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PRENATAL STRESS IS ASSOCIATED WITH A SEX-SPECIFIC CAMKII 

MODULATION IN AGED MOUSE PREFRONTAL CORTEX 

 

ABSTRACT 

Animal evidence has suggested that prenatal stress programs sex-specific trajectories of brain 

aging; however, the molecular correlates of these trajectories in the aged prefrontal cortex (PFC) 

have remained undisclosed. Previous report shows that unpredictable chronic mild stress (UCMS) 

applied to C57BL/6J dams during gestation, followed by fragmented maternal care, produced in 

male offspring a progression from midlife anhedonia to hyperlocomotion, reduced avoidance and 

spatial memory deficits at 18 months, whereas female offspring developed late-onset anhedonia 

with preserved hippocampus-dependent memory. Herein, proteomic LC-MS/MS was used to 

investigate the prefrontal cortex (PFC) of 18-month-old C57BL/6J offspring exposed to UCMS 

protocol. CaMKIIα and CaMKIIβ showed opposite stress-associated changes between sexes. An 

exploratory postsynaptic module comprising CaMKII isoforms and IQSEC1/2 increased in 

females and decreased in males, with a significant sex-by-stress interaction, corroborated by 

Western blotting. In males, mitochondrial aspartate aminotransferase (GOT2) was the most robust 

individual change, accompanied by increased phosphorylated tau and AKT. Females exhibited 

increased CaMKII abundance alongside reduced phosphorylation ratios and additional 

neuropeptidergic, bioenergetic, and neuroimmune candidates. These findings suggest sex-

dependent molecular adaptations in the aged PFC following prenatal stress. 

 

Keywords: prenatal stress; prefrontal cortex; proteomics; CaMKII; sex differences; brain aging; 

developmental origins of health and disease. 

 



INTRODUCTION 

The Developmental Origins of Health and Disease (DOHaD) concept posits that adverse 

conditions during gestation program the structure and function of the offspring organs, increasing 

the risk of chronic disease throughout life. Considering the brain, excessive exposure to maternal 

glucocorticoids during critical windows of neurogenesis and synaptogenesis has been associated 

with persistent alterations of the hypothalamic-pituitary-adrenal (HPA) axis, of monoaminergic 

circuits and of the prefrontal-limbic network that regulates emotion, motivation and executive 

control [1, 2]. Notably, these effects are sex-dependent: male fetuses appear more vulnerable to 

placental and glucocorticoid insults, and prenatal stress has been reported to increase anxiety-like 

and depression-like behavior predominantly in male offspring [3–6], whereas stress-induced 

cognitive changes in females are more variable and frequently opposite to those of males [7–9]. 

Moreover, the placenta responds to maternal adversity in a sex-specific manner [10, 11], the 

postnatal environment may amplify or attenuate the prenatal insult, as shown by cross-fostering 

experiments [12], and fragmented and unpredictable maternal care is per se a programming signal 

for emotional circuits [13, 14]. Importantly, outcomes are heterogeneous, since only a fraction of 

prenatally stressed offspring develop pathology while the remaining animals are resilient [15]. 

Most studies addressing prenatal stress, however, have evaluated adolescent or young adult 

offspring, and the late consequences of this insult, when the prenatal programming interacts with 

the biology of aging, remain poorly characterized. The few longitudinal data available indicate 

that prenatal stress accelerates the age-related dysfunction of the HPA axis and the emergence of 

cognitive impairments [16], and recent work has emphasized that the developmental timing of 

adversity, rather than its nature, determines long-term trajectories [17]. In our unpublished study 

[18], we applied an unpredictable chronic mild stress (UCMS) protocol to C57BL/6J dams during 

gestation and followed male and female offspring until 18 months of age. Stressed dams displayed 



fragmented and less predictable maternal behavior, and the offspring of both sexes were born with 

lower body weight and showed postnatal catch-up growth. Male offspring presented anhedonia at 

12 months, which progressed at 18 months to hyperlocomotion, increased rearing and jumping, 

reduced open-arm avoidance in the elevated plus maze and persistent spatial memory and search-

strategy deficits in the Barnes maze. In contrast, female offspring showed hypoactivity and reduced 

anxiety-like behavior at 12 months and late-onset anhedonia at 18 months, while recognition and 

spatial memory were preserved or even enhanced. Thus, we proposed that prenatal stress 

accelerates fronto-striatal decline in males and promotes a transient, costly reallocation of neural 

resources in females. Nevertheless, that interpretation was built exclusively on behavioral 

evidence, and protein-level analyses were explicitly pointed out as necessary to validate the 

proposed mechanisms. 

The prefrontal cortex (PFC) is a natural candidate for such an analysis. It is one of the regions most 

sensitive to glucocorticoids and to aging, its pyramidal neurons undergo stress-induced dendritic 

and spine remodeling, and it exerts top-down control over the striatum, the amygdala and the 

hippocampus [19–21]. Additionally, the PFC response to stress is sexually dimorphic: chronic 

stress retracts apical dendrites of medial PFC neurons in male rats, whereas it increases apical 

dendritic length in females through an estradiol-dependent mechanism [22, 23], and prenatal stress 

reduces spine density and dendritic complexity in the anterior cingulate and orbitofrontal cortices 

of male offspring[24]. Proteomic studies of the PFC after prenatal or chronic stress have been 

conducted mainly in young adult male rats, with labeling-based or gel-based approaches [25, 26] 

and, to the best of our knowledge, no study has described the PFC proteome of aged male and 

female offspring exposed to prenatal stress. 



Taking into account the above data, the current study was conducted to search whether prenatal 

UCMS is associated with sex-specific alterations of the PFC proteome of 18-month-old offspring, 

and whether these alterations are congruent with the sexually divergent behavioral trajectories 

described in the companion study. We hypothesized that: (a) prenatal stress modifies the aged PFC 

proteome in a sex-dependent manner; (b) the male proteome would reveal a reduction of synaptic 

plasticity machinery consistent with fronto-striatal decline; and (c) the female proteome would 

reveal changes in reward-related and metabolic pathways consistent with late-onset anhedonia. To 

this end, we combined data-independent acquisition (DIA) mass spectrometry, an animal-level 

statistical re-analysis with a formal sex-by-stress interaction test, functional enrichment, cell-type 

mapping and Western blot, and we integrated these data with the behavioral phenotype at the group 

level, explicitly confronting favorable, unfavorable and divergent evidence from the literature. 

 

MATERIALS AND METHODS 

Ethical statement and animals 

All experimental procedures were conducted in accordance with the guidelines of the Brazilian 

National Council for the Control of Animal Experimentation (CONCEA) and were approved by 

the Ethics Committee for Animal Research of the State University of Campinas (CEUA: 5774-

1/2021), and the study is reported according to the ARRIVE 2.0 guidelines. C57BL/6J mice were 

obtained from the Multidisciplinary Center for Biological Research (CEMIB/UNICAMP) and 

maintained at 21 ± 2 °C under a 12:12 h light-dark cycle, with water and standard chow ad libitum. 

 

Prenatal unpredictable chronic mild stress 

Pregnant dams were randomly assigned to the control (C) or stress (S) group. The S group was 

subjected to a UCMS protocol in which a single stressor was applied per day, in a semi-random 



rotating sequence to prevent habituation: lights on during the dark phase (12 h), cage without 

bedding (3 h), cage tilted at 45° (7 h), food restriction (24 h), water restriction (24 h), wet cage 

(200 mL of water in the bedding, 8 h), white noise (1500 Hz, 92 dB, 1 h), cage shaking (30 min), 

restraint during 4 h and forced swim in water at 31 °C (1 h). Control dams were maintained under 

standard housing, with routine cage changes at the same time of day [18]. 

After weaning, the offspring were housed by sex and at 18 months of age the animals were deeply 

anesthetized with isoflurane by inhalation and, after confirmation of the absence of the pedal 

withdrawal reflex, euthanized by decapitation. The PFC was dissected in seven female (4 C and 3 

S) and six male (3 C and 3 S) offspring and proteomic analyses were conducted. N = one animal 

from different dam. 

 

Sample preparation for LC-MS/MS 

PFC samples were homogenized in 8 M urea, 75 mM NaCl, 50 mM Tris pH 8.2, Halt Protease 

Inhibitor Cocktail (Thermo Scientific, Cat. No. 87786), and incubated at room temperature for 30 

min under agitation. Subsequently, samples were centrifuged at 12,000 × g for 30 min at 4 °C, and 

the supernatant was quantified using the BCA method. Protein samples [27] (50 µg) were subjected 

to denatured with an equal volume of 8 M urea and reduced with dithiothreitol (DTT) to a final 

concentration of 5 mM for 25 min at 56 °C. Cysteine residues were subsequently alkylated with 

iodoacetamide (IAA; 14 mM final concentration) for 30 min at room temperature, protected from 

light. The urea concentration was reduced to approximately 1.6 M by dilution with 50 mM 

ammonium bicarbonate. Calcium chloride was added to a final concentration of 1 mM, and 

proteins were digested with sequencing-grade modified trypsin at an enzyme-to-substrate ratio of 

1:50 (w/w) for 16 h at 37 °C. Digestion was stopped by adding trifluoroacetic acid (TFA) to a final 



concentration of 0.4%. Samples were centrifuged at 2,500 × g for 10 min at room temperature, and 

the supernatants were collected. Peptides were desalted using C18 StageTips. The tips were 

sequentially conditioned with methanol, 80% acetonitrile containing 1% formic acid, and 1% 

formic acid. Samples were acidified with 1% formic acid (pH ≤ 3), loaded onto the conditioned 

tips, and washed with 1% formic acid. Peptides were eluted with 80% acetonitrile containing 1% 

formic acid. The eluates were dried by lyophilization and stored at −20 °C until LC–MS/MS 

analysis. 

 

LC-MS/MS analysis 

Mass spectrometry analyses were performed at the Mass Spectrometry Laboratory (MAS) of the 

Brazilian Biosciences National Laboratory (LNBio), Brazilian Center for Research in Energy and 

Materials (CNPEM), under proposal number 20242650. Peptides were analyzed in an Orbitrap 

Exploris 240 mass spectrometer (Thermo Fisher Scientific, USA) coupled to an Evosep One liquid 

chromatography system (Evosep, Odense, Denmark) through a nanoelectrospray ion source, in 

DIA mode. Peptides were preconcentrated on EV2001 C18 Evotips and separated on an Aurora 

Elite XT C18 UHPLC column (IonOpticks, Australia) (15 cm × 75 μm, 1.7 μm particle size) with 

the Evosep Whisper Zoom 20 samples-per-day method. The nanoelectrospray voltage was 1.7 kV 

and the source temperature 275 °C. Full MS scans were acquired at a resolution of 120,000 over 

m/z 350-1400, with an automatic gain control (AGC) target of 300% and maximum injection time 

of 45 ms. MS/MS scans were acquired with 34 isolation windows of 20 m/z from 361 to 1033 m/z, 

AGC target of 1000%, normalized collision energy of 27% and resolution of 15,000 (Bekker-

Jensen et al., 2020). All 13 samples were acquired on a single day in one sequence, in which female 

and male, control and stressed samples were interleaved and separated by water blank injections. 



Data processing and candidates’ selection 

DIA raw files were processed in Spectronaut version 19 (Biognosys, Zurich, Switzerland) with a 

directDIA workflow against the Mus musculus UniProt reference database (21,803 entries, 

downloaded in July 2025), using BGS factory settings with method evaluation [28]. Trypsin/P 

specific peptides of 7 to 52 amino acids with up to two missed cleavages and five modifications 

were considered; methionine oxidation and protein N-terminal acetylation were set as variable 

modifications and cysteine carbamidomethylation as fixed modification. Identification thresholds 

were precursor Q value < 0.01, precursor PEP < 0.2, protein Q value (experiment) < 0.01, protein 

Q value (run) < 0.05 and protein PEP < 0.75. Label-free quantification was performed at the MS2 

level with cross-run normalization, MaxLFQ protein roll-up (Cox et al., 2014) and no imputation. 

Female and male datasets were searched in separate Spectronaut analyses. Candidate proteins were 

selected by the Spectronaut differential abundance module (unpaired t-test) as protein groups with 

P < 0.05 and |log2 ratio| >= 0.58 (1.5-fold), and Storey Q values were reported [29] 

 

Functional enrichment, interaction networks and cell-type mapping 

Up-regulated and down-regulated candidates were analyzed separately by over-representation 

analysis in R (version 4.5.0). Gene symbols were mapped with org.Mm.eg.db, and Gene Ontology 

enrichment was performed with clusterProfiler [30], with redundancy reduction by the simplify 

function (similarity cut-off 0.7). KEGG pathways were analyzed with clusterProfiler and 

Reactome pathways with ReactomePA [31], after conversion to Entrez identifiers; terms with P < 

0.05 were retained. Selected Gene Ontology terms and their candidates were represented as term-

protein membership matrices. To provide cellular context, candidates of interest were examined 



in the single-nucleus RNA-sequencing dataset SCP2126 of the Broad Institute Single Cell Portal, 

which comprises mouse and cynomolgus macaque cortex, thalamus and cerebellum [32]. 

 

Western blot 

PFC were homogenized using Polytron in lysis buffer containing EDTA 10 mM, Trizma base 

100 mM, sodium pyrophosphate 10 nM, sodium fluoride 100 mM, sodium orthovanadate, 

phenylmethylsulfonyl fluoride 2 mM (diluted in absolute ethanol), aprotinin 0.1 mg/mL, Triton X‐

100. The homogenates were centrifuged at 12,000 rpm at 4°C, and the supernatants of each sample 

were collected. The total protein concentration was determined by the Pierce BCA (Thermo 

Scientific, Cat. No. 23225) and treated in a Laemmli buffer with 200 mM of dithiothreitol, heated 

at 100°C for 5 min, and applied in SDS‐PAGE gel and transfer to nitrocellulose membrane. The 

membranes were blocked with 5% of BSA diluted in TBS-T. The primary and secondary 

antibodies are listed in Supplementary Table. The protein bands were detected using Super Signal 

West Pico (Thermo Scientific, Cat. No. 34580) in GeneGnome (Syngene), and the band 

quantification was performed using ImageJ. Statistical analyses were performed using GraphPad 

Prism, with a significance level set at p ≤ 0.05. Data are presented as mean ± standard deviation 

(SD). Normality of the data distribution was assessed using the Shapiro–Wilk test. For datasets 

following a normal distribution, comparisons were made using the Student t-test. For non-normally 

distributed data, the Mann–Whitney U test was used. To ensure data transparency, uncropped 

images showing the full area of all original Western blots presented in this study are available in 

the Supplementary Material. 

 

 



RESULTS 

Coverage and quality of PFC proteome 

Proteomic analysis identified 5,647 protein groups in females and 5,336 in males, corresponding 

to 70,283 and 67,299 peptides, respectively. Data completeness was 90.60% in females and 

96.70% in males, indicating high proteomic coverage in both sexes, with greater completeness in 

males. The datasets also exhibited high recovery rates (99.70% in females and 99.80% in males) 

and good quantitative reproducibility, with median coefficients of variation of 27.0% and 19.80%, 

respectively. Overall, these results demonstrate robust LC-MS/MS performance in both sexes, 

supporting subsequent differential protein expression and pathway enrichment analyses. 

The Spectronaut candidate proteins identified 52 candidates in females (22 up-regulated and 30 

down-regulated) and 33 in males (12 up-regulated and 21 down-regulated). Eleven female entries 

(21%) and five male entries (15%) corresponded to immunoglobulin chains, keratins, MHC class 

I molecules or unannotated groups; these entries were heterogeneous between sexes (e.g., IGHG3 

+819% in females; KRT10 and KRT79 increased in males) and are most likely related to residual 

blood or handling contamination. 

 

A sex-opposite CaMKII/IQSEC 

Among parenchymal proteins, only CaMKIIα (Camk2a) and CaMKIIβ (Camk2b) were shared by 

the female and male candidate lists, and they were regulated in opposite directions: in females, 

CaMKIIα increased by 69.1% and CaMKIIβ by 52.4% (Figure 1G), whereas in males CaMKIIα 

decreased by 53.9%, CaMKIIβ by 55.3% and CaMKIIγ by 47.8% (Figure 1H). 

Western blot confirmed the direction of change of total CaMKII in both sexes, with an increase in 

females and a decrease in males (Figure 2). Phosphorylated CaMKII did not differ between groups 



in either sex; consequently, the p-CaMKII/CaMKII ratio was reduced in females, indicating that 

the expanded CaMKII pool was not accompanied by a proportional increase of the phosphorylated 

fraction, while in males the ratio was unchanged. 

 

Female-specific candidates 

Besides CaMKII, the female up-regulated candidates included the opioid precursor prodynorphin 

(Pdyn, +73.6%), neuromedin B (Nmb, +209.9%), caspase-6 (Casp6, +143.5%), cathepsin C (Ctsc, 

+75.0%), DNA polymerase beta (Polb, +96.7%) and transcriptional machinery components (Taf5l, 

Polr2l and Ash2l). The down-regulated candidates comprised the peptide shared by the estrogen-

related receptors Esrra and Esrrb (-60.8%), the mitochondrial ADP/ATP translocase Slc25a4 

(ANT1, -41.7%), the synaptic adhesion protein Flrt1 (-43.4%), the lysosomal enzymes Gla and 

Naglu, and Stat6, Serping1 and A1bg (Figure 1). 

 

Male-specific candidates 

In males, besides the CaMKII isoforms and IQSEC1/IQSEC2, the down-regulated candidates 

included Got2 (-52.2%), Cd81 (-46.3%), Jak1 (-39.0%), Gnb4 (-36.6%), Lcp2 (-67.2%), Sec24d 

(-55.7%) and Col4a2 (-39.1%). The up-regulated candidates included neurexin-2 (Nrxn2, 

+120.8%), Pbx3 (+82.6%), the GATOR2 component Wdr24 (+76.0%), Naa38 (+75.0%) and 

Tmem143 (+143.7%). 

 

Functional enrichment 

In females, the up-regulated set was enriched in calcium/calmodulin-dependent protein kinase 

activity (CaMKIIα, CaMKIIβ), neuropeptide hormone activity (PDYN, NMB), regulation of 



neuronal synaptic plasticity and dendritic spine development, and in the KEGG pathways 

amphetamine addiction (CaMKIIα, CaMKIIβ and Pdyn; adjusted P = 0.002), Cushing syndrome 

and long-term potentiation (Figure 3A). The female down-regulated set was enriched in 

immunoglobulin complex, Golgi organization, growth hormone receptor signaling (A1bg, Stat6) 

and ADP transmembrane transporter activity (Slc25a4) (Figure 3B). In males, the down-regulated 

set was enriched in postsynaptic density and asymmetric synapse (CaMKIIα, β, γ, IQSEC1 and 

IQSEC2; q < 0.001), regulation of protein localization to membrane, calcium/calmodulin-

dependent protein kinase activity and the KEGG pathways circadian entrainment, cholinergic and 

dopaminergic synapse and long-term potentiation (Figure 3D). In the male up-regulated set, 

cellular component and molecular function terms were driven either by keratins (Krt10 and Krt79) 

or by single proteins (Naa38, Wdr24, Cenpv and Nrxn2) (Figure 3C); the biological process 

analysis supplied for this set had been computed on a gene list containing keratins absent from the 

male candidate list (Krt1, Krt15, Krt77 and Krt78) and was therefore not used. Noticeably, terms 

such as tuberculosis, necroptosis, interferon gamma signaling and HSF1-dependent transactivation 

were driven exclusively by CaMKII annotations and do not represent independent biological 

pathways. 

 

Cellular context 

In the SCP2126 single-nucleus dataset (mouse cortex, vehicle-treated animals, 134,083 nuclei), 

Camk2a, Camk2b and Iqsec2 were detected mainly in neurons (CAMK2a in 94.9% of excitatory 

and 77.8% of inhibitory nuclei), Camk2g also in astrocytes (63.5%), Iqsec1 in neurons and 

oligodendrocytes (47.7%), and Camk2d was broadly distributed. Got2 was detected mainly in 

neurons (41.5% and 47.9% of excitatory and inhibitory nuclei). Among female candidates, Ctsc 



was enriched in microglia (23.1%) and endothelial cells (15.6%), Casp6 in endothelial cells 

(7.1%), Pdyn in inhibitory neurons (6.2%) and Polb in neurons (62.7% and 69.7%); among male 

candidates, Nrxn2 was detected in oligodendrocyte precursor cells (83.1%) and neurons, and Pbx3 

in fibroblasts (59.4%) (Figure 4). Thus, the sex-opposite module most likely originates in neurons, 

whereas part of the female candidates may reflect microglial and vascular compartments. SCP2126 

covers the whole mouse cortex rather than the PFC and was not generated in aged or sex-stratified 

animals, so that these assignments are approximations. 

 

Western blot of tau and beta amyloid 

Total and phosphorylated tau did not differ between groups in either sex; however, the p-tau/tau 

ratio was increased in males. (Figure 5). 

 

Western blot of AKT, IRS and mTOR 

Total IRS-1 did not differ in either sex; phosphorylated IRS-1 was increased in females, whereas 

in males the p-IRS-1/IRS-1 ratio was increased. Phosphorylated Akt1/2/3 was increased in males 

only (Figure 6). 

 

DISCUSSION 

The present study indicates that prenatal unpredictable chronic mild stress (UCMS is associated 

with sex-dependent alterations in the prefrontal cortex (PFC) proteome of aged mice. The most 

consistent finding was the opposite regulation of a postsynaptic module comprising CaMKII 

isoforms in males and females. Additional findings suggest potential alterations in mitochondrial 



metabolism and stress-related signaling, while the behavioral results indicate sex-dependent 

trajectories in the emergence of anhedonia [18]. 

In aged males, the reduced abundance of CaMKII and IQSEC proteins suggests remodeling of the 

postsynaptic machinery involved in synaptic organization and plasticity. CaMKII is a major 

component of the postsynaptic density and plays a central role in synaptic plasticity, learning, and 

memory, whereas CaMKIIβ contributes to dendritic spine organization through its interaction with 

F-actin [33–35]. IQSEC1 and IQSEC2 couple glutamate receptor signaling to Arf6-dependent 

receptor trafficking [36, 37]. Their coordinated reduction is therefore consistent with alterations in 

excitatory synaptic organization. This interpretation agrees with reports of reduced dendritic 

complexity and spine density following prenatal or chronic stress, as well as decreased CaMKII 

abundance after chronic stress and maternal deprivation  [22, 24, 38] Furthermore, prenatal 

psychosocial stress alters calcium-signaling and neurotransmission-related genes in male 

offspring, with some effects attributable to the postnatal maternal environment [12]. Together, 

these findings support the possibility that prenatal adversity and subsequent maternal care 

contribute to long-lasting changes in synaptic organization. 

However, stress-related CaMKII responses are not uniform across experimental models. Increased 

total and phosphorylated CaMKII has been reported in the hippocampus following prenatal 

restraint stress, while other studies have identified increased excitatory drive after early-life 

adversity [15, 39, 40]. These discrepancies may reflect differences in brain region, developmental 

stage, stress paradigm, and compensatory responses. Because the present study examined the PFC 

at 18 months, its findings may reflect late-life adaptations that differ from those observed in 

younger animals or in the hippocampus.  



In females, the CaMKII/IQSEC showed an opposite abundance pattern, accompanied by a reduced 

phosphorylated CaMKII-to-total CaMKII ratio. This finding suggests that increased protein 

abundance does not necessarily correspond to greater kinase activity. CaMKII has both catalytic 

and structural functions in synaptic organization, and Thr286 autophosphorylation is particularly 

important for autonomous activity and synaptic potentiation [41–43]. Thus, the female profile may 

reflect an expansion of the postsynaptic protein pool without a proportional increase in its 

catalytically active fraction. Sex-dependent regulation of synaptic structure and signaling is 

biologically plausible, given the effects of gonadal steroids and sex-specific molecular 

mechanisms on cortical plasticity [22, 23, 44, 45]. However, an estrogen-dependent explanation is 

less convincing in 18-month-old females, considering reproductive senescence and the limited 

evidence that local estrogen synthesis can sustain brain function indefinitely [46, 47]. 

Developmental programming of sex-specific synaptic regulation is therefore an alternative 

hypothesis, although it remains untested in the present model. Importantly, the female effect was 

sensitive to the exclusion of an outlying control animal, and only three stressed females were 

included. The proposed expansion of the CaMKII/IQSEC module should consequently be 

regarded as provisional. Overall, the opposing patterns suggest sex-dependent postsynaptic 

remodeling rather than a uniform response to prenatal stress. 

Additional candidates related to mitochondrial function, including ESRRA/ESRRB and the 

ADP/ATP translocase SLC25A4, as well as proteins associated with inflammatory processes, 

suggest that the phenotype may involve convergent changes in energy metabolism, neuronal 

function, and cellular stress responses. These interpretations remain exploratory because several 

candidates were quantified using only one peptide and did not achieve significance in animal-level 

analyses. The available evidence therefore supports a multifactorial hypothesis rather than a single-



molecule explanation for delayed anhedonia in females. Targeted quantification of dynorphin 

peptides, assessment of mitochondrial function, and pharmacological manipulation of KOR 

signaling will be necessary to establish whether these candidates contribute to the observed 

trajectory. 

The reduction in GOT2 provides a potential link between prenatal adversity and altered energy 

metabolism in aged males. GOT2 participates in the malate–aspartate shuttle and in aspartate and 

glutamate metabolism, connecting mitochondrial redox balance with cellular metabolic function. 

Its reduced abundance is consistent with the possibility of compromised metabolic support, 

although enzyme activity and mitochondrial function were not directly measured. Western blot 

findings involving insulin signaling and tau phosphorylation also require cautious interpretation. 

Increased basal Akt phosphorylation does not, by itself, establish insulin resistance, which is 

defined by an attenuated response to insulin stimulation. Moreover, because Akt can inhibit 

GSK3β, the simultaneous increase in phosphorylated Akt and phosphorylated tau cannot be 

mechanistically resolved without information about the phosphorylation sites, quantitative effect 

sizes, and responses to insulin stimulation [48–50]. Accordingly, the present results neither 

confirm nor exclude impaired insulin signaling. GOT2 remains a candidate marker of metabolic 

remodeling, whereas the proposed relationship among insulin resistance, Akt signaling, and tau 

phosphorylation requires further investigation. The observed increase in neurexin-2 is also 

hypothesis-generating but lacks sufficient statistical support for mechanistic conclusions. 

Previous proteomic investigations of prenatal and chronic stress have identified alterations in 

synaptic, cytoskeletal, membrane-trafficking, and metabolic proteins, with outcomes varying 

according to sex, brain region, and susceptibility phenotype [25, 26, 51]. 



In conclusion, prenatal UCMS was associated with sex-dependent proteomic changes in the aged 

PFC. The most consistent candidate signature involved opposite regulation of the postsynaptic 

CaMKII/IQSEC module in males and females, potentially reflecting distinct forms of synaptic 

remodeling. The behavioral findings further suggest that anhedonia may emerge at different ages 

across sexes. Given the limited sample size and absence of proteome-wide significant individual 

proteins, these findings should be interpreted as hypothesis-generating. Independent validation and 

longitudinal, region-specific analyses are essential to determine whether these molecular 

signatures contribute to sex-dependent trajectories of brain aging following prenatal adversity. 
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FIGURES, TABLES AND SUPPLEMENTARY FILE LEGENDS 

Figure 1: Proteomic overview and candidate proteins in the prefrontal cortex of 18-month-old 

offspring following prenatal stress. (A, D) Principal component analysis of the complete proteomic 

datasets. (B, E) Volcano plots showing significance versus fold change at the individual animal 

level. Highlighted are the CaMKII/IQSEC module and key candidates. (C, F) Distribution of 

animal-level P values indicating overall proteomic variance. (G, H) Differentially abundant protein 

candidates ranked by log2 fold change, distinguishing those meeting statistical significance across 

experimental groups for females and males, respectively. C: Control, S: Prenatal Stress. 

Figure 2: Validation of CaMKII abundance and phosphorylation by Western blot. Total and 

phosphorylated levels (Thr286) of CaMKII were evaluated across control (C) and stressed (S) 

offspring in both females (F) and males (M). Bar charts demonstrate log2 quantifications and 

relative expression normalized to α-Tubulin (A-F), and the ratio of p-CaMKII to total CaMKII 

(G). Representative Western blot images are shown in (H). Error bars represent mean ± SD. 

Figure 3: Functional enrichment analysis of differentially abundant proteins in the prefrontal 

cortex. Sankey diagrams illustrating significant Gene Ontology biological processes, cellular 

components, molecular functions, and KEGG pathways enriched in up-regulated (Up) and down-

regulated (Down) candidate proteins for females (A) and males (B). 

Figure 4: Cell-type expression mapping of candidate proteins. Normalized mean expression of 

selected candidate genes and the CaMKII/IQSEC module in distinct brain cell populations, derived 

from the SCP2126 mouse cortex single-nucleus RNA-sequencing dataset. Dot size represents the 

percentage of nuclei expressing each gene. 

Figure 5: Assessment of Tau phosphorylation and beta-amyloid levels. Protein levels of total TAU 

(A), phosphorylated TAU at Ser199/202 (B), ratio of pTAU/TAU (C), and beta-amyloid (D) 



measured in control (C) and stressed (S) female (F) and male (M) groups. Representative 

immunoblots normalized to α-Tubulin (E). Error bars represent mean ± SD. 

Figure 6: Assessment of insulin signaling pathway components. Relative expression of total and 

phosphorylated forms of IRS-1 (A, B) and their ratio (C), mTOR (D, E) and its ratio (F), and 

phosphorylated AKT1/2/3 (G). Representative Western blots for all targets normalized to α-

Tubulin are shown in (H). 

Table 1: Design, quality metrics and statistical overview of the PFC proteomes of 18-month-old 

offspring. 

Table 2: Selected parenchymal candidates in the PFC of 18-month-old prenatally stressed 

offspring, with candidates and animal-level statistics. 

File S1: Antibodies used in Western blot experiment. 

File S2: Spectronaut of females dataset. 

File S3: Spectronaut of males dataset. 

File S4: Enrichment tables of female dataset. 

File S5: Enrichment tables of female dataset. 

File S6: Original, uncropped blot images. 
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