents 804 

(Golden et al., 2011). Finally, the coat state was evaluated since it is used as an 805 

indicator of the individual’s motivation for self-centered activities and apathy-like 806 

behavior, and it is easily performed with minimum manipulation of experimental 807 

subjects (Planchez et al., 2019). Additionally, stress-induced alterations in the 808 

coat state and SIT are only reversed using chronic antidepressant treatments, 809 

reinforcing their predictive validity (Berton et al., 2006; Yalcin et al., 2008). 810 

In conclusion, our results revealed an involvement of the monosynaptic 811 

projections from the LdmPFC to RdmPFC in the vulnerability to the behavioral 812 

alterations induced by PSS in female and male mice. We also showed a higher 813 

density of glutamatergic projections from the LdmPFC to the contralateral 814 

hemisphere than to the opposite. Those projections may be involved in the 815 

phenomenon of functional asymmetry of the dmPFC and its disruption by 816 

chronic stressors.  817 
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