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Abstract

Stressful events are a leading factor in the development of depression. The medial prefrontal cortex
(mPFC) is strongly associated with depression etiology and exposure to uncontrollable stressors results
in synaptic dysfunction and loss. Learned helplessness is a behavioral paradigm that measures effects
of repeated exposure to uncontrollable, inescapable stress on later responses to escapable stress. We
therefore performed a proteomic analysis of mPFC synaptosomes in a mouse learned helplessness
model to identify molecular changes that could contribute to functional consequences of inescapable
stress. Male and female mice were evaluated at baseline and following exposure to escapable or ines-
capable stress followed by an active avoidance test. Label-free mass spectrometry followed by path-
way and protein—protein interaction network analyses identified alterations in signaling pathways
involved in energy metabolism, neurotransmitter signaling, and protein shuttling. Furthermore, phos-
phoproteomics revealed alterations related to synaptic function, neurotransmitter signaling and protein
internalization, as well as changes in activity of kinases previously identified as mediators of antide-
pressant efficacy (GSK3B) and receptor internalization (ADRBK1). We more deeply examined alterations
in the acetylcholine receptor signaling pathway and identified muscarinic receptor proteins (Chrm1,
Chrm2, Chrm4) and key proteins involved in their translocation to and from the membrane. These
results identify substantial changes in the mPFC proteome following exposure to inescapable stressors.
In addition, mPFC muscarinic cholinergic signaling is well placed to mediate responses to an inescap-
able stressor. This proteomic study will be useful in guiding studies of human mPFC relevant to depres-
sion. Data are available via ProteomeXchange with identifier PXD073765.

Key words: cholinergic pathways; learned helplessness; medial prefrontal cortex; muscarinic
receptors; proteomics; stress-induced plasticity

Significance Statement

The medial prefrontal cortex (mPFC) is strongly associated with depression etiology, and exposure to
uncontrollable stressors results in synaptic dysfunction and loss. Understanding the molecular changes
in the mPFC that occur under stressful conditions that lead to maladaptive behavioral responses is
essential for basic characterization of stress responses and identification of novel targets for antide-
pressant medications.
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Introduction

Stressful events are important factors precipitating depressive episodes in humans
(Fuchs and Flugge, 2004), and ~8.3% of the adult US population experiences an episode
of major depression each year (NIMH 2021). The prefrontal cortex (PFC) is strongly impli-
cated in the etiology and treatment of depression, with changes to physiology and func-
tion of the PFC, including synaptic dysfunction and loss observed after exposure to
stressors in both human depressed individuals and animal models (Duman et al., 2012;
Duman and Aghajanian, 2012; Kang et al., 2012; Pizzagalli and Roberts, 2022). Notably,
these changes are more robust in males, and there are reports of female rodents experi-
encing little-to-no synaptic dysfunction following stress exposure (Bollinger et al., 2016;
Woodburn et al., 2021). Importantly, the medial PFC (mPFC) is critical in regulating beha-
vioral responses to uncontrollable stress (Christianson et al., 2014; Abdulla et al., 2025).

Learned helplessness (LH) is a behavioral model that allows comparison of brain
changes in response to controllable versus uncontrollable stressors (Overmier and
Seligman, 1967; Maier, 1984). Escape deficits in an active avoidance test following
repeated exposure to uncontrollable, inescapable stressors (foot shocks) are considered
to be the result of maladaptive learning in response to exposure to prolonged aversive
experiences (Maier, 1984; Chourbaji et al., 2005; Maier and Seligman, 2016; Wu et al.,
2021). The mPFC is a key mediator of the LH response (Shirayama and Hashimoto,
2017; Muneoka et al., 2020; Huang et al., 2021; Marques et al., 2021; Abdulla et al.,
2025). We performed unbiased proteomic and phosphoproteomic analyses of mPFC syn-
aptosomes following exposure to escapable and inescapable stress in the LH paradigm to
identify molecular changes specific to each condition and to find targets to evaluate in
depressed human subjects. Male and female mice were evaluated at baseline to identify
sex differences in the synaptoproteome of the mPFC, as well as after exposure to escap-
able or inescapable shocks followed by active avoidance testing. Inescapable shock
induced several alterations to pathways involved in synaptic processes, neurotransmis-
sion, and shifted acetylcholine muscarinic receptor concentrations along with key pro-
teins and kinases involved in their translocation to and from the membrane.

Methods and Materials

Animals. Twelve male and 12 female C57BL/6J mice (WT; RRID:IMSR_JAX:000664)
were obtained from the Jackson Laboratory and studied beginning at 8 weeks of age.
Mice were housed in groups of 4 in microisolators equipped with an automatic watering
system. Lights were on a 12 h light/dark cycle and room temperature was maintained at
22.1 +1°C. Sterilized food and water were available ad libitum. All procedures were
approved by the Yale Institutional Animal Care and Use Committee.

Behavior. Samples from behavioral procedures were processed according to the work-
flow in Figure 1A. LH methods were adapted from published studies (Caldarone et al.,
2000; Abdulla et al., 2020; Abdulla et al., 2025). LH is a 3 d procedure occurring in a two-
chamber shuttle box with an automated gate between the chambers (Med Associates) placed
inside a sound attenuating chamber. For the Inescapable group (IES), mice received 120, 4 s
inescapable shocks (0.3 mA) delivered semirandomly (~26 s intertrial interval, ITl) over the
course of 1 h during each of two induction trials, ~24 h apart. Escapable (ESC) and Control
(CON) mice were placed in the same chambers for 1 h each day, with no inescapable shocks
administered. Twenty-four hours following induction trial 2, IES and ESC mice underwent
active avoidance testing consisting of 30 trials. At the start of each trial, a shock is delivered
simultaneously with the opening of the gate, providing a route to escape. Shocks terminated
either upon escape or after 24 s. Regardless of escape status, the next trial started after an ITI
of 10 s. CON mice were placed in the chambers and the protocol was run, providing the mice
with an opportunity to escape; however no shocks were administered. To identify rapid
synaptic changes in response to escapable shock, and to maintain consistency between
samples, mice were killed within 5 min of completing the active avoidance test and the
mPFC (from bregma: AP +1.9, ML +0.4, DV —3.0) was dissected, frozen on dry ice and stored
at —80°C until analysis.

Sample preparation and mass spectrometry data acquisition. Frozen samples were
homogenized in SynPER Synaptic Protein Extraction Reagent with protease and
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phosphatase inhibitors and then spun at 12,000 x g for 10 min at 4°C. The supernatant was collected and spun at 15,000 x
g for 20 min at 4°C. The pellet from this spin contained the synaptosomal fraction, which was resuspended in SynPER
without inhibitors, washed, and resuspended in SynPER without inhibitors. Protein concentration was determined via
BCA (Thermo Fisher Scientific), samples were diluted to 15 pg (1-2 ml/g tissue final volume ~150 pl), and sample prepa-
ration was carried out by the Discovery Proteomics Core of the Yale/NIDA Neuroproteomics Center for bottom-up
Label-Free Quantification (LFQ) proteomics.

Synaptosomes were dried down to 15 plin a SpeedVac, brought to 50 pl with the addition of 35 pl of solubilization buffer
(8 M urea in 0.4 M ammonium bicarbonate), and sonicated in a water bath for 1 h at 37°C. Disulfides in proteins were
reduced with 5 pl of 45 mM dithiothreitol (DTT) and incubated at 37°C for 30 min and then allowed to cool to room tem-
perature. Free cysteines were then alkylated with 5 pl of 100 mM iodoacetamide (IAN) and incubated in the dark at room
temperature for 30 min. After diluting with water (78 pl of H,O added to mixture) to bring the urea concentration to 2 M.
Then, 2 pl of a 0.5 pg/pl stock sequencing-grade Lys C was added and allowed to digest overnight at 37°C. Then 2 pl
of a 0.5 pg/ul stock sequencing-grade trypsin (Promega) was added and incubated at 37°C for an additional 6 h. The
digestions were quenched by acidifying with 7.1 pl of 20% trifluoroacetic acid (TFA) and then stored at —20°C until further
analysis. Digested samples were then desalted using a C18 spin column (The NeST Group) and dried in a SpeedVac. Dried
pellets were resuspended in 70 mM L-glutamic acid and phospho-enriched with Glygen TopTips 1-10 pl TiO, column
(Glygen) in modified buffer (Brody et al., 2022). The flowthrough fractions and enriched fractions were dried in a
SpeedVac without heat. Dried samples were resuspended in 0.2% TFA and 2% acetonitrile (ACN) in water for LC
MS/MS analysis. NanoDrop readings were taken to ensure equal total peptides were injected/analyzed for each sample.
Prior to injection onto the Waters M-Class UPLC (Waters) coupled to the Q-Exactive HFX mass spectrometer (Thermo
Fisher Scientific), Pierce Retention Time Calibration Mix (RTCalMix) standards were spiked into all samples.

After injection, samples were loaded onto a trapping column (hnanoEase M/Z Symmetry C18 Trap column, 180 pm x
20 mm) at a flow rate of 10 pl/min and separated on an RP C18 column (nanoEase M/Z column Peptide BEH C18,
75 pm x 250 mm). The composition of mobile phases A and B were 0.1% formic acid in water and 0.1% formic acid in
ACN, respectively. Peptides were separated and eluted with a gradient extending from 6 to 25% mobile phase B over
173 min, then to 40% over 20 min, and then to 90% over another 5 min at a flow rate of 300 nl/min and a column temper-
ature of 37°C. Column regeneration and up to three blank injections were carried out between all sample injections. Data
were acquired with the mass spectrometer operating in a data-dependent mode (DDA). The full scan was performed in the
range of 350-1,500 m/z with “Use Quadrupole Isolation” enabled at an Orbitrap resolution of 120,000 at 200 m/z and auto-
matic gain control (AGC) target value of 3 x 106, and fragment ions from each peptide MS2 were generated in the C-trap
with higher-energy collision dissociation (HCD) at a normalized collision energy of 30% and detected in the Orbitrap at a
resolution of 30,000. Full scan was followed by MS2 events of the most intense ions above an intensity threshold of 2 x
105. The ions were iteratively isolated with a 1.4 Th window, injected with a maximum injection time of 50 ms, AGC target
of 1x 104, a dynamic exclusion length of 30 s, and fragmented with higher-energy collisional dissociation (HCD). Two
blanks (1st 100% ACN, 2nd Buffer A) followed each injection to ensure there was no sample carry over.

Raw DDA LC MS/MS data from the Orbitrap Q-Exactive HFX mass spectrometer (Thermo Fisher Scientific) were pro-
cessed using Progenesis QI for Proteomics software (Waters, v.4.2), with protein identification carried out using the
Mascot search algorithm (Matrix Science, v. 2.7). The Progenesis QI software performs feature/peptide extraction, chro-
matographic/spectral alignment (one run was chosen as a reference for alignment), data filtering, and quantitation of pep-
tides and proteins. A normalization factor for each run was calculated to account for differences in sample load between
injections and differences in ionization. The normalization factor was determined by comparing the abundance of the spike
in Pierce Retention Time Calibration mixture among all the samples. LFQ datasets (Phospho-enriched and Global/Whole
proteome) were processed, separated, and then merged to have a comparative output between the different biological
conditions. Protein and phosphopeptide identifications were filtered based on a significant cutoff of p < 0.05 and false dis-
covery rate (FDR) of 1%. Relative protein and phosphopeptide fold changes were calculated from the sum of all unique
and nonconflicting, normalized peptide ion abundances for each protein on each run.

Proteomics and phosphoproteomics data analysis. Protein expression exchanges data from Progenesis QI were pre-
filtered to exclude proteins with fewer than two unique identified peptides and Mascot score >30. For phosphorylation site
(phosphosite) quantitative comparisons among the different conditions, we utilized the peptide level identification and
abundance results from Progenesis QI along with a custom Python script to retrieve and map the phosphosites onto
known protein sequence from UniProtKB/Swiss-Prot database (Release 2025_04 https:/www.uniprot.org/; UniProt
Consortium, 2017). Only proteins (from protein level analysis) and phosphosites (from peptide level analyses) detected
in all groups were used for differential expression analysis. Both protein and phosphopeptide abundances were log2-
transformed, and median normalization was applied using RStudio version 2025.09.1+401 (Posit Software, PBC).
UpSet plots were created using custom written R code. Multigroup comparisons were done by ANOVA with FDR p <
0.1 to identify clusters of differentially abundant proteins (DAP) and summed localized phosphosite abundances (e.g., dif-
ferent phosphopeptides abundances were summed if they share the same phosphosite ID mapped according to
UniProtKB/Swiss-Prot database, see above) across all groups. Pairwise comparison was done by unpaired two-tailed t
test p <0.05, false discovery rate (FDR p <0.1). Differential expression of phosphosite was subsequently assessed by
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unpaired t test. A threshold of a 0.5 log2-fold change combined with FDR p <0.1 was applied to define significantly differ-
entially expressed phosphosites. Qlucore Omics Explorer version 3.9 (Qlucore,) was used for data visualization including
principal component analysis (PCA) and global proteomics change across the groups by volcano plot. Overrepresentation
analyses (Fisher’s exact test FDR p <0.05) of DAPs and phosphoproteins were carried out using Ingenuity Pathway
Analysis (Qiagen, version 145030503) to determine enriched pathways and biological functions (Kramer et al., 2014).
Kinase activity was predicted using the Kinase-Substrate Enrichment Analysis (KSEA) algorithm (Casado et al., 2013)
in the KSEA app (Wiredja et al., 2017) using RStudio version 2025.09.1+401 (Posit Software, PBC) selecting the
PhosphoSitePlus database for curated annotations, p value cutoff 0.05, and substrate count cutoff 5.

Data archiving. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via
the PRIDE (Perez-Riverol et al., 2025) partner repository with the dataset identifier PXD073765.

Results

Sex differences in stress response corresponds to differences in proteome response

Mice in the IES group escaped more slowly than those in the ESC group (Fig. 1B; t14=2.604, p =0.0208). A significant
difference in escape latency was not observed in the male subset (Fig. 1C; tg=1.089, p =0.32), whereas female IES mice
escaped significantly more slowly than those in the ESC group (Fig. 1D; tg=2.602, p =0.0405). CON mice were not
included as they served as environmental but not behavioral controls. Raw data for escape latency and escape percent-
age in Figure 1 are provided in Extended Data Figure 1-1.

Mice experienced 1 h of inescapable shocks on 2 consecutive days followed by an active avoidance test with escapable
shocks (IES; inescapable shock group) or received no shocks for the same time period and only experienced the escap-
able shocks during the active avoidance test (ESC; escapable shock group) or received no shocks in either situation (CON;
control group; Fig. 1A). Within 5 min of completing active avoidance testing, mice were killed and the mPFC was dissected
and frozen until it could be prepared for proteomic analysis. Overall, 2,656 proteins were common in mPFC synaptosomes
between all six experimental groups (Fig. 2A, Extended Data Fig. 2-1). When male and female data were combined by con-
dition, there were 3,761 proteins identified in CON, 3,702 in ESC, and 3,672 in IES, with 3,274 common proteins identified
in mPFC synaptosomes in every group (Fig. 2B). With respect to identified proteins by sex, we identified 3,915 proteins in
male mPFC synaptosomes and 3,880 in females, with 3,613 identified in both sexes (Fig. 2C). An analysis of variance
(ANOVA) identified 608 DAPs (FDR p < 0.05) among the entire dataset, with a PCA (Fig. 24, inset) indicating more variability
between experimental groups than within groups. Sex was the larger contributor of variance within the ESC group than in
other groups. To gain further clarity, we ran ANOVA for males and female mice separately resulting in a total of 535 and
1,564 significantly DAP (FDR p < 0.05), respectively. We then ran pairwise comparisons to generate fold changes between
the groups for downstream analysis.

Differentially abundant proteins are enriched in pathways related to biological processes involved in neurological
disease and psychiatric disorders

Ingenuity Pathway Analysis (IPA) was used to find enriched pathways and biological functions by treatment or stress
type in DAPs identified by ANOVA in males. Overall, the enriched canonical pathways involved those related to neurolog-
ical disease processes or psychiatric disorders including depression, protein translocation, neurotransmission, and
synaptic processes (Fig. 3A-C; Extended Data Fig. 3-1)—with the last two of these being an important confirmation
of our ability to isolate synaptosomes. Proteins downregulated in ESC mice are involved in metabolism, localization, trans-
port, organization, and synaptic signaling. In female mice, IPA revealed that DAPs were involved in synaptic processes,
neurotransmission, protein translocation, psychiatric disease, energy metabolism, and neurological disorders (Fig. 3D—
F; Extended Data Fig. 3-2).

Pairwise comparisons reveal DAPs are mostly involved in synaptic processes, protein trafficking, and
neurotransmitter signaling

Pairwise comparisons of DAPs in each group are depicted as volcano plots in Figure 4. In all cases, the direction of dif-
ference is presented for the first group listed in the plot title, such that in Male: Escapable versus Control (Fig. 4A, Extended
Data Fig. 4-1), the plot indicates proteins that are upregulated (to the right and red) and downregulated (to the left and blue)
in male ESC mice relative to male CON mice. Overall, more proteins were differentially abundant in female mPFC synap-
tosomes than in those from male mice, with at least 500 proteins either up or downregulated in every pairwise treatment
comparison for females. A total of 1,204 DAPs were identified in the female IES versus ESC comparison (Fig. 4F), whereas
all comparisons between male treatment groups identified fewer than 400 DAPs, with a maximum of 398 DAPs in the Male
ESC versus CON comparison (Fig. 4A).

A comparative analysis of pairwise comparisons identified varying degrees of pathway involvement of the DAPs within each
comparison group (Fig. 5, Extended Data Fig. 4-1). Significant numbers of proteins in all groups were found to be part of the
“Signaling by ROBO receptors” pathway (Fig. 5A), the activity of which was predicted to be increased in all comparisons in
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Figure 1. A, Diagram of learned helplessness procedure and table of experimental groups. In the inescapable stress (IES) group, mice experienced 1 h of
inescapable shock exposure on 2 consecutive days followed by an active avoidance test with escapable shocks. The escapable stress (ESC) group
received no shocks during the induction period and only experienced the escapable shocks during the active avoidance test. The control (CON) group
received no shocks but were exposed to the apparatus for the same amount of time on each training and test day. B, IES mice escaped more slowly
than those in the ESC group (t14)=2.604, p <0.05). C, The escape deficit in this study was driven by the female group, since a significant difference in
escape latency was not observed in the male subset (tg =1.089, p =0.32), whereas (D) female IES mice escaped significantly more slowly than those
in the ESC group (tg)=2.602, p <0.05). CON mice were not included in behavioral analysis as they served as environmental/handling, and not behavioral,
controls. Raw behavioral data can be found in Extended Data Figure 1-1. n=4 mice/sex/condition.

females, but only in the ESC versus CON in males (Fig. 5B). The activity of “EIF2 signaling” —a pathway involved in the regu-
lation of protein synthesis —was also predicted to be increased in most groups. DAPs were also significantly involved in several
neurotransmitter signaling pathways, including the cholinergic pathway, with the activity of these either increasing or decreas-
ing based on group, i.e., decreasing in female |IES versus ESC, but increased in male IES versus ESC. Furthermore, we found
significant involvement of DAPs in pathways associated with neurological disorders, inherited psychiatric disorders, protein
trafficking, severe psychological disorder, and mood disorders, including depression (Fig. 5C).

The activity of depression-related kinases is altered by inescapable shock

Phosphoproteomic analysis identified alterations in several pathways related to synaptic function including
“Synaptogenesis Signaling Pathway,” “SNARE Signaling Pathway,” “Synaptic Long Term Potentiation,” and
“Neurotransmitter release cycle” (Fig. 6A; Extended Data Figs. 6-1, 6-2). Several neurotransmitter systems were also
altered by exposure to shock including the glutamate, serotonin, opioid, and acetylcholine systems. The activity profiles
for most of the identified pathways also tended to be increased in females and mostly unchanged in males (Fig. 68). The
“Clathrin-mediated endocytosis” pathway, which is involved in muscarinic receptor internalization (Fryer et al., 2012), also
showed increased activity in females but failed to reach significance in males.
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Figure 2. A, UpSet plot illustrating unique and common proteins expressed in all experimental groups. Total numbers of proteins identified per group are
listed to the left of the group name, while common proteins are listed as bars with a dark gray circle and line connecting each included group. A, inset,
Principal component analysis displaying variability in the data from individual mice across groups. Data were clustered across treatment (color) and
sex (shape) with the greatest difference within treatment identified between males and females in the ESC group. B, UpSet plot indicating numbers of
unique and common proteins in experimental groups, regardless of sex. C, UpSet plot indicating numbers of unique and common proteins in mPFC syn-
aptosomes from males and females, regardless of experimental condition. Raw data used for creation of PCA plot and UpSet plots can be found in

Extended Data Figure 2-1.

Using KSEA analysis we were able to form predictions of how kinase activity could be altered based on our phospho-
proteomic data (Casado et al., 2013; Wiredja et al., 2017). KSEA analysis suggested several alterations in kinase activity
(Fig. 6C,D). Relative to ESC males, IES males had the greatest inferred kinase activity alterations in PAK1, PAK2, GSK3A,
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Figure 3. IPA of DAPs by group as identified by one-way ANOVA. A, D, Canonical pathways identified as showing significant protein—protein interactions
within each group in male (A) and female (D) mice. Shades of green refer to —log10FDRp value (higher values represent lower p values). Black circles indi-
cate comparisons in which significance was not reached. B, E, Activity profiles of the same canonical pathways. z-scores are determined by IPA that pre-
dict whether a pathway is likely to be activated (red, positive z-score) or inactivated (blue, negative z-score) by the combination of up- or downregulated
proteins in each set. A z-score of 0 indicates that no change in pathway activity is expected, whereas a black circle indicates insufficient data for a pre-
diction to be made. C, F, Identical to A, D, except that these graphs highlight Diseases & Biological Functions identified by IPA within each dataset. Raw
data used to generate pathway analysis shown in panels A-C can be found in Extended Data Figure 3-1. Raw data used to generate pathway analysis
shown in panels D-F can be found in Extended Data Figure 3-2.

and GSK3B, all of which were significantly decreased. CAMK2G activity was increased, while moderate alterations were
found in several other depression-related kinases, including other members of the CAMK, MAPK, and CDK families.
Although several of these kinases were also altered in our female IES group, ADRBK1 showed the greatest alteration
and was the only kinase change to reach significance.

The learned helplessness paradigm induces alterations in muscarinic receptor and related trafficking protein
abundances

Three muscarinic acetylcholine receptor (NAChR) subtypes were significantly up- or downregulated in mPFC synapto-
somes following exposure to escapable and inescapable stress in the LH paradigm as identified by ANOVA with Tukey
post hoc analysis (Fig. 7, Extended Data Fig. 2-1). The M1 mAChR subtype (Chrm1) was downregulated in ESC and
IES groups compared with CON in both males (ESC vs CON, p =0.000077; IES vs CON, p =0.00052; Fig. 7A) and females
(ESC vs CON, p=0.00000028; IES vs CON, p=0.0000014; Fig. 7G), while the M4 mAChR subtype (Chrm4) was down-
regulated in the IES group of males relative to ESC (p =0.0059; Fig. 7C). Chrm4 followed a similar pattern in females
but did not reach significance (p =0.119; Fig. 7/). There were sex differences in the regulation of the M2 mAChR subtype
(Chrm2), however. In male mice, Chrm2 was downregulated in mPFC synaptosomes from the ESC group but unchanged
in IES mice (p =0.013; Fig. 7B). In contrast, Chrm2 was upregulated in mPFC synaptosomes from ESC females relative to
CON (p =0.00068) but significantly decreased in IES female mice relative to ESC (p=0.000047; Fig. 7H). Furthermore,
there were significant alterations following exposure to stress in levels of proteins associated with trafficking of
mAChRs to and from the membrane, such as eEfial, eEf1a2, and Rack1. eEf1al was increased in mPFC synaptosomes
from ESC males relative to IES (p =0.030) and CON males (p =0.022; Fig. 7D), but unchanged in female mice. eEf1a2 was
increased in IES females (p =0.047; Fig. 7K), but unchanged in males, while Rack1 was increased in IES males relative to
CON (p =0.052) and ESC (p =0.035; Fig. 7F) but unchanged in females (Fig. 7L).

Discussion

Exposure to escapable and inescapable shock resulted in wide-ranging proteomic changes in the mPFC of mice. We
observed more altered proteins in the mPFC synaptosome preparation of female mice compared with males (1,564 and
535, respectively), which may indicate a more robust effect of shock in our females; however, there is little in the literature
to support this. This may not be aberrant, as one transcriptomic study in which the authors identified a 2:1 ratio of
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Figure 4. Volcano plots indicating up- and downregulated proteins in each pairwise comparison. In all cases, the direction of difference is presented for the
first group listed in the plot title, such that in panel A, proteins are shown as either up- or downregulated in Male ESC relative to CON. Proteins further along
the x-axis show a greater relative-fold change, with blue representing downregulated and red representing upregulated proteins. The y-axis represents the
—log+o(p) value, with larger numbers indicating a lower p value, with 1.3 equal to a p value of 0.05. Labeled proteins in each panel are the most significantly
different and/or with the greatest magnitude fold change for each comparison. Red boxes highlight muscarinic receptor subtypes. Raw data used to create
volcano plots can be found in Extended Data Figure 4-1.

downregulated genes in female rat mPFC compared with male (Zhang et al., 2023). One limitation of this study is that in
order to compare all experimental conditions across sexes, the proteomics study was not powered to look at helplessness
versus resilience. It is therefore possible that the differences in protein levels observed in this study between males and
females could be due to a higher proportion of resilient animals in the male IES group, as that group did not differ signifi-
cantly from ESC males in active avoidance testing. Previously we used a K-means clustering algorithm to separate help-
less and resilient mice; however the number of mice per group in this study precluded its use here (Abdulla et al., 2025). To
determine how LH changes the proteome of mPFC synaptosomes, we analyzed DAPs and phosphoproteins and
assessed alterations to canonical pathways and diseases and biological functions by these DAPs.

“Signaling by ROBO Receptors” was a consistent pathway identified in our analyses, showing some of the strongest
associations with DAPs across groups. This pathway is involved in axonal guidance and cytoskeletal remodeling.
Interestingly, not much has been published about associations of ROBO signaling with major depression or
stress-induced phenotypes. It has been suggested that modulation of this pathway is integral to the antidepressant-like
effects of the traditional Chinese medicine Gastrodia elata Blume in rats (Lin et al., 2014; Chen et al., 2016). One member of
the ROBO pathway implicated in stress susceptibility is SLIT1, which is downregulated in the ventromedial PFC of
depressed women and female mice that have undergone a stress paradigm (van der Zee et al., 2022); however, this protein

April 2026, 13(4). DOI: https://doi.org/10.1523/ENEURO.0030-26.2026. 8 of 15


https://doi.org/10.1523/ENEURO.0030-26.2026.f4-1
https://doi.org/10.1523/ENEURO.0030-26.2026

eN euro Research Article: New Research 90of 15
A MALE FEMALE
Canonical Pathways ESC IES IES v ESC ESC IES IES v ESC -log10FDRp

Signaling by ROBO receptors

RHO GTPase cycle

Synaptogenesis Signaling Pathway

EIF2 Signaling

Clathrin-mediated endocytosis
Mitochondrial Dysfunction

mTOR Signaling

Activation of NMDA receptors and postsynaptic events
Adrenergic Receptor Signaling Pathway
GABAergic Receptor Signaling Pathway
Oxytocin Signaling Pathway

SNARE Signaling Pathway

Synaptic Long Term Potentiation

Synaptic Long Term Depression
Dopamine Receptor Signaling
Acetylcholine Receptor Signaling Pathway

MALE

FEMALE

Canonical Pathways
Signaling by ROBO receptors

IES

IES v ESC

IES

IES v ESC

1.3
@ no sig. FDR > 0.05

Z-Score

RHO GTPase cycle

Synaptogenesis Signaling Pathway

EIF2 Signaling

Clathrin-mediated endocytosis
Mitochondrial Dysfunction

mTOR Signaling

Activation of NMDA receptors and postsynaptic events
Adrenergic Receptor Signaling Pathway
GABAergic Receptor Signaling Pathway
Oxytocin Signaling Pathway

SNARE Signaling Pathway

Synaptic Long Term Potentiation

Synaptic Long Term Depression
Dopamine Receptor Signaling
Acetylcholine Receptor Signaling Pathway

@ nho pred.

MALE FEMALE

IES

C

IES

IES v ESC ESC IES v ESC

Diseases & Biological Functions

Familial neurological disorder

Motor dysfunction or movement disorder
Familial psychiatric disease

Progressive neurological disorder
Cognitive impairment _

Seizure disorder

Synaptic transmission

Huntington Disease

Endocytosis

Autism spectrum disorder or intellectual disability
Severe psychological disorder
Parkinson's disease

Mood disorders

Major affective disorder

Major depression [

-log10FDRp

1.3

@ no sig. FDR > 0.05

Figure 5. A, IPA identified canonical pathways with significant numbers of DAPs in each comparison group. Unless otherwise stated, the group in each
header is compared with control mice. B, IPA generated predictions of canonical pathway activity for each comparison group, in which a pathway is pre-
dicted to be activated (red, positive z-score) or inactivated (blue, negative z-score) by DAPs in each comparison. A z-score of 0 indicates that no change in
pathway activity is expected, whereas a black circle indicates insufficient data for a prediction to be made. Raw data for pathway analysis can be found in
Extended Data Figure 4-1.

was not differentially regulated in our paradigm. Other proteins in the pathway were identified however, including several
members of the PSMD family, often involved in proteasome activity (Li et al., 2024), and SRGAP2, a protein involved in
spine maturity, often found in excitatory synapses (Charrier et al., 2012).

Depression is also thought to be among the most prevalent comorbidities with Parkinson’s disease (Shehata et al.,
2024), and we found significant numbers of DAPs associated with the disorder in all groups. Similarly, MDD is commonly
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Figure 6. A, Canonical pathways identified by IPA with significant alterations due to changes in the phosphoproteome. Unless otherwise stated, the group
stated in the header is compared with control mice. B, Activity of canonical pathways predicted by IPA to be altered by changes in the phosphoproteome.
Red indicates a pathway expected to have increased activity, blue indicates those with predicted decreases, while white indicates no change. A black circle
indicates that IPA had insufficient evidence to make a prediction. C, Kinase-Substrate Enrichment Analysis indicating predicted kinase activity based on
the phosphoproteome of the mPFC of Male IES and (D) Female IES mice as compared with ESC mice of the same sex, with blue bars representing dif-
ferences that have reached statistical significance. Normalized phosphoproteomics data can be found in Extended Data Figure 6-1. Raw data used to
generate pathway analysis can be found in Extended Data Figure 6-2.

comorbid with Alzheimer disease and Huntington disease (Ishihara et al., 2021; Martin-Sanchez et al., 2021; Kwon et al.,
2024), and DAPs were found in most groups corresponding with these diseases as well. While the prognosis of these dis-
eases is an important factor to consider in a later diagnosis of depression, there is a substantial symptomatic overlap
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Figure 7. Cholinergic pathway proteins altered in mPFC synaptosomes following exposure to escapable or inescapable stress in the learned helplessness
paradigm in male and female mice. A, Chrm1 was downregulated in male IES and ESC mice. B, Chrm2 is downregulated in male ESC mice. C, Chrm4 is
downregulated in male IES mice relative to ESC. D, eEF1a1 is upregulated in male ESC mice, (E) but the related protein eEF1a2 is unchanged. F, Rack1 is
increased in male IES mice relative to ESC. G, In females, Chrm1 is decreased in both ESC and IES groups. H, Chrm2 is upregulated in ESC but down-
regulated in IES female mice. I, Chrm4 is decreased in female IES mice relative to ESC. J, Unlike in males, eEF1a1 is unaltered in female mice. K, eEF1a2 is
upregulated in IES females. L, Rack1 is unchanged in female mice. Asterisks represent Tukey p values; *p <0.05, **p <0.01, ***p <0.001, ****p < 0.0001.

between these diseases and MDD, which could account for the large number of DAPs associated with these disorders in
our dataset.

Deficits in cellular energy metabolism are strongly associated with depression (Allen, 2012; Abdulla et al., 2020; Wang
et al., 2022). Here, we discovered alterations to the “Mitochondrial Dysfunction” pathway in several of our comparisons.
Similarly, a previous analysis of synaptoproteomics in the PFC following LH in male rats identified dysregulation of pro-
teins involved in energy metabolism (Mallei et al., 2011). The identification of changes in depression-associated molecular
pathways in mouse mPFC following the LH paradigm is consistent with the idea that LH is a useful preclinical model that
can be used to study physiological mechanisms of stress-induced behavioral maladaptation relevant to human mood
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disorders. Accordingly, KSEA revealed significant decreases in GSK3A/B and PAK1/2 activity in IES males. GSK3A and
GSKS3B have mechanistic links to antidepressant efficacy: both are inhibited by lithium (used to treat bipolar disorder), and
alterations in their activity and concentration are linked to prodepressive phenotypes in preclinical studies (Beurel et al.,
2015; Duda et al., 2020). PAK1 mRNA has been shown to be reduced in the PFC of depressed patients; however, PAK2
was unchanged (Fuchsova et al., 2016). Here we showed a decrease of kinase activity, not concentration, which would be
consistent with our findings and those previously reported.

Pathway analysis also identified a relative decrease of activity in the “Acetylcholine Receptor Signaling Pathway” in IES
and ESC male mice (Fig. 3B), but an increase in female mice. Phosphoproteomics also indicated moderate alterations to
this pathway, with decreased activity predicted in female IES mice. The hypercholinergic hypothesis of depression posits
that elevated levels of ACh signaling leads to depression (Janowsky et al., 1972a). Increased brain ACh levels are observed
in those with depression or a history of depression (Esterlis et al., 2013; Hannestad et al., 2013), and blocking degradation
of ACh via administration of the ACh-esterase inhibitor physostigmine increases depressive symptoms in humans
(Janowsky et al., 1972a,b) while increasing the use of passive or maladaptive coping strategies in rodents (Mineur
etal., 2013,2018, 2020; Addy et al., 2015; Mineur and Picciotto, 2019; Abdulla et al., 2025). A recent study of ACh signaling
during LH training showed that levels of MPFC ACh during inescapable shock trials are correlated with escape behavior in
a later active avoidance test in male, but not female mice (Abdulla et al., 2025). In males, escape deficits were decreased
following inhibition of cholinergic terminals in the mPFC during induction and exacerbated after excitation, in line with the
correlation observed in the fiber photometry study. In females however, both inhibition and activation of mPFC cholinergic
terminals increased escape deficits (Abdulla et al., 2025). The current study shows that levels of M4 mAChR are reduced in
mPFC synaptosomes from male mice, while M2 remains at baseline following inescapable shock. In female mice, how-
ever, both M2 and M4 are decreased. These sex differences in mAChR levels could lead to alterations in ACh signaling,
potentially contributing to the LH behavioral differences in male and female mice following inhibition of MPFC ACh release
(Abdulla et al., 2025). Together, these data identify a sex-specific role for mPFC ACh signaling in mediating escape beha-
vior following LH training.

ACh signaling has been implicated in synaptic plasticity (Picciotto et al., 2012), and depression has been proposed to be
a disease of synaptic dysfunction, whereas several efficacious antidepressants promote synaptogenesis (Duman and
Aghajanian, 2012; Popoli et al., 2012). Interestingly, we detected significant shifts in activity of several pathways related
to synaptogenesis, synaptic transmission, long-term potentiation (LTP), and long-term depression (LTD) in both proteo-
mic and phosphoproteomic analyses. More specifically, there are predicted increases in synaptogenesis in IES mice rel-
ative to controls and in IES females relative to both controls and ESC mice, a finding that does not agree with canonical
understanding of MDD pathology (Popoli et al., 2012). This is also somewhat at odds with rodent studies showing that
female subjects exhibit fewer synaptic deficits than males (Garrett and Wellman, 2009; Bollinger et al., 2016; Moench
and Wellman, 2017). It is possible that changes in synaptogenesis pathways at this timepoint—5 min post active avoid-
ance testing—are a compensatory response to the stress paradigm. Future studies are needed to determine whether
altering the activity of the mPFC pathway identified as altered in this study is protective or exacerbates behavioral
responses to inescapable stressors.

Recently, new muscarinic agents have been approved for use as neuropsychiatric therapeutics, with a focus on M1-and
M4-type muscarinic receptors (Tobin, 2024). We found that Chrm1 (M1), Chrm2 (M2), and Chrm4 (M4) are all differentially
regulated in mPFC following the LH paradigm. Since this proteomic study used a synaptosomal preparation, it is possible
that the different patterns of regulation observed for these three receptors could be due to altered membrane trafficking
and/or degradation as opposed to de novo synthesis or degradation of the receptors. M1 and M4 receptor internalization
is mostly driven by dynamin-dependent and clathrin-mediated events, while M2 internalization appears to be more depen-
dent on B-arrestin ubiquitination (Fryer et al., 2012). M1 is the most abundant mAChR in the cortex of adult mice, where it is
highly expressed in glutamatergic pyramidal neurons (Fryer et al., 2012). This predominately excitatory, G,-coupled recep-
tor can be found postsynaptically and in extrasynaptic membranes and is thought to sense ambient ACh, rather than
mediating point-to-point synaptic transmission of ACh, thereby modulating excitability of pyramidal cells (Levey, 1996;
Yamasaki et al., 2010; Teles-Grilo Ruivo and Mellor, 2013). Because there were reductions of Chrm1 in mPFC synapto-
somes following exposure to both escapable and inescapable shock, it is possible that M1 receptor signaling is particu-
larly sensitive to any stress exposure.

Scopolamine, a muscarinic ACh receptor antagonist and potential rapid-acting antidepressant, exerts its effects by
upregulating intracellular cascades resulting in increased number and function of spine synapses in the mPFC, principally
via M1 receptors (Wohleb et al., 2016). GluA1 and PSD95 are postsynaptic proteins that are decreased following exposure
to prolonged noxious stimuli in rodents, an effect that is reversed by the rapid-activating antidepressant ketamine (Li et al.,
2011). Interestingly, we observed opposing dynamics in the related “Activation of NMDA receptors and postsynaptic
events” pathway based on sex, in which IES males show increases in the activity of this pathway while IES females
show decreases; however, the phosphoproteomic data only indicated a decrease in activity in IES females relative to
ESC mice.

Levels of M2 and M4 vary between IES and ESC mice in mPFC synaptosomes, implying that these changes occur fol-
lowing exposure to a repeated stressor, rather than the acute and escapable exposure to shock in the ESC group. Both M2
and M4 are G;-coupled inhibitory presynaptic autoreceptors that decrease ACh release (Colangelo et al., 2019) but are also
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involved in excitatory postsynaptic signaling as well (Medalla and Barbas, 2012). M4 was decreased in mPFC synapto-
somes from both male and female IES mice relative to ESC mice. In female mice, M2 followed this same expression profile.
It is therefore possible that there is a brief increase in trafficking of these proteins following initial stress exposure and then
a compensatory decrease or degradation after repeated exposure to shock. Another possibility is that inescapability of the
shock drives these changes. Future studies could disentangle these possibilities. It is unlikely that these are newly syn-
thesized receptors as novel synthesis of muscarinic receptors requires >24 h (Nathanson, 2008). Prolonged mAChR sig-
naling can lead to an increase in receptor degradation, however, a process that occurs over several hours (Fryer et al.,
2012). Given the prolonged exposure to shock in the IES group, which results in prolonged increases in mPFC ACh sig-
naling (Abdulla et al., 2025), it is possible that the observed decrease in M4 and M2 in females is the result of a
signaling-induced downregulation of the receptor. However, it is pertinent to note that ADRBK1 (aka GRK2) activity
was predicted to be decreased in IES females but increased in ESC females. GRK2 activity has been shown to drive
B-arrestin recruitment to M2, promoting desensitization and reducing internalization (Lee et al., 2000; Fryer et al., 2012;
Matthees et al., 2024), a pattern that mimics M2 expression in ESC and IES female mice. In male mice, however, M2 pro-
tein decreased in ESC mice but remained at baseline in the IES group, which suggests that multiple cellular mechanisms
are likely engaged to modulate ACh signaling in mPFC following stress exposure. Although we observed a similar pattern
of GRK2 activity in ESC and IES males as we did in female mice, it did not reach significance (Fig. 6C).

In addition to the differences observed in mAChR quantity, we also found corresponding changes in levels of regulatory
proteins involved in trafficking of these receptors. M4 internalization can be regulated by eEf1al and eEf1a2 (McClatchy
et al., 2006; Fryer et al., 2012), the latter of which was significantly upregulated in female IES mice, in line with a previous
study suggesting this should result in a decrease of M4 at the cell membrane (McClatchy et al., 2006). In males however,
we observed a significant increase in Eef1a1 in ESC mice but also saw increases of Chrm4 in this group, running counter to
the evidence in McClatchy et al. (2006). Rack1 is a scaffolding protein involved with regulation of M2 receptors as its pres-
ence is associated with decreased internalization of the receptor (Reiner et al., 2010). In the current study, mAChR syn-
aptosomes from male IES mice had increased Rack1 levels, which could be responsible for preventing internalization
of Chrm2 in that group. Rack1 levels did not vary in female mice, so it is likely that other proteins are likely involved in
Chrm2 internalization observed in IES mice. Of note, there were also alterations in the “Endocytosis” pathway in several
comparisons. This pathway consists of proteins involved in removing ligands and plasma membrane proteins from the cell
surface to intracellular compartments, encompassing mechanisms like clathrin-mediated endocytosis known to be
involved in MAChR internalization (Fryer et al., 2012). Notably, the activity of the “Clathrin-mediated Endocytosis” pathway
is predicted to be increased in IES females in all comparisons for both protein and phosphopeptide analyses. For males
however, only ESC and IES groups are increased when compared with controls and activity in IES males is predicted to be
decreased when compared directly to ESC males.

This study provides an initial overview of some of the molecular consequences of exposure to inescapable stressors.
Given the role of mPFC cholinergic signaling in the mediation of active avoidance following LH induction (Abdulla et al.,
2025), it is important that mAChR receptors in mPFC are regulated following LH, suggesting that ACh effects following
inescapable stress are likely regulated by the muscarinic system. Future studies should explore the efficacy of targeted
pharmacology of M1-, M2-, and M4-type receptors in reversing escape deficits in the LH paradigm as the first step in
assessing the feasibility of targeting these receptors for antidepressant use. Overall, these results identify substantial
changes in the mPFC synaptosomal proteome following exposure to an LH paradigm and should be useful in guiding
molecular analyses in the human mPFC relevant to depression.
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