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SUMMARY

Major depression is a prevalent and long-lasting psychiatric illness with severe
functional impairment and high suicide rate. We have previously shown that
the ventrolateral orbital cortex (VLO) plays a key role in the stress responses in
mice, but the underlying mechanisms remains unclear. Here, we used proteomic
method to identify differentially expressed proteins in VLO of chronic unpredict-
able mild stress (CUMS) mice. Of 4,953 quantified proteins, 45 proteins were
differentially expressed following CUMS. The integrated pathway analyses iden-
tified 14-3-3¢ and TrkB signaling as differentially downregulated in association
with stress-induced depressive-like behaviors. 14-3-3¢ overexpression in VLO
relieved the depressive-like behaviors by rescue of Bad-mediated apoptosis.
Moreover, treatment with the 14-3-3¢ stabilizer FC-A precluded neuronal
apoptotic signaling in VLO of depressed mice. Because 14-3-3¢ provides signifi-
cant protection against chronic stress, boosting 14-3-3¢ expression, pharmaco-
logical stabilization of 14-3-3s (e.g. with FC-A) is identified as an exciting thera-
peutic target for major depression.

INTRODUCTION

Major depression (MD) is a common and debilitating psychiatric illness with nearly 350 million sufferers
worldwide (Kessler et al., 2005). Symptoms of the illness include apathy, anhedonia, anxiety, sleep distur-
bance, changes in appetite or weight, and impaired attention (Pinheiro et al., 2015). MD can be long-lasting
orrecurrent, substantially impairing quality of life and functioning, which significantly contribute to financial
burden, increased hospitalization, functional impairment, and suicide (Saarni et al., 2007). However, sub-
stantial molecular and signaling pathway dysregulation are involved in MD, making the pathophysiology
of this multifactorial affective disorder complicated and largely unknown. External stress is widely acknowl-
edged as a predisposing and precipitating factor of MD especially in genetically predisposed individuals.
In animal models, the chronic unpredictable mild stress (CUMS) rodent model mimics the variable and un-
predictable physical and mental irritations encountered in human daily life and generates a variety of
behavioral changes, which are thought to reflect some of the core symptoms seen in depressed humans
(e.g., anhedonia, anxiety and despair) (Willner, 2005). Although MD patients show a highly diverse set of
combination of symptoms, CUMS-exposed animals are often considered as a homogeneous population.
Therefore, in order to study the symptom-specific neural correlates, it is urgent to establish a novel strategy
that recognize the heterogeneity of CUMS-induced behavioral phenotypes.

The orbitofrontal cortex has been widely implicated in reward processing, hedonic behavior, and stress re-
sponses in both animals and human (Elliott et al., 2010; Rolls, 2004), suggesting a role for orbitofrontal cor-
tex in mood disorders. Indeed, neuroimaging, neuropathological, and lesion studies have provided
converging evidence for structural and functional abnormalities of the orbitofrontal cortex in MD individ-
uals (Drevets, 2007). Reductions of gray matter volume and cortex thickness, indicated by magnetic reso-
nance imaging, have been demonstrated more specifically in the orbitofrontal cortex (Nugent et al., 20064;
Taylor et al., 2007). In addition, depressed patients showed abnormalities of regional cerebral blood flow
and metabolism in the orbitofrontal cortex compared with non-depressed patients (Drevets et al., 2002,
Nugent et al., 2006; Ring et al., 1994). Postmortem studies have characterized the histopathologic corre-
lates of the reductions in neuronal and glial size, decreased synaptic density, decreased expression of
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synaptic markers, increased neuronal apoptosis, and abnormalities in glial-to-neuron ratios in MD and bi-
polar disorder in the orbitofrontal cortex (Drevets, 2007; Johnston-Wilson et al., 2000; Ongur et al., 1998). A
series of research from our team have showed that the ventrolateral orbital cortex (VLO), a major subdivi-
sion of orbitofrontal cortex, was critically involved in the stress-related memory formation, depressive-like
behaviors, and antidepressant effects in mice (Xing et al., 2011; Zhao et al., 2013, 2017). Based on this ev-
idence, VLO dysfunction may partially explain the pathophysiology of MD, which requires further investi-
gation. However, most of the previous studies of this area have focused on changes in a single or several
signaling pathways in MD; very little is known about global proteomic profiles in VLO in animal models of
depression.

The isobaric tags for relative and absolute quantification (iTRAQ) is a classic quantitative proteomic tech-
nique. It can simultaneously quantify proteins in 8-plex samples, making this method a powerful tool for the
identification of disease biomarkers (Evans et al., 2012). A combined iTRAQ-liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS)-based proteomics approach is one of the most sensitive proteomics
technologies and can detect and quantitatively analyze low-abundance proteins in complex biological
samples (Liu et al., 2009).

Over the last few years, the iTRAQ combined with liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis has become a powerful quantitative proteomic approach due to its remarkable advan-
tages over traditional proteomic methods, such as its high-throughput setup and outstanding accuracy
(Jiang et al., 2020). Moreover, iTRAQ is sensitive to subtle fold changes in proteins, especially in quantifying
medium to high abundance proteins. Recently, iTRAQ-based quantitative proteomics are rapidly being
applied to neurobiological investigations of various neuropsychiatric disorders, including autism-spectrum
disorders (Shen et al., 2018), schizophrenia (Velasquez et al., 2019), and drug addiction (Zhu et al., 2017). In
the present study, we first used a method based on the multiple behavioral assays to identify CUMS-
induced depressed mice with multifaceted long-term depression-like symptoms, which is a typical and
obligatory feature for clinical depression. Then, we used iTRAQ-LC-MS/MS to screen for the expression
of various proteins in VLO of depressed mice. The differentially expressed proteins were identified and
analyzed for gene ontology annotation, signaling pathway analysis, and protein-protein interaction.
Furthermore, based on the proteomic data, we identified that the differentially expressed 14-3-3 epsilon
is a key regulator of the TrkB/PI3K/Akt pathway and neural apoptosis in VLO of depressed mice. Our find-
ings revealed that boosting 14-3-3¢ expression, pharmacological stabilization of 14-3-3s (e.g. with FC-A) or
its protein partners is an exciting potential therapeutic target for the treatment of MD.

RESULTS
Experiment 1: identification of the CUMS-induced depressed mouse

The timeline of the CUMS regime and behavioral assessments is showed in Figure 1A. The body weight and
sucrose preference test (SPT) were recorded weekly. The timeline figure only shows SPT before and after
CUMS. Mice were exposed to 8 weeks of CUMS and subsequently analyzed them using three different
behavioral tests. We observed significantly decreased body weight in CUMS-exposed mice (n = 60) after
35 days of CUMS compared with non-stressed control mice (n = 20) (Figure 1B). At the end of the
CUMS, we used SPT to determine whether the mice showed anhedonia, which is a core symptom of
depression (Duman, 2007). As showed in Figure 1C, CUMS mice exhibited decreased sucrose preference
at both day 49 and day 56, indicating that this CUMS regime is sufficient to induce anhedonia in mice. We
also assessed anxiety-related behaviors and pathological motivational impairments, which are commonly
seen in MD patients, by the elevated plus maze (EPM) and forced swim test (FST), respectively. Despite a
great variability in the depressive-like behaviors for individual mice (Figure 1D), the CUMS-exposed mice
showed decreased sucrose preference in SPT (Figure 1E), spent significantly less time in the open arms in
the EPM (Figure 1F), and struggled significantly less in the FST (Figure 1G), indicating that, on average,
these animals develop anhedonia, anxiety, and despair in response to CUMS exposure. Moreover, signif-
icant correlations were found between sucrose preference, open-arm time, and immobile time within the
same animals (Table 1), suggesting that these measures are suitable to assess a similar behavioral pheno-
type. To establish cut-off criteria based on the three depressive phenotype measures, we used the receiver
operating characteristic (ROC) algorithm, which is an objective method that has been used extensively in
clinical epidemiology for the evaluation of binary classifiers (Berrar and Flach, 2012). As shown in Figures
1E-1G, the area under curve (AUC) for all measures are higher than 0.7. Specifically, cut-off criteria were
defined as the Youden's index (Youden, 1950), which allowed us to make an unbiased decision as to
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Figure 1. Classification of the behavioral phenotypes in the chronic unpredictable mild stress (CUMS) mice model of depression

(A) Schematic showing the CUMS regime used to induce depressive-like behaviors in mice. Mice in the CUMS group (n = 60) was exposed to 8 weeks of
consecutive CUMS, whereas mice in the control group (n = 20) received only regular handling. At the end of CUMS regime, the behavioral tests were carried
out to assess the depressive phenotype.

(B) CUMS-induced significant body weight loss compared with control group (two-way RM ANOVA, CUMS: F 4 70, = 40.44, p < 0.0001, followed by Sidak’s
post hoc test).

(C) CUMS-induced decreased sucrose preference compared with control group (two-way RM ANOVA, CUMS: F ¢ 70, = 29.49, p < 0.0001, Sidak’s post hoc
test).

(D) 3D plot showing variability in the depressive-like behaviors from SPT, EPM, and FST for individual Ctrl (green) and CUMS (blue) mice.

(E) Left: sucrose preference for Ctrl and CUMS mice in SPT (unpaired t test, t 75 = 3.119, p < 0.0001; dashed line: cutoff value = 79.37%); right: receiver
operating characteristic (ROC) curve (blue line). Orange line, maximum Youden index.

(F) Left: open arm time for Ctrl and CUMS mice in EPM (unpaired t test, t 75 = 2.814, p < 0.01; dashed line: cutoff value = 47.51s); right: ROC curve (blue line).
Orange line, maximum Youden index.

(G) Left: immobile time for Ctrl and CUMS mice in FST (unpaired t test, t 75 = 3.101, p < 0.01; dashed line: cutoff value = 134.8s); right: ROC curve (blue line).
Orange line, maximum Youden index.

(H) Ctrl and CUMS mice positive for 0, 1, 2, or 3 behavioral criteria. An animal was considered positive if it scored below the corresponding cutoff value
(orange line).

(I) Percentage of the total population of Ctrl and CUMS mice positive for D-score 0-3. Only the mice that met all three positive criteria were defined as the
depressed (Dep) mice and were selected for further proteomic assessment (D-3, n = 21). The control group (Ctrl) only included the mice showing no
depressive phenotype (D-0, n = 10). Data represent mean + SEM. *p < 0.05, **p < 0.01, compared with the Ctrl group.

whether an individual animal is positive for a given behavioral phenotype. The cut-off values that have the
combination of highest true-positive and lowest false-positive rates are 79.37% for SPT sucrose preference,
47.51s for EPM open-arm time, and 134.8s for FST immobile time.

In order to identify the most vulnerable individuals, we separated both CUMS-exposed mice and non-
stressed control mice into four groups according to the number of positive criteria met and assigned
them a depression score (D-score) between 0 and 3 (Cerniauskas et al., 2019). Strikingly, both CUMS
and control groups contained animals that were positive for one to three criteria or showed no depressive
behavior (Figure 1H). Mice that met all three positive criteria (i.e. D-3) represented 35% of the CUMS group,
and none of control mice fell into this category (Figure 11). Only a small fraction of CUMS animals (10%) did

iScience 24, 102043, February 19, 2021 3




¢? CellPress iScience
OPEN ACCESS

Table 1. Correlation coefficients across markers of depressive-like behaviors following CUMS regime

EPM open-arm time FST immobility time
SPT sucrose preference r=0.4063** r=-0.2717*
EPM open-arm time NA r=—0.3513**

Pearson'’s correlation: *p < 0.05, **p < 0.01.

not test positive in any depressive behaviors at all (i.e. D-0), whereas the proportion of control mice in this
category was much higher (50%). Therefore, we identified the depressed mice (Dep), as those met all three
positive criteria (D-3, n = 21). The mice showing only two, one, or no phenotype (D-2 to D-0, total n = 39)
were identified as the undepressed mice and were excluded from subsequent experiments. The control
group (Ctrl) only included the mice showing no depressive phenotype (D-0, n = 10). This method was
used for subsequent experiments to screen out the depressed mice in CUMS model.

Experiment 2: iTRAQ-based quantitative proteomic analysis of VLO

The sample pooling and workflow of the triple biological replicates of ITRAQ-based quantitative proteomic
analysis is showed in Figure 2A. Within the VLO tissue, a total of 4,953 proteins were identified and quan-
titated from both the Dep and Ctrl groups. Differentially expressed proteins were identified by the criteria
of 1.2-fold change (>1.20 or <0.84) and false discovery rate (FDR) < 12% between Dep and Ctrl groups
(Tables 2 and S1). Of these proteins, 6 were upregulated and 39 were downregulated. These differentially
expressed proteins were displayed using a volcano plot map (Figure 2B). For a better systematic view of the
expressional alterations between the Dep and Ctrl groups, we performed a hierarchical cluster analysis of
the differentially expressed proteins from the iTRAQ experiments. The resulting heatmap clearly indicates
that several protein clusters were uniquely changed in Ctrl, whereas same proteins in the Dep group
altered in the opposite direction, which emphasizes the dysregulations of protein expressions in the
VLO of Dep mice (Figure 2C).

Differentially expressed proteins were also mapped to KEGG pathways, which were enriched for 9 specific
pathways with p < 0.05 (Table S2). The overrepresented pathways, which were also relevant to the subject
of depression, included cytokine-cytokine receptor interaction (ko04060), Alzheimer disease (ko05010),
neurotrophin signaling pathway (ko04722), alcoholism (ko05034), and cocaine addiction (ko05030). These
findings further point to abnormalities in neuronal functions in the VLO of Dep mice. Next, we searched for
known and predicted interactions for the differentially expressed proteins in the IntAct PP| database and
constructed a PPl network (confidence >0.4; Figure 2D). The network predicted a central role of Ywhae
gene (encodes the tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein epsilon
polypeptide or the 14-3-3 epsilon protein), which was not identified among the differentially expressed
proteins (Ywhae: 81.17% peptides coverage, 22 unique peptides, 0.8691-fold change). In our hands, the
network predicted interactions between 14-3-3¢ and 14 of identified differentially expressed proteins (Pic-
alm, Tubbé, Stk25, Myh7, Immt, Ceslc, Mapt, Kdm1a, Zmpste24, S100aé, Slcéa3, Sytl2, Gfer, Nudt19).
Some of the interactions have strong supporting experimental evidences, such as the interaction between
Kdm1a and Ywhae, Picalm and Ywhae, and Myh7 and Ywhae. Moreover, some predicted interactions are
implicated in nervous system diseases such as Alzheimer disease (Mapt and Ywhae), drug addiction (Slc6a3
and Ywhae), and neurobiological processes such as neurotrophin receptor activity (Dlg4 and Ntrk2) and
neuronal apoptosis (Bad and Grin2b). Overall, the interactions between and pathways linking differentially
expressed proteins may have important roles in CUMS-induced depression.

According to the above bioinformatics analysis, the following proteins were selected for further study: TrkB
(Ntrk2), DAT (Slcéa3), BAD, Picalm, Mapt, and 14-3-3¢ (Ywhae). These proteins were selected due to (1)
intracellular region location; (2) high expression fold-change in differentially expressed proteins; (3) the
role they play in neurobiological processes and pathways; and (4) involved or a hub node in protein-protein
interaction. Figure 2E showed that the expression level of TrkB, DAT, BAD, and MAPT protein was signif-
icantly decreased in the Dep group compared with the Ctrl group. In contrast, PICALM showed increased
expression in the VLO after CUMS. Next, we analyzed the expression of the seven distinct isoforms (a./B, v,
g, /3, m, o, 1) of the 14-3-3 protein family (Figure 2F). Interestingly, 14-3-3¢e expression was significantly
decreased in Dep mice, whereas other 14-3-3 isoforms were unchanged. These results were consistent
with the protein expression level obtained in iTRAQ approach, validating the proteomics analysis.
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Figure 2. iTRAQ-based proteomic analysis of VLO proteins from the depressed mice

(A) iTRAQ workflow diagram. The samples included for iTRAQ proteomic analysis were chosen randomly. The VLO samples from nine mice of each group
were pooled into three different biological replicates and subjected to iTRAQ labeling followed by mass-spectrometric analysis.

(B) Volcano plot of 4,953 proteins quantified by proteomic analysis from the Dep and Ctrl groups, respectively. Forty-five differentially expressed proteins are
identified in the two groups. Black, non-significantly regulated proteins; Red, significantly downregulated proteins; Green, significantly upregulated

proteins.

(C) Heatmap illustration of the differential proteins showing expression trends and hierarchical clusters, with the blue to red gradient depicting
downregulation to upregulation for each of the Dep and Ctrl groups.

(D) The PPl network of the differentially expressed proteins. Red and green nodes represent differentially expressed upregulated and downregulated
proteins, respectively. Gray nodes represent second shell of interactors. Node size represents PP| degrees. Line thickness indicates the strength of data
support.

(E) The expression level of the differentially expressed proteins was validated by immunoblots. Unpaired t test was used to determine the difference between
Dep and Ctrl groups.

(F) Expression of the seven distinct isoforms of the 14-3-3 protein family. 14-3-3¢ expression was significantly decreased in Dep mice (unpaired t test, t 14 =
2.505, p < 0.05), whereas other 14-3-3 isoforms were unchanged. n = 8 per group. Data represent mean + SEM. *p < 0.05, **p < 0.01, compared between the

two indicated groups.

Experiment 3: 14-3-3¢ prevents stress-induced depressive phenotype via rescue of Bad-
mediated apoptosis in VLO

To find out whether 14-3-3¢ plays a role in CUMS-induced depressive-like behaviors, we first upregulated
14-3-3¢ in VLO by a bilateral stereotaxic injection of AAV that expressed 14-3-3¢ (AAV9-CaMKlla-bGlobin-
14-3-3e-eGFP-3FLAG) (Figure 3A). Mice were allowed to recover for 2 weeks to allow for adequate gene
expression before CUMS. As showed in Figure 3B, compared with the GFP control, the level of 14-3-3¢ pro-
tein was significantly increased by injecting the 14-3-3¢ overexpressing virus. Behavioral assays indicated

iScience 24, 102043, February 19, 2021 5




¢? CellPress iScience
OPEN ACCESS

Table 2. Differential expressed proteins in VLO identified by iTRAQ proteomics

Accession Gene Unique Fold
number symbol  Protein description peptides Coverage% change FDR%
1 P23953 Ceslc Carboxylesterase 1C 3 9.9278 0.8064|  0.8935
2 Q00898 Serpinale  Alpha-1-antitrypsin 1-5 1 20.5811 0.8237 1.3709
3 Q3UHE3 Ntrk2 BDNF/NT-3 growth factors receptor (predicted), isoform 2 1 19.7479 0.6644 | 1.3827
4 P14069 S100a6 $100 calcium binding protein A6 1 8.9888 0.8053] 1.3827
5 E9PVS5 Immt MICOS complex subunit MIC60 2 46.8085 0.7894 ] 1.3827
6  Q3UVW5 Slcéa3 Sodium-dependent dopamine transporter 1 1.2924 0.7791,  1.4085
7 Q3UéY0 Stk25 Serine/threonine-protein kinase 25 1 17.8404 1.21281  1.8732
8 Q9CYN9 Atpbap2 Renin receptor 3 13.4286 0.8321] 1.8732
9 Q61337 Bad Bcl2-associated agonist of cell death 1 14.2157 0.8273 1.8732
10 QOV8T9 Cntnap5a  Contactin-associated protein like 5-1 1 1.1503 0.8209|  2.3267
11 Q80W54 Zmpste24  CAAX prenyl protease 1 homolog 1 3.3684 0.7983 2.3502
12 Q14C53 Slc3%9a7 Solute carrier family 39 (Zinc transporter), member 7 1 2.7311 1.28051 2.3502
13 Q49714 Krt35 Keratin, type | cuticular Ha5 1 3.0769 0.5067 | 2.5003
14 PODN34 Ndufb1 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 1 2 31.5789 1.25731 3.4552
15  Q7MéY3 Picalm Phosphatidylinositol-binding clathrin assembly protein 1 36.5152 1.23921 3.5233
16 Q922F4 Tubbé Tubulin beta-6 chain 2 50.1119 1.25651 3.5233
17 Q08274 Dmwd Dystrophia myotonica WD repeat-containing protein 3 8.8722 0.7986] Bi5288
18 E9PUJ6 Mycbp2 E3 ubiquitin-protein ligase MYCBP2 1 0.2528 0.7699]  3.5233
19 P22005 Penk Proenkephalin-A 1 8.9552 0.8220] 3.5233
20 A2ALW2 Zkscan16  Zinc finger with KRAB and SCAN domains 16 1 1.9231 0.8220] 4.6454
21 Q7TPG2 Pde10a cAMP and cAMP-inhibited cGMP 3',5'-cyclic phosphodiesterase 10A 1 2.0075 0.7269|  5.3662
22 Q9DB10 Smdt1 Essential MCU regulator, mitochondrial 1 9.3458 0.7435] 5.3662
23 E5RKBé6 Stab1 Stabilin-1 1 0.2723 0.7440] 5.3662
24 P04443 Hbb-bh0  Hemoglobin subunit beta-HO 1 6.8027 0.6334] 8.3718
25 F7AV51 Dbf4 Protein DBF4 homolog A 1 15.7895 0.5926] 9.4245
26 B2RY26 Myh7 Myosin-7 protein 1 1.1370 0.6966] 9.4245
27 Q9EPU5 Tnfrsf21 Tumor necrosis factor receptor superfamily member 21 1 1.9847 0.8265]  9.9930
28 Q8BUN9 Slc24a2 Sodium/potassium/calcium exchanger 2 (predicted), isoform 1 1 16.6667 0.7833] 10.2352
29  Q91WK1 Spryd4 SPRY domain-containing protein 4 2 12.0773 0.8290, 10.2352
30 G5E8V9 Arfip1 ADP-ribosylation factor-interacting protein 1 2 5.8981 0.7707) 10.2352
31  A3KG93 Kdm1a Lysine-specific histone demethylase 1A 1 1.1455 0.6293| 10.4007
32 Q3TYM Coqg7 5-Demethoxyubiquinone hydroxylase 1 3.2641 0.7900, 10.4782
33  Q8VDH1 Fbxo21 F box only protein 21 2 5.4226 0.6925| 10.7308
34 Q547J4 Mapt Microtubule-associated protein tau 1 60.4839 0.7937] 10.7308
35 Q3uv17 Krt76 Keratin, type Il cytoskeletal 2 oral 1 5.3872 1.24687 10.7495
36 Q99N50 Sytl2 Synaptotagmin-like protein 2 1 1.1579 0.8270) 10.9079
37 F7BGR7 Gm21992  Rbm14-Rbm4 readthrough (predicted) isoform 1 1 11.3208 0.7999] 11.0185
38 P11930 Nudt19 Nucleoside diphosphate-linked moiety X motif 19 1 3.9216 0.6532]  11.5098
39 Q5DU41 Lrrc8b Volume-regulated anion channel subunit LRRC8B 2 2.7397 0.7913]  11.5098
40 B1AVZO Uprt Uracil phosphoribosyltransferase homolog 1 3.2258 0.7773] 11.5098
41  Q8JzZzM4 Dner Delta and Notch-like epidermal growth factor-related receptor 1 1.8996 0.7642| 11.5098
42 P56213 Gfer FAD-linked sulfhydryl oxidase ALR 2 17.1717 0.8226| 11.5098
43 B2RWUS Abca7 ATP-binding cassette sub-family A member 7 2 1.5690 0.8127] 11.5098
44 FO6WZN3 Copz2 Coatomer subunit zeta-2 1 50.9804 0.8243| 11.5098
45 Q8R4Y8 Rttn Rotatin 1 0.4492 0.3038] 11.7727
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Figure 3. 14-3-3¢ prevents stress-induced depressive phenotype via rescue of Bad-mediated apoptosis in VLO

(A) Schematic of experiment. Mice were injected with virus that expressed 14-3-3¢ (AAV9-CaMKlla-bGlobin-14-3-3e-eGFP-3FLAG; n = 32) or the GFP control
virus (AAV9-CaMKlla-bGlobin-eGFP-3FLAG; n = 30) into bilateral VLO. Then, these mice were allowed to recover for 2 weeks to allow for adequate gene
expression before 8 weeks of CUMS exposure. At the end of CUMS regime, the behavioral tests were carried out to assess the depressive phenotype and
molecular changes in VLO.

(B) Left: eGFP-labeled cells was observed in the VLO 80 days after injection of AAV-CaMKlla-14-3-3¢-eGFP. Scale bar = 1 mm. Right: immunoblot showing
the expression level of 14-3-3¢ in VLO was significantly increased by the 14-3-3¢ overexpressing virus (n = 8 per group; unpaired ttest, t 14 = 4.871, p < 0.01).
(C) CUMS mice with 14-3-3¢ overexpression in VLO exhibited increased sucrose preference in SPT (one-way ANOVA, followed by Tukey’s post hoc, 14-3-3¢
versus GFP, t go = 3.893, p < 0.05) and open arm time in EPM (one-way ANOVA, Tukey's post hoc, 14-3-3¢ versus GFP, t go = 3.698, p < 0.05), and significantly
decreased immobility time in the FST (one-way ANOVA, Tukey's post hoc, 14-3-3¢ versus GFP, t g = 3.942, p < 0.05).

(D) 14-3-3¢ overexpression within VLO significantly changed the constituent ratio of depressive phenotypes (Fisher's exact test, p < 0.05) and effectively
reduced the number of Dep (D-3) mice. No-depressive mice (noDep) were defined as those with D-score 0, 1 and 2.

(E) 14-3-3¢ overexpression mice have obvious body weight gains than GFP mice (one-way ANOVA, Tukey's post hoc, 14-3-3¢ versus GFP, t go = 8.836,

p < 0.0001).

(F) TrkB and phospho-Akt "% were decreased in both GFP and 14-3-3¢ overexpressing mice compared with the non-stressed Ctrl mice. Phosphorylated Akt
was expressed as phosphorylated Akt to total Akt. Protein expression levels were analyzed with one-way ANOVA, followed by Tukey's post hoc test.

(G) Co-immunoprecipitation revealed that 14-3-3¢ specifically bound to Bad. The GFP group has similar ratio of 14-3-3¢ to Bad with that in the non-stressed
Ctrl mice. The ratio of 14-3-3¢ to Bad is significantly higher in the 14-3-3¢ overexpression group than that in the GFP group (n = 6-8 per group; one-way
ANOVA, Tukey's post hoc, 14-3-3e versus GFP, t 17 = 5.786, p < 0.01).

iScience 24, 102043, February 19, 2021 7




¢? CellPress iScience
OPEN ACCESS

Figure 3. Continued

(H) The expression of the apoptotic markers such as Bax, Cyt ¢, and cleaved caspase-3 were increased in the GFP mice and decreased by 14-3-3¢
overexpression in VLO of CUMS mice. Protein levels were analyzed with one-way ANOVA, followed by Tukey's post hoc test. Data represent mean + SEM.
*p < 0.05, **p < 0.01, ***p < 0.0001 compared between the two indicated groups.

that CUMS-exposed mice with VLO 14-3-3¢ overexpression (n = 32) exhibited significant increased sucrose
preference in SPT and open-arm time in EPM and significantly decreased immobility time in FST, compared
with the GFP mice (n = 30) (Figure 3C). Moreover, 14-3-3¢ overexpression within VLO significantly changed
the constituent ratio of depressive phenotypes and effectively reduced the number of Dep mice (D-3: 9.4%)
compared with the GFP mice (D-3: 33.3%) (Figure 3D). In addition, 14-3-3¢e overexpressed mice have higher
body weights than GFP mice (Figure 3E), whereas no significant change in locomotion was found in the
14-3-3¢ overexpressing mice (Figure S1). These results suggest that elevation of 14-3-3¢ in the VLO prevents
chronic stress-induced depressive phenotype in mice.

To understand how overexpression of 14-3-3¢ in VLO leads to the preventing effect on depressive pheno-
type, we turned our attention to the neurotrophin signaling pathway, especially the TrkB-Akt-Bad-medi-
ated apoptosis pathway, which was implicated by the iTRAQ-integrated pathway analysis. As showed in
Figure 3F, the level of TrkB and phosphorylated Akt™3% (expressed as phosphorylated Akt to total Akt)
was decreased in CUMS-exposed GFP mice compared with the non-stressed Ctrl mice. However, these
proteins were also reduced to the same extent in the CUMS-exposed 14-3-3¢ overexpressing mice, indi-
cating that the 14-3-3e-induced rescue of depressive behavior was not mediated by 14-3-3e-enhanced
TrkB-Akt signaling. A fundamental cellular function of 14-3-3 proteins is suppression of apoptosis via
sequestration of proapoptotic factors (Masters and Fu, 2001). Moreover, significant reductions in gray mat-
ter volume and increased neuronal apoptosis have been found in MD in the orbital cortex (Drevets, 2007).
Therefore, we turned our attention to Bad, which is a proapoptotic factor and is identified as one of the
differentially expressed proteins by iTRAQ analysis.

Firstly, we determined the protein levels of Bad and 14-3-3¢ in the full lysates (Figure 3G). Consistent with
the result of experiment 2, protein expression of Bad was decreased in CUMS-treated GFP mice as
compared with Ctrl mice. Moreover, Bad levels in the 14-3-3e mice were similar as in the GFP mice, suggest-
ing that expression of Bad was not changed by 14-3-3¢ overexpression. Next, we investigated whether Bad
binds with 14-3-3¢ by co-immunoprecipitation (co-IP) test (Figure 3G). In the Ctrl mice, 14-3-3¢ pull-down
assay confirmed the interaction between 14-3-3¢ and Bad. In the GFP mice, the amount of immunoprecip-
itated Bad was reduced, consistent with the level of 14-3-3¢ being decreased in the VLO. In contrast,
14-3-3¢ overexpression significantly increased the pull-down of Bad. We further quantified the ratio of
14-3-3¢ to the Bad pull-down. The GFP group has similar ratio of 14-3-3¢ to Bad with that in the Ctrl group.
Interestingly, the ratio of 14-3-3e to Bad is about 2 times higher in the 14-3-3¢ overexpression group. In sum-
mary, our co-immunoprecipitation experiments clearly revealed that 14-3-3¢ specifically bind to Bad in the
VLO lysates.

Bad is a member of the Bcl-2 family that promotes cell death by displacing Bax from binding to Bcl-2 and
Bcl-xL, allowing Bax to initiate mitochondrial cell death (Bui et al., 2018). Therefore, we next examined the
expression of the apoptotic markers. Increased levels of Bax, Cyt ¢, and cleaved caspase-3 were found in
the GFP mouse VLO lysates compared with the levels in lysates from Ctrl mice (Figure 3H). In contrast, Bax,
Cyt c, and cleaved caspase-3 were significantly decreased by 14-3-3¢ overexpression in VLO of mice, similar
to the levels observed in Ctrl mice. These results suggest that CUMS activates apoptotic signaling in VLO,
and 14-3-3¢ suppressed this apoptotic signaling by binding to Bad to restrain its proapoptotic activity.

Experiment 4: treatment with the fusicoccin-A (FC-A), a small-molecule 14-3-3s stabilizer,
relieves depressive-like behaviors and restores VLO neuronal apoptosis in CUMS mice

The fusicoccane family of natural small molecules is well characterized for their ability to stabilize binding
between 14-3-3s and their client proteins. Intriguingly, FC-A have been shown to stabilize a variety of
14-3-3:client protein interactions by binding to a pocket within the target-binding groove located at the
interface of the two proteins in which the client motif turns out from, or terminates within, the groove (Ka-
plan et al., 2017b; Wurtele et al., 2003). Recent work reports that 14-3-3s stabilizers have strong effects on
axonal growth and neuronal survival (Kaplan et al., 2017b), suggesting that they may serve as a potential
therapy for the treatment of CNS diseases. Therefore, we next investigated whether treatment with the
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Figure 4. Treatment with the fusicoccin-A (FC-A) relieves depressive-like behaviors and restores VLO neuronal apoptosis in CUMS mice

(A) Schematic of experiment for panel B-E. FC-A (0.25, 1.0 and 5.0 mg/kg body weight) was given i.p. every two days during the whole CUMS period.
Escitalopram (Escit) was given once daily (20 mg/kg, i.p.) as the positive control. An equal volume of 1% DMSO was given i.p. as vehicle control. At the end of
CUMS regime, the behavioral tests were carried out to assess the depressive phenotype and molecular changes in VLO.

(B) CUMS mice with 5.0 mg/kg FC-A treatment showed increased sucrose preference in SPT (post hoc, DMSO versus FC-A 5.0 mg/kg, t 136 = 3.716, p < 0.01),
increased open arm time in EPM (post hoc, DMSO versus FC-A 5.0 mg/kg, t 13, = 4.982, p < 0.01), and decreased immobile time in FST (post hoc, DMSO
versus FC-A 5.0 mg/kg, t 136 = 4.354, p < 0.05) compared with DMSO group. Data were analyzed with one-way ANOVA, followed by Sidak’s post hoc test.
(C) 5.0 mg/kg FC-A treatment significantly changed the constituent ratio of depressive phenotypes (Fisher's exact test, DMSO versus FC-A 5.0 mg/kg,

p < 0.05) and effectively reduced the number of Dep (D-3) mice as compared with DMSO group (n = 11/27 versus 2/24). No-depressive mice (noDep) were
defined as those with D-score 0, 1, and 2.

(D) Left: confocal images showing the TUNEL-positive cells in the VLO of the mice in the 4 groups: non-stressed Ctrl, DMSO + CUMS, FC-A (5.0 mg/kg) +
CUMS, and Escit + CUMS. n = 10-12 per group. Red arrow indicates the TUNEL-positive apoptotic cell. Scale bar: 200 um. Right: quantification of TUNEL-
positive cells demonstrated that treatment with FC-A rescued the CUMS-induced neural apoptosis in VLO (one-way ANOVA, Tukey's post hoc test, FC-A
versus DMSO, t 40 = 11.11, p < 0.01).

(E) The CUMS-induced abnormal expression of Bax (left), Bcl-2 (middle), and ratio of Bax/Bcl-2 (right) were effectively rescued by systemic FC-A treatment.
Protein levels were analyzed with one-way ANOVA, followed by Tukey's post hoc test.

(F) Schematic of experiment for panel G and H. After CUMS and behavioral screening, Dep mice were treated with FC-A (5.0 mg/kg, i.p., once per day) for
7 days. After the FC-A treatment, depressive-like behaviors were assessed by SPT, EPM, and FST.

(G) Dep mice with FC-A treatment showed increased sucrose preference in SPT (post hoc, FC-A versus DMSO, t 5o = 3.499, p < 0.05), increased open arm time
in EPM (post hoc, FC-A versus DMSO, t 5o = 3.774, p < 0.05), and decreased immobile time in FST (post hoc, FC-A versus DMSO, t 5o = 3.670, p < 0.05).
Depressive behaviors were analyzed with one-way ANOVA, followed by Tukey's post hoc test.

(H) Sucrose preference in the FC-A + CUMS group was significantly higher than the DMSO + CUMS group 7 days after the FC-A treatment (two-way RM
ANOVA, followed by Sidak’s post hoc test, day 7: FC-A vs. DMSO, t 250 = 2.346, p < 0.05). Data represent mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.0001
compared with the Ctrl group; #p < 0.05, ##p < 0.05, ###p < 0.0001 compared with the DMSO group. n.s., not significant. LO and relieves depressive-like
behaviors following CUMS.

14-3-3s stabilizer FC-A relieves depressive-like behaviors in CUMS mice. The timeline of the experiment is
showed in Figure 4A. FC-A (#20108-30-9, Sigma-Aldrich, St. Louis, MO, USA) were dissolved in dimethyl
sulfoxide (DMSO) and diluted with PBS to <1% DMSO. FC-A (0.25, 1.0 and 5.0 mg/kg body weight in
10 mL/kg volume) was given intraperitoneally (i.p.) every two days during the whole CUMS period. A classic
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anti-depressant escitalopram (Escit, 20 mg/kg, i.p., once daily (Aguiar et al., 2019); #219861-08-2, Sigma-
Aldrich, St. Louis, MO, USA) was given during the whole CUMS period as the positive control. An equal vol-
ume of 1% DMSO was given i.p. as vehicle control. As displayed in Figure 4B, CUMS mice treated with 0.25
and 1.0 mg/kg of FC-A (n = 22/group) displayed similar depressive-like behaviors as the CUMS + DMSO
mice (n = 24). In contrast, 5.0 mg/kg FC-A treatment (n = 27) significantly alleviated the depressive-like be-
haviors in CUMS mice, which was similar to CUMS mice treated with Escit (n = 22). In addition, weight loss
was significantly rescued by 5.0 mg/kg FC-A treatment (Figure S2A). No difference was found between
these groups in total distance traveled (Figure S2B), indicating intact locomotion in these mice. Based
on these results, we selected treatment with FC-A at 5.0 mg/kg body weight for the following experiments.
We first examined the impact of FC-A on CUMS-induced depressive phenotypes in mice. As showed in Fig-
ure 4C, Fisher's exact test revealed significant effect of FC-A treatment on the constituent ratio of depres-
sive phenotypes (D-3 vs. D-0-2). FC-A treatment effectively reduced the number of mice in D-3 (11.1%)
compared with the DMSO mice (37.5%). Next, we examined the effect of 5.0 mg/kg FC-A on CUMS-
induced neuronal apoptosis in VLO by TUNEL staining. As showed in Figure 4D, CUMS significantly
increased TUNEL positive cells in the VLO compared with the Ctrl group. However, FC-A treatment effec-
tively rescued the CUMS-induced neuronal apoptosis and to a greater degree than escitalopram treat-
ment. Consistent with the increased apoptosis, increased levels of Bax protein and Bax/Bcl-2 ratio were
found in the CUMS + DMSO mouse VLO lysates compared with Ctrl mice (Figure 4E). In contrast, the ab-
normalities in these apoptosis markers were significantly reversed by FC-A treatment, similar to the levels
observed in Ctrl mice.

We next determined whether FC-A treatment could rescue depressive-like behaviors in CUMS-induced
depressed mice. After CUMS and behavioral screening, Dep mice were treated with FC-A (5.0 mg/kg,
i.p., once per day) for 7 days. After the FC-A treatment, depressive-like behaviors were assessed by SPT,
EPM, and FST (Figure 4F). As showed in Figure 4G, FC-A-treated Dep mice (n = 20) exhibited significant
increased sucrose preference in SPT, increased open-arm time in EPM, and decreased immobility time
in FST, compared with the DMSO mice (n = 15). These results suggested that FC-A treatment ameliorates
depressive phenotype and protected against VLO neuronal apoptosis in CUMS mice. We also determined
whether FC-A treatment could result in a long-lasting rescue of depressive-like behavior. Compared with
DMSO mice, which had consistently reduced sucrose preference for 28 days, FC-A-treated mice showed
significantly elevated sucrose preference at least for 7 days after the treatment (Figure 4H). In addition,
there was a strong trend (near-significant, p = 0.055) effect of FC-A on reducing the time spent immobile
in the forced swim test 7 days after treatment of the Dep mice (Figure S3). These results indicated that FC-A
treatment leads to an alleviation of the depressive-like behaviors, such as anhedonia and motivational
impairment, in depressed mice and that the therapeutic effect could last for at least 7 days.

DISCUSSION

In the present study, we used a model of chronic unpredicted mild stress (CUMS) in mice to investigate the
pathophysiological mechanisms underlying MD. Focusing on the VLO, due to its dysfunction in MD, pro-
teomics identified 45 proteins that were differentially regulated between chronic stress and control mice. In
silico network analysis predicted a central role of YWHAE gene encoding for 14-3-3¢ in mediating the
CUMS-induced behavioral changes. This prediction was confirmed experimentally whereby CUMS-
induced depressive behaviors were reversed by overexpression of 14-3-3¢ in the VLO or its stabilization
with FC-A treatment, as well as preventing the indication of apoptotic markers in this brain regions. These
data strongly implicate the expression of 14-3-3¢ and its regulation of Bad and the mitochondrial death
signaling pathway in controlling stress-induced anhedonia and depressive-like behaviors and identify a
possible candidate treatment (the 14-3-3¢ stabiliser FA-C) that can reverse these molecular pathways.

Depression is a complex mood disorder with high individual heterogeneity. Despite distinct pathophysiol-
ogies underlying the clinical manifestations of depression, MD patients with symptomatic differences are
often categorized into the same diagnostic group (Beijers et al., 2019; Musil et al., 2018). Like humans, ro-
dents display great heterogeneity in their response to stress and adversity. However, insufficient attention
has been paid to individual variability of behavioral phenotypes in responding to CUMS in rodents (Feb-
braro et al.,, 2017). To address this issue, we used an approach to screen out depressed animals before
studying underlying neurobiological mechanisms, similar to what had been reported by Cerniauskas
etal. (Cerniauskas et al., 2019). The behavioral screening of the depressed animals is based on paradigms
that are widely used to measure depression-related behaviors in rodents, such as anhedonia (Liu et al.,
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2018), anxiety (Ducottet and Belzung, 2004, 2005), and behavioral despair (Castagne et al., 2011). More-
over, additional measures of depression (e.g., weight gain or loss, and locomotion) were also included
to further support classification of subgroups. In the present study, after CUMS exposure, we found that
only a subpopulation of mice displayed most salient depressive-like behaviors. We retrieved three metrics,
sucrose preference in SPT (anhedonia), open arm time in EPM (anxiety), and immobility in FST (behavioral
despair), directly from three well-established paradigms for depressive-like behaviors of mice with CUMS
exposure. We used ROC curves and Youden's index based on these metrics to define cutoff criteria for
these mice. We found that 35% (n = 21) of CUMS mice met all three behavioral criteria, and 65% (n = 39)
of mice showed only one, two, or no depression phenotype. Thus, we defined the mice that met all three
positive criteria (i.e. D-score = 3) as the depressed mice, which were selected for subsequent analyses.
Moreover, the control group only included the mice with no positive depressive behaviors (i.e. D-score = 0).
This approach helped reduce the heterogeneity of mice and enhance the specificity of identified differen-
tially expressed proteins in VLO.

Using an iTRAQ-based quantitative proteomics approach, we identified 45 proteins from the VLO of
depressed mice that were differentially expressed relative to controls. Among these proteins, 6 were up-
regulated and 39 were downregulated under chronic stress conditions. We performed a complete bio-
informatical analysis including clustering and integrated pathway analysis. As a result, 9 specific biological
pathways including ubiquinone biosynthesis, cytokine-cytokine receptor interaction, neurotrophin
signaling pathway, and MAPK signaling pathway were identified as significantly altered in depressed
mice. This result shed light on a number of altered biological/biochemical functions in VLO in anhedonia
and responses to chronic stress. Based on these changes, the PPl network analysis predicted a central role
of chaperone protein 14-3-3e (YWHAE gene product), which was significantly compromised in VLO of
depressed mice.

The 14-3-3 protein was initially described as an acidic, abundant brain protein by Moore & Perez in 1967
(Moore BW, 1967). The name is derived from the combination of its characteristic elution on chromatog-
raphy and its migration pattern in gel electrophoresis. 14-3-3 is now recognized as a family of relatively
small (25-30 kDa), acidic, ubiquitous, highly conserved homologous proteins encoded by separate genes.
To date, seven different 14-3-3 isoforms have been isolated in eukaryotic cells (a/B, v, €, ¢/3, n, o, and 7;
o and d are actually the phosphorylated forms of B and ¢) (Aitken et al., 1995). These proteins are highly
abundant in CNS and comprise about 1% of total brain soluble protein (Dougherty and Morrison, 2004).
The 14-3-3¢ is widely expressed in the central nervous system and is especially abundant in frontal lobe
and cerebellum (Yue et al., 2014). 14-3-3¢ is found to control multiple developmental processes and regu-
late neuronal morphogenesis and differentiation (Gittenberger-de Groot et al., 2016; McConnell et al,,
1995). Recent studied found that complete ablation of the YWHAE gene resulted in multiple defects in
neuropsychiatric behaviors in mice (Wachi et al., 2017). However, in the depressed mice, only 14-3-3¢ iso-
form levels were significantly downregulated in VLO, as were a number of its trophic signaling partners. In
contrast, overexpression of 14-3-3¢ in VLO of CUMS-exposed mice reversed their weight loss, increased
their preference of sucrose, and promoted swimming in the forced swim test. Importantly, treatment
with the 14-3-3¢ stabilizer FC-A (Figure 5A) led to an alleviation of the depression phenotype in depressed
mice, and the therapeutic effect lasted for at least 7 days. Together, these findings indicate that 14-3-3¢
plays a critical role in VLO neuronal function in response to chronic stress, which results in depressive-
like behaviors in mice.

Regulation of 14-3-3B and 14-3-3¢ isoforms has been reported in cells and animal models after chronic an-
tidepressant treatment (Carboni et al., 2006; Cecconi et al., 2007; Malki et al., 2012), and a YWHAE gene
polymorphism was reported to be associated with schizophrenia (lkeda et al., 2008); however, in another
study the association was not replicated (Liu et al., 2011). As 14-3-3 proteins can bind to an extensive num-
ber of partners, small changes in 14-3-3s abundance could therefore have major impacts on cell signaling.
14-3-3 proteins bind to serine- and threonine-phosphorylated client proteins via a highly conserved bind-
ing groove. Binding of 14-3-3 can influence client protein activity, localization, stability, or PPIs (Bridges and
Moorhead, 2005) and has been implicated in a variety of biological processes that could account for the
multiple cellular or signaling alterations. 14-3-3 functions include exocytosis (Morgan and Burgoyne,
1992), regulation of signal transduction (Abramow-Newerly et al., 2006), neurodevelopmental regulation
(Skoulakis and Davis, 1998), programmed cell death (Zha et al., 1996), and transcriptional control of
gene expression in response to environmental changes (Yaffe, 2002). 14-3-3¢ has been reported to be a
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Figure 5. Proposed signaling pathway for 14-3-3¢ as a regulator in chronic stress-induced depression

(A) FC-A (red) binds to a solvent-exposed hydrophobic pocket created by the docking of a client motif (yellow); for
example the phosphorylated $112 and S136 sites of Bad, within the 14-3-3 binding groove (green), simultaneously
stabilizes both proteins (generated with PDB: 109F).

(B) The hypothesized molecular mechanism underlying the antidepressant-like effect of FC-A in the VLO of Dep mice.
Chronic stress induces downregulation of TrkB/PI3K/Akt signaling pathway and alters the expression of 14-3-3¢, leading
to the activation of Bad-mediated mitochondrial apoptotic signaling. Treatment with FC-A promotes the stabilization of
14-3-3e:Bad complex and therefore prevents neuronal apoptotic signaling in the in the VLO and relieves depressive-like
behaviors following CUMS.

critical regulators of axon guidance, neurite formation, and cell signaling transduction (Cornell et al., 2016;
Kaplan et al., 2017a; Wachi et al., 2017). In addition to 14-3-3e downregulation, TrkB expression and Akt
phosphorylation were significantly decreased in VLO of depressed mice, in line with previous reports
that chronic stress can induce decrease in BDNF-PI3K/Akt signaling and promote neuronal apoptosis
(Livetal., 2017; Wu et al., 2018; Xia et al., 2016). Indeed, it has been suggested that reduced BDNF expres-
sion and downstream signaling in the VLO is the mechanism underlying CUMS-induced depressive-like be-
haviors (Zhao et al., 2017). However, TrkB and phospho-Akt protein levels were unchanged by the rAAV-
mediated 14-3-3¢ overexpression, suggesting that 14-3-3e-induced behavioral effect on depression was
not caused by restoring TrkB-Akt signaling.

Although numerous imaging studies document significant reductions of frontal cortex, amygdala, and hip-
pocampus volume in MD patients (Belleau et al., 2019; Campbell and Macqueen, 2004; Kim et al., 2016;
Treadway et al., 2015), the exact underlying cellular mechanisms are unclear. Clinical and experimental
studies indicate that multiple factors, such as dendritic retraction, suppressed neurogenesis, putative glial
changes, and neuronal death, may contribute to the structural changes in the volume of the frontal cortex
and hippocampus (Czeh and Lucassen, 2007; Drzyzga et al., 2009; Lucassen et al., 2001). Although postmor-
tem studies show little cellular death in the cortical area of MD patients, emerging animal studies suggest
that elevated apoptotic signaling in MD may associate with pathogenesis of depression (Fan et al., 2018;
Salehpour et al., 2019; Xiao et al., 2020). In the present study, the Bcl-2 antagonist of death (Bad), a down-
stream proapoptotic factor, was also identified as one of the differentially expressed proteins by iTRAQ
analysis. Bad, similar to other Bcl-2 homologs, is capable of dimerizing with various family members,
and its levels are dynamically regulated by apoptotic stimuli (Bui et al., 2018). Bad is thought to induce
apoptosis by binding and inactivating Bcl-2/Bcl-xl on the mitochondria to displace Bax and promotes
cell death (Yang et al., 1995; Zhang et al., 2017). Recent studies have reported that Akt phosphorylates
Bad at the 5112 or 5136 sites and directly facilities binding of Bad to 14-3-3¢ (Datta et al., 2000; Pozuelo-
Rubio, 2011). Our co-immunoprecipitation experiments revealed a direct interaction between Bad and
14-3-3¢, which was reduced following CUMS correlating with the reduction in Akt phosphorylation.
Although increased expression of 14-3-3¢ did not increase trophic signaling, it did restore the proportion
of Bad bound and presumably inhibited by 14-3-3¢. Furthermore, increased 14-3-3¢ levels reversed the high
levels of the mitochondrial apoptotic signaling molecules Bax, Cyt ¢, and cleaved caspase-3 in the VLO of
depressed mice. Based on these results, we suggest that one mechanism by which CUMS induces depres-
sive-like behaviors is by upregulation neuronal apoptotic signaling in the VLO, which concurs with the re-
ports that MD patients had reduced orbital cortex volume and thickness (Drevets, 2007; Taylor et al., 2007).
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We propose that in the default state, the neurotrophic factor BDNF binds to TrkB and activates the PI3K/
Akt signaling pathway (Figure 5B). In turn, Akt phosphorylates Bad, which promotes its binding with
14-3-3¢, inhibiting Bad’s proapoptotic activity. Chronic stress not only induces downregulation of TrkB/
PI3K/Akt signaling pathway but also alters the expression of 14-3-3¢, which leads to the increased Bad un-
bound by 14-3-3¢. Released Bad binds to Bcl-2/Bcl-xl, provoking dissociation of Bax-Bcl-2 allowing Bax to
penetrate the mitochondrial outer membrane and triggering cytochrome c release from the intermem-
brane space to the cytosol, where it activates the caspase cascade and leads to neuronal degeneration.
Increased 14-3-3¢ levels, induced by overexpression, shifts the balance of Bad/Bcl-2/Bax proteins toward
survival signaling and therefore rescues VLO neurons from Bad-mediated apoptosis.

Given that 14-3-3¢ exerts a vital role in suppression of stress-induced apoptosis in the VLO via seques-
tration of proapoptotic factors, its upregulation is one promising strategy to promote neuronal survival in
the context of chronic stress. The small molecule FC-A is a chemical tool used to stabilize 14-3-3e:client
complexes (Figure 5A). We discovered that daily treatment with FC-A at 5 mg/kg body weight is suffi-
cient to relieve depressive-like behaviors and CUMS-induced neuronal apoptosis for at least 7 days in
depressed mice. Previous evidence of trophic effects of FC-A is scarce, but a recent study reported
that that FC-A stimulates neurite outgrowth in vitro, reduces corticospinal axon dieback after spinal
cord injury, and stimulates optic nerve regeneration (Kaplan et al.,, 2017a). Our results demonstrate
that manipulation of 14-3-3¢ binding to Bad, among other partners, with FC-A can prevent neuronal
apoptotic signaling in the VLO and relieve depressive-like behaviors following CUMS without noticeable
side effects. In addition, the level of Bcl2 in FC-A group is increased compared with the levels in controls.
We also observed changes in Bax and Bcl2 levels either following CUMS regime or FC-A treatment. We
have experimentally confirmed that FC-A promotes neuronal survival against CUMS-induced apoptosis
by stabilizing the 14-3-3e:Bad complexes. Therefore, systemic treatment with FC-A as an effective
approach for prophylactic treatment of MD in the context of chronic unpredictable stress is worth
exploring further.

In conclusion, quantitative proteomics profiling to investigate changes in the expression of VLO proteins
after CUMS treatment of mice identified 14-3-3e and TrkB signaling as differentially downregulated in as-
sociation with stress-induced depressive-like behaviors. We demonstrated that the promotion of 14-3-3¢
expression in the VLO prevented stress-induced depression phenotypes via rescue of Bad-mediated
apoptosis. Treatment with the 14-3-3¢ stabilizer FC-A precluded neuronal apoptotic signaling in the
VLO of depressed mice and relieved the depressive-like behaviors. Because 14-3-3¢ provides significant
protection after exposure to chronic unpredictable stress, boosting 14-3-3¢ expression, pharmacological
stabilization of 14-3-3s (e.g. with FC-A) or its protein partners is identified as an exciting potential therapeu-
tic target for the treatment of MD.

Limitations of the study

OuriTRAQ results are based on the triple biological replicates, which is a relative low number experiment
with plenty of biological follow-up. Thus, we have to use a relative loose criterion to screen the differentially
expressed proteins, and we might have missed some important proteins during the quantitative proteomic
analysis, as iTRAQ is a fold-change sensitive technique, and a 10% decrease in a key scaffold protein could
well be significant. In this case, p value correction such as FDR is mandatory to control the error rate in mul-
tiple tests. Moreover, the proteomic data shed light on many other pathways implicated in chronic-stress-
induced depression, such as mitochondrial apoptotic pathway, MAPK cascade, complement and coagula-
tion cascades, and several proteins involved in Alzheimer disease. These points were beyond the scope of
our study but will be an essential part for understanding the functional features of the stress-induced
depression and are definitely worth future study.
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Supplementary Figures
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Figure S1. Total distance in open-field test (related to Figure 3).

No significant change in total distance travelled was found in the GFP and 14-3-3¢
overexpressing mice, suggesting unchanged locomotion activity. Data represents
mean+SEM.
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Figure S2. Effect of FC-A treatment on body weight and locomotion in CUMS-
exposed mice (related to Figure 4).

(&) CUMS-induced weight loss was significantly rescued by 5.0 mg/kg FC-A treatment
(post hoc, FC-A 5.0 mg/kg vs. DMSO, t 136 = 3.11, P < 0.05). (b) No difference in total
distance travelled was found between FC-Atreatment groups. Data represents mean+SEM.
*P < 0.05, **P < 0.0001 compared with the Ctrl group; #P < 0.05 compared with the DMSO
group.
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Figure S3. No learning effect of the testing was found between the behavioral
screening and FC-A treatment (related to Figure 4).
(a) Sucrose preference test. Post hoc test, screening vs. post-treatment, Ctrl: P = 0.9998,
DMSO: P =0.4908, FC-A: P = 0.0002. (b) Time in open arms in elevated plus-maze. Post
hoc test, screening vs. post-treatment, Ctrl: P = 0.1267, DMSO: P = 0.9804, FC-A: P =
0.0163. (c) Immobile time in forced swim test. Post hoc test, screening vs. post-treatment,
Ctrl: P = 0.291, DMSO: P = 0.0908, FC-A: P < 0.0001. Data were analyzed by two-way
RM ANOVA followed by Sidak’s multiple comparisons test. Data represent means+SEM.
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Supplementary Tables
Table S2 (related to Figure 2)
Pathway enrichment for the differentially expressed proteins.

Protein Enrichment
Pathway ID Pathway name Proteins P-value
number score
Ubiquinone and
other terpenoid-
1 ko00130 ) Q3TYT1 1 0.00354 27.805
quinone
biosynthesis
Cytokine-cytokine
2 ko04060 ) ) Q9EPUS 1 0.00613 15.889
receptor interaction
Renin-angiotensin
3 ko04614 Q9CYN9 1 0.00613 15.888
system
. . PODN34, Q61337,
4 ko05010 Alzheimer's disease 3 0.01314 2.648
Q54734
Neurotrophin
5 ko04722 ) ) Q61337, Q3UHE3 2 0.01654 3.587
signalling pathway
) Q3UVW5,
6 ko05034 Alcoholism 2 0.02416 3.271
Q3UHE3
Complement and
7 ko04610 coagulation Q00898 1 0.04054 5.561
cascades
8 ko05030 Cocaine addiction Q3UVW5 1 0.04194 4.835
MAPK signalling
9 ko04010 Q54734, Q3UHE3 2 0.04330 2.118
pathway
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Transparent Methods
Animals

Adult C57BL/6J mice (male, 20-22 g, 8 weeks) were obtained from the animal centre at
Xi'an Jiaotong University and habituated for 1 week. Mice were housed individually in a
humidity- (50 £ 5%) and temperature-controlled (22 + 3°C) room, with access to food and
water ad libitum, except when animals were subjected to light disturbance or deprivation
stressors during the CUMS procedure. They were allowed to acclimatize for 5 days before
the experiments. All training and testing sessions were conducted during the light phase
(lights on from 7:00 to 19:00). The experiments were conducted in accordance with the
NIH Guide for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of Xi'an Jiaotong University. All efforts were
made to minimize the number of animals used and their suffering.

CUMS protocol

Mice in the CUMS group was exposed to 8 weeks of consecutive CUMS, while mice in the
control group received only regular handling. A mice CUMS protocol was used as an animal
model of depression on the basis of well-established methods with minor modifications
(Wang et al., 2010; Willner et al., 1987). Briefly, after 5 days of initial habituation, mice were
subjected to various unpredictable mild stressors for a period of 8 weeks. Weekly stress
consisted of the following stressors in a random order: 45° cage tilting, wet bedding, fasting,
water deprivation, swimming in 4°C cold water, swimming in 40°C hot water, nip tail,
shaking, paired housing and inversion of the light/dark cycle. On average, two different
stressors were applied per day. At the end of every week, the body weight and sucrose
preference of all mice was assessed. The behavioral tests were carried out in the final
week. The control group was left unchallenged except for 14 hr food and water deprivation
before sucrose preference test.

Behavioral tests

All behavioral tests were conducted in a testing room which was dimly lit by a lamp with
luminosity between 20 and 30 lux. Each animal was allowed 15-min acclimation before the
behavioral tests. The behavioral tests including sucrose preference (SPT), elevated plus
maze (EPM), forced swim test (FST) and open-field test. The testing order was alternated
across the CUMS and control group.

Sucrose preference test (SPT)

Each animal was provided with two drinking tubes in their home cages during the 24 hr
training phase. After training, mice were deprived of water for 24 hr, then the mice were
given the choice to drink from two bottles for 12 hr; one was filled with a sucrose solution
(1% wi/v), and the other was filled with water. The positions of the bottles in the cage were
switched after 6 hr. Sucrose and water consumptions were recorded before and after the
test. Sucrose preference% = (sucrose intake/total intake) x 100%.

Elevated plus maze (EPM)
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The EPM test consisted of a plus shaped platform with four 33 x 6 cm plates connected to
a central platform (6 x 6 cm). Two opposing close arms were enclosed by 14 cm-high walls,
while two open arms were not enclosed. Mice were placed individually in the center of the
apparatus for 10 min, and the time spend in the open arm were recorded to detect the
anxiety of mice by the Anymaze video tracking software.

Forced swim test (FST)

Mice were individually placed in a transparent acrylic cylinder (height 30 cm, diameter 15
cm) for 6 min, which was filled with tap water (temperature 24 £ 1°C) to a depth of 20 cm.
The water was replaced for each mouse. Only the last 4 minutes were analyzed due to the
fact that most mice are very active in the first 2 minutes of the test. Mice performances
were recorded and analysed using the Anymaze video tracking software. Immobility time
was calculated as floating or no active movements except that necessary for the mouse to
keep its head above water.

Open-field test (OFT)

Ablack square arena (45 x 45 x 30 cm) was used to examine locomotor activity. Mice were
placed in the arena and allowed to explore the apparatus freely for 15 min. Total distance
was analysed by the Anymaze video tracking software (Ver. 5.2, Stoelting Co., Wood Dale,
IL, USA).

iTRAQ labelling and high pH reversed-phase (RP) fractionation

The mice of the depressed group (Dep, n = 9) and the control group (Ctrl, n = 9) were
randomly chosen and sacrificed by decapitation immediately after the final behavioral
testing. The VLO tissues from 9 mice of each group were dissected and pooled into 3
different biological replicates. The liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) was performed in GeneChem Co. (Shanghai, China).

The mice were sacrificed by decapitation immediately after the final behavioral testing. The
whole brain of each animal was rapidly removed. VLO tissue was dissected and stored in
liquid nitrogen before storing frozen at -80°C. Samples from the CUMS group (n = 9) and
the control group (n = 9) were homogenized in SDT buffer (4% SDS, 100 mM Tris-HCI, pH
7.6) and then boiled for 10 min. After centrifugation at 14,000 x g at 4°C for 15 min, the
supernatant was obtained through a 0.22 pum filter. The proteins were quantified with the
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific, Waltham, MA, USA). For iTRAQ
labelling, 3 pooled samples were obtained corresponding to 9 mice in each group, then
each pooled sample was divided into two equal parts as biological replicates afterward.

Pooled samples was digested using the filter-aided sample preparation method (FASP) in
a 30-kDa molecular weight cut-off centrifugation filter (Sartorius, Goéttingen, Germany)
(Wisniewski et al., 2009). The protein was diluted with 200 L of UA buffer (8 M urea, 150
mM Tris-HCI, pH 8.5) and then centrifuged at 12,500 x g for 25 min. After a repetition of
this step, 100 uL of 100 mM iodoacetamide (IAA) in UA buffer was added to the filters, and
the samples were incubated in darkness for 30 min. Filters were washed twice with 100 pL
of UA buffer followed by two washes with 100 pL of dissolution buffer (50 mM
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triethylammonium bicarbonate, pH 8.5). Proteins were digested for 18 hr in a 40 pL
dissolution buffer (containing 4 pL trypsin) (Promega Co., Madison, WI, USA) at an
enzyme-to-protein ratio of 1:50 at 37°C. The released peptides were collected by
centrifugation at 12,500 x g for 15 min followed by two washes with dissolution buffer and
then and quantified by Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA).
Next, 100 pg of peptides from each pooled sample were labelled using the iTRAQ
Reagent-8plex Multiplex Kit (AB Sciex, Redwood city, CA, USA), according to the
manufacturer’s instructions. Labelled peptides were mixed at equal ratios and fractionated
by the Agilent 1260 infinity 1l HPLC system. Afterward, approximately 36 fractions were
collected from each test.

LC-MS/MS and data analysis

The liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) was
performed in GeneChem Co. (Shanghai, China). A Thermo Easy-nLC binary buffer system
(Thermo Fisher Scientific, Waltham, MA, USA) with buffer A (0.1% formic acid) and buffer
B (0.1% formic acid in 80% acetonitrile) was performed for this experiment. Samples were
first loaded to C18-RP columns (4.6 pm x 100 mm, 5 pm) before preparing analytical
columns (50 um x150 mm, 3 pm). Peptide mixtures were isolated at a flow rate of 300
nL/min. Related liquid phase gradient as follows: 0-5 min, buffer B from 0 to 6%; 5-45 min,
buffer B from 6 to 28%; 45-50 min, buffer B from 28 to 38%; 50-55 min, buffer B from 38 to
100%; and 55-60 min, buffer B remained 100%. Peptides eluted by HPLC were directly
injected into the Q-Exactive mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA). The mass range of positive ion mode was 350-1800 m/z. Survey scans were
obtained at 70,000 (200 m/z) and 17,500 (200 m/z), with the resolution for higher-energy
collisional dissociation (HCD) spectra and maximum ion injection times fixed at 50 and 45
ms, respectively. The top ten abundant precursor ions were used for MS/MS analysis with
a normalized collision energy at 30 eV, and the underfill ratio defined as 0.1%.

Protein identifications were performed using the MASCOT search engine (version 2.6.
Matrix Science, Boston, MA, USA) embedded into Proteome Discoverer 2.1 (Thermo
Fisher Scientific, Waltham, MA, USA). A publicly available
Uniprot_MusMusculus_84433 20180123 database was used for the search. The
searching parameters were: enzyme, trypsin; max missed cleavages, 2; precursor mass
tolerance, £ 20 ppm; fragment mass tolerance, 0.1 Da; modification groups, iTRAQ 8 plex;
dynamic modification, oxidation (M), acetyl (protein N-term) and deamidated (NQ); static
modifications, carbamidomethyl (C); database pattern, decoy. Furthermore, parameters of
proteins quantification were set as follows: normalize on total peptide amount, use of only
unigue peptides and the median protein ratio should be 1 after normalization.

Bioinformatics analysis

A strict cutoff for protein identification was applied with false discovery rate (FDR) < 1% to

minimize false positive results. Protein identification was supported by all peptide matches

with 95% confidence (Han et al., 2015). Since iTRAQ is fold change sensitive, we filtered

the results by the fold change (> 1.20 or < 0.84) in comparison between depressed and

control groups and manually examined all proteins (Ren et al., 2013), accepting the final
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list of differentially expressed proteins (122 out of 4953 identified proteins). Student’s t-test
P values of the differentially expressed proteins was corrected and ranked by using the
approach reported by Benjamini, Krieger and Yekutieli (Benjamini, 2006). To estimate the
final FDR of the accepted proteins, we performed permutation analysis (n = 1,000
permutations) following a reported procedure (Xie et al., 2005) and found that the
estimated FDR below 12%. A Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis was subsequently performed using the KEGG automatic annotation
server (KAAS) (Moriya et al., 2007). Fisher's exact test P value < 0.05 was performed to
analyze enrichment of the pathways. The capability of the resulting feature proteins in
differentiating both sample groups was evaluated by hierarchical clustering analysis using
Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm) and Java
Treeview (http://jtreeview.sourceforge.net) software (Pan et al., 2015). Additionally, the
differentially expressed proteins were sent to the IntAct
(http://www.ebi.ac.uk/intact/main.xhtml) to build functional protein association networks,
which were further analysed by Cytoscape software (version 3.2.1).

Immunoblotting

The VLO tissues were then processed for protein extraction as described before (Wang et
al., 2017). For verification of the proteomic results, Western blotting was performed with
the same protein samples that used for iTRAQ quantitative analysis. Protein samples were
separated by 10% or 12% SDS-PAGE and transferred onto PVDF membranes. The
membranes were blocked with 5% BSA and then incubated with different primary
antibodies (see supplementary materials) overnight at 4°C. Then the membranes were
washed and incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies. An enhanced chemiluminescence kit (Merck Millipore, Billerica, MA, USA) was
used to detect immunoreactive protein bands. Band intensities were analyzed using
ImagelLab software (Bio-Rad Laboratories, Hercules, CA, USA). Protein expression levels
were normalized to the GAPDH expression levels and the data were presented as relative
guantifications.

Stereotaxic surgery and virus injection

The recombinant adenovirus associated virus (rAAV)-enhanced green fluorescent protein
(eGFP) constructs containing full-length human 14-3-3¢ expressing were generated by
OBio Technology (Shanghai, China). To create the rAAV-14-3-3¢ vector, the DNA sequence
corresponding to wildtype human 14-3-3¢ at the C-terminal end was subcloned from the
pcDNAS.1-14-3-3¢ vector into the multiple cloning site (MCS) of the AAV9-CaMKIlla-
bGlobin-MCS-eGFP-3FLAG vector. The integrity of the rAAV-14-3-3¢ construct was
verified by DNA sequencing analysis, and the 14-3-3 constructs were identical to NCBI
sequences U28936 (14-3-3¢). The titer of the virus was approximately 102, measured by
guantitative PCR. Twenty-eight days after virus injection, the in vivo efficacy of rAAV-
mediated 14-3-3¢ overexpression was approximately 2.1-fold relative to the vector control
group. For the virus injection, mice were anesthetized with isoflurane (4% in Oz for
induction, 1% in Oz for maintenance) and secured in a stereotaxic frame (Kopf Instruments,
Tujunga, CA, USA). Pulled capillary tubes were inserted into the bilateral VLO (AP: +2.4,
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ML: £ 1.2, DV: —-2.6). Then, 1 uL of virus was infused bilaterally at a flow rate of 0.5 yL/min.
The injector was left in place for an additional 15 min to minimize diffusion up the injector
tract.

Co-immunoprecipitation (co-IP)

VLO samples were homogenized in lysis buffer (50 mM NaCl, 30 mM sodium
pyrophosphate, 50 mM NaF, 10 mM Tris, 5 mM EDTA, 0.1 mM NasVO4, 1 mM PMSF, with
1% Triton X-100 and protease inhibitor tablet). Lysates were centrifuged (12,000 g) at 4°C
for 15 min. Supernatant fraction was incubated with anti-14-3-3¢ mAb (Abcam, Cambridge,
MA, USA) (negative controls used the antibody against mouse IgG or no antibody),
followed by incubation with 50 L of protein A/G plus agarose (Santa Cruz Biotechnology,
Dallas, TX, USA) for 1 hr at 4°C. The beads were washed three times with lysis buffer, then
boiled in 2xSDS loading buffer for 5 min. Samples were resolved by SDS-PAGE and
transferred to PVDF membrane followed by immunoblotting using anti-14-3-3¢ (1:500) and
anti-Bad (1:1000), respectively.

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) and DAPI
staining

Frozen brain tissues were embedded with OCT compound (Leica, Wetzlar, Germany).
Tissues were cut into 20-um thick sections and analyzed with the TUNEL apoptosis assay
kit (Beyotime Biotechnology, Shanghai, China) according to the manufacturer’s protocol
with minor modifications. Briefly, sections were fixed with 4% paraformaldehyde for 20 min
at room temperature. Then, they were washed twice for 10 min in PBS and permeabilized
in PBS with 0.3% Triton X-100 for 5 min in 37°C. Sections were then incubated with TUNEL
mixed detection solution at 37°C in a dark and humid environment for 1 hr followed by
three 10-min rinses with PBS. Finally, sections were incubated with DAPI staining solution
for 5 min at room temperature (Beyotime Biotechnology, Shanghai, China). DAPI staining
was detected with a DAPI filter, and TUNEL staining was detected with a FITC filter. The
sections were observed under a fluorescence microscope (Nikon, Chiyoda, Japan) and the
results were calculated by Image-Pro Plus 6.0 software.

Experimental design

Experiment 1: Mice in the CUMS group (n= 60) was exposed to 8 weeks of consecutive
CUMS, while mice in the control group (Ctrl, n= 20) received only regular handling. At the
end of CUMS regime, behavioral tests including SPT, EPM and FST were carried out to
assess the depressive phenotypes in these mice. Mice in the CUMS group were further
classified as depressed (Dep) or undepressed according to the cutoff values based on
ROC curves. The undepressed mice were excluded from subsequent study. The Dep mice
and Ctrl mice were sacrificed immediately after the final behavioral testing. The VLO tissue
was extracted for subsequent use.

Experiment 2: For iTRAQ proteomics, we randomly selected VLO samples from Dep and

Ctrl group (n = 9/group) to pool into 3 different biological replicates. Following the

bioinformatics analysis, we performed Western blots to verify the expression levels of the

differentially expressed proteins and other proteins of interest by using the same samples
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from Experiment 1.

Experiment 3: A new cohort of mice were stereotaxically injected with virus that
overexpressed 14-3-3¢ (n = 32) or the GFP virus (n = 30) into bilateral VLO. After 2 weeks
of recovery, these mice were exposed to CUMS regime, while mice in the Ctrl group (n=
21) received only regular handling. At the end of CUMS, the behavioral tests were carried
out to assess the depressive phenotype. Molecular changes in VLO were determined by
Western blot and co-IP.

Experiment 4: A new cohort of mice were treated with different dose of FC-A (0.25, 1.0
and 5.0 mg/kg body weight, i.p., once per 2 days; n = 22-27 per group) during the whole
CUMS period. Escitalopram (Escit) was given once daily (20 mg/kg, i.p.; n = 22) as the
positive control. An equal volume of 1% DMSO was given i.p. as vehicle control (n = 24).
Ctrl group received only regular handling (n= 25). At the end of CUMS regime, the
behavioral tests include FST, EPM and SPT were carried out to assess the changes in
depressive phenotypes. The apoptosis in VLO were determined by TUNEL staining. The
apoptotic markers were determined by Western blot. In addition, another cohort of mice
were exposed to CUMS regime and were screened for depressive phenotype (Dep: n =
35/92; Ctrl: n = 18/40). Then, Dep mice were treated with FC-A (5.0 mg/kg/day, i.p.; n =20
per group) or 1% DMSO (n = 15) for 7 days. After the treatment, depressive-like behaviours
were assessed by SPT, EPM and FST. Moreover, SPT were assessed at the 7, 14, 21 and
28 days after the FC-A treatment.

Statistical analysis

To determine whether individual animals were positive or negative for a specific behavioral
phenotype as measured in the SPT, EPM and FST, we used ROC curves(Zou et al., 2007).
Youden J Index was calculated from ROC curves in order to identify the optimal cutoff value
that gives the lowest false positive rate (FPR) and the highest true positive rate (TPR).
Youden J index maximizes the difference between TPR (sensitivity) and FPR
(1-specificity): Youden J Index = TPR-FPR = sensitivity+specificity-1. Thus, by
maximizing (sensitivity + specificity) across various cutoff points, the optimal cutoff point
was calculated.

In order to determine statistical differences for behavioral, histological and immunoblot data,
we performed unpaired Student’s t-test, Fisher’s exact test, and one- and two-way ANOVA
(ordinary and repeated measures) using Graphpad Prism 8 software (GraphPad Software
Inc., La Jolla, CA, USA). Tukey'’s or Sidak’s post hoc analysis was applied, when applicable,
to correct for multiple comparisons. Statistical significance was *P < 0.05, **P < 0.01, **P
< 0.0001. All data are presented as means + SEM. Investigators were blinded to allocation
of groups and outcome assessment for all experiments. Statistical details can be found in
the supplementary materials.
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