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Article 

Elevated Expression of HSP72 in the Prefrontal 
Cortex and Hippocampus of Rats Subjected to 
Chronic Mild Stress and Treated with Imipramine 
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Abstract: The HSP70 and HSP90 family members belong to molecular chaperones that exhibit protective 
functions during the cellular response to stressful agents. We investigated whether the exposure of rats to chronic 
mild stress (CMS), a validated model of depression, affects the expression of HSP70 and HSP90 in the prefrontal 
cortex (PFC), hippocampus (HIP) and thalamus (Thal). Male Wistar rats were exposed to CMS for 3 or 8 weeks. 
The antidepressant imipramine (IMI, 10 mg/kg, i.p., daily) was introduced in the last five weeks of the long-term 
CMS procedure. Depressive-like behavior was verified by the sucrose consumption test. The expression of 
mRNA and protein was quantified by real-time PCR and Western blot, respectively. In the 8-week CMS model, 
stress alone elevated HSP72 and HSP90B mRNA expression in the HIP. HSP72 mRNA was increased in the PFC 
and HIP of rats not responding to IMI treatment vs. IMI responders. The CMS exposure increased HSP72 protein 
expression in the cytosolic fraction of the PFC and HIP, and this effect was diminished by IMI treatment. Our 
results suggest that elevated levels of HSP72 may serve as an important indicator of neuronal stress reactions 
accompanying depression pathology and could be a potential target for antidepressant strategy.  

Keywords: chronic mild stress; depression; imipramine; heat shock protein; HSP90; inducible HSP90A; 
constitutive HSP90B; HSP70; inducible HSP72; constitutive HSC70  
 

1. Introduction 
At the cellular level, the stress reaction, including the heat shock protein (HSP) response, is a 

highly conserved cellular pathway activated after exposure to noxious stimuli to promote cell 
survival. HSP was first described by Ferrucio Ritossa in 1962 as a gene induced by heat shock stress 
to deal with denaturing folded proteins [1]. Currently, HSPs are recognized as molecular chaperones 
that assist in the correct folding of nascent and stress-accumulated proteins. HSPs, together with 
proteins that regulate their activity and proteins assisting in the process of removing misfolded and 
aggregated proteins, create the network of proteins responsible for maintaining cellular protein 
homeostasis [2]. In line with the new leĴer-numeric classification of HSP, there are five main families 
of HSP: HSPH (previously HSP110), HSPC (previously HSP90), HSPA (previously HSP70), DNAJ 
(previously HSP40), and HSPB (previously small HSP) [3] described in detail elsewhere [4]. HSPA 
and HSPC members are structurally and functionally similar HSPs, and impairments in one family 
were shown to affect the expression and activity of the second family (e.g., [5]). HSPA and HSPC 
members bind substrates via the middle binding domain, and their chaperone activity depends on 
ATP hydrolysis in the N-terminal domain [2]. Both families contain two types of members: 
constitutive (cognate) members, which perform housekeeping functions, and inducible members, 
which are induced rapidly by stress. Most HSPA and HSPC members show predominant cytosolic 
localization with the possibility of shuĴling between cellular compartments [4,6] and therefore play 
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a central role in protein translation, posĴranslational modifications and thus effective intracellular 
signaling. HSPA and HSPC coordinate chaperone activities across cellular compartments and 
cooperate in the folding process [7]. 

Deficiencies in chaperone machinery may lead to the development or progression of protein-
misfolding diseases, e.g., neurodegenerative diseases, type 2 diabetes, peripheral amyloidosis, 
lysosomal storage disease, cystic fibrosis, cancer and cardiovascular disease (see [8]). Clinical 
evidence has revealed that HSP alterations also accompany depression [9]. 

Laboratory research indicates that pharmacological modulation of intracellular levels of HSPs, 
particularly HSPA, may have therapeutic benefits in treating diseases where chaperone function is 
impaired [10–14]. The molecular mechanism underlying chaperone system impairments in stress-
related psychiatric disorders is far from understood in terms of both chaperone pathology 
identification and therapeutic options. Our previous study in a mouse model of depression revealed 
that early stress exposure evokes long-term downregulation of mRNA for stress-inducible members 
of HSPA and HSPC in the PFC, accompanied by a decreased density of alpha1B adrenoceptors [15]. 

The current study aimed to assess the mRNA and protein expression of stress-induced HSPA 
and HSPC members, HSP1A (also known as HSP72) and HSPC1 (HSP90A), as well as constitutive 
HSPA8 (HSC70) and HSPC3 (HSP90B), in the prefrontal cortex (PFC), hippocampus (HIP) and 
thalamus (Thal) of rats subjected to the chronic mild stress (CMS) procedure performed for 3 and 8 
weeks (Figure 1). Moreover, in prolonged CMS, we checked whether pharmacotherapy with the 
antidepressant drug imipramine (IMI) could normalize CMS-evoked HSP changes. To confirm 
whether changes in mRNA levels are related to the cytosol compartment, we measured the cytosol 
level of proteins for selected HSPA and HSPC members. 

The chosen brain structures PFC, HIP and Thal have been shown to send major glutamatergic 
afferents to the nucleus accumbens that are highly affected by neuronal atrophy in stressed animals 
displaying anhedonia [16,17]. Moreover, these structures are known to control emotion, learning and 
memory, the integration and transmission of stimuli, and aĴention, which seem to be involved in 
stress-sensitive mechanisms underlying major depression.  

 
Figure 1. Schematic showing the experimental groups and consumption of 1% sucrose solution in rats 
exposed to CMS (stress) for (A) 3 weeks and (B) 8 weeks and simultaneously treated with IMI for the last 5 
weeks (IMI, 10 mg/kg, ip). Vertical lines represent the standard error of the mean, n = 6; *** p < 0.001 relative 
to the sham or sham/sal group; ++ p < 0.01 relative to the stress reactive group; ## p < 0.01 relative to the 
stress/IMI resp group; reactive – group of animals responding to CMS in the behavioral test. 

2. Results 
2.1. Evaluation of sucrose consumption in stress reactive vs. stress nonreactive animals and in imipramine 
responding vs. imipramine nonresponding animals: generating of experimental groups for biochemical studies  
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In line with previous studies, the exposure to several weeks of CMS led to the development of 
an anhedonic-like phenotype, manifested by a reduction in sucrose consumption. Two cohorts of 
animals were used in the current experiments. The first was for 3 weeks of CMS with 3 experimental 
groups (Figure 1A), and the second was for 8 weeks of CMS with 5 animal groups (Figure 1B). In the 
laĴer cohort, a treatment with imipramine for the last 5 weeks has been included for some groups, as 
depicted in Figure 1B (left panel).  

In animals exposed for 3 weeks to CMS and showing vulnerability to stress, the last sucrose 
intake score was significantly reduced (F(2, 15) = 15.51, p < 0.001) and the score values were 4.4 ± 1.1 
vs. 19.7 ± 3.2 (p < 0.001), for the stress reactive group and the controls, respectively. In the stress 
nonreactive animals, sucrose intake was comparable to that in the sham group (15.6 ± 0.09 vs. 19.7 ± 
3.2) (Figure 1A, middle panel).  

In animals exposed for 8 weeks to CMS, the experimental groups were selected on the basis of 
the last sucrose intake score (F(4, 25) = 14.54, p < 0.001). The sucrose intake was reduced for the stress 
reactive/sal compared to sham/sal group (7.7 ± 1.1 vs. 14.6 ± 1.6, p < 0.001, respectively). In the group 
with stress-induced anhedonia and responding to IMI treatment, the sucrose intake score returned 
to the control level (13.9 ± 0.7 vs. 14.6 ± 1.6) while in animals with stress-induced anhedonia and not 
responding to IMI treatment, the sucrose intake score did not return to the control level, 5.1 ± 1.1 vs. 
14.6 ± 1.6, p < 0.001) (Figure 1B, middle panel). 

2.2. Effects of three weeks of CMS on the mRNA expression of HSP70 and HSP90 family members  
One-way ANOVA followed by Tukey’s test showed a slight decrease in HSP90A mRNA 

expression of inducible HSP90A in the HIP of stress reactive rats vs. sham group rats (by 12%; F(2,15) 
= 5.28, p < 0.05). No other changes in the mRNA expression of genes belonging to the HSP70 and 
HSP90 families in the PFC, HIP and Thal were observed (Table 1). 

Table 1. Lack of changes in expression of mRNAs of HSP70 and HSP90 families in the (A) PFC, (B) HIP, and (C) 
Thal of rats subjected to the CMS procedure (stress) for 3 weeks determined by real-time PCR method. 

Brain structure/ 

Treatment 

Level of mRNAs 

[% of sham control  SEM] 1 

HSP72 HSC70 HSP90A HSP90B 

A. PFC  

sham 100,00  10,98 100,00  7,91 100,00  5,86 100,00  7,70 

stress reactive 93,63  10,57 96,64  6,89 96,84  5,97 94,30  5,92 

stress non-reactive 92,76  8,94 96,33  3,96 100,43  2,96 85,88  3,80 

1 way ANOVA F(2,15) = 0.15,  

p > 0,05 

F(2,15) = 0.10,  

p > 0.05 

F(2,15) = 0.15,  

p > 0.05 

F(2,15) = 1.39,  

p > 0.05 

B. HIP  

sham 100,00  10,58 100,00  6,83 100,00  3,00 100,00   8,26 

stress reactive 89,10  8,30 99,04  3,88 88,06   2,82 * 100,47   5,64 

stress non-reactive 81,66  16,30 78,67  12,15 91,93   2,04 85,89  13,92 

1 way ANOVA F(2,15) = 0.57,  

p > 0.05 

F(2,15) = 2.08,  

p > 0.05 

F(2,15) = 5.28,  

p < 0.05 

F(2,15)=0.51,  

p > 0.05 

C. Thal  

sham 100,00  14,45 100,00  7,50 100,00   9,72 100,00  14,09 

stress reactive 119,54  18,15 116,78  3,39 127,81   3,76 136,17   7,84 

stress non-reactive 112,58  15,72 108,21  11,09 99,51  20,64 121,24  19,32 

1 way ANOVA F(2,15) = 0.31,  

p > 0.05 

F(2,15) = 0.98,  

p > 0.05 

F(2,15)=1.37, 

p>0.05 

F(2,15) = 1.37,  

p > 0.05 
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1 Results are expressed as a percent of sham group ± standard error of mean (SEM); n = 6, * p < 0.05 relative 
to control (sham) group; reactive – group of CMS rats responding to stress with anhedonia in sucrose test , 
non-reactive – group of CMS rats that did not develop anhedonia in sucrose test 

2.3. Effects of eight weeks of CMS on the mRNA expression of HSP70 family members  
One-way ANOVA for the mRNA expression of inducible HSP72 did not show significant effects 

in the PFC (F(4,25) = 1.42, p > 0.05), HIP (F(4,25) = 1.79, p > 0.05) or Thal (F(4,25) = 1.05, p > 0.05). 
Therefore, to statistically compare differences among treatment groups, we performed contrast 
analysis. In the PFC, contrast analysis revealed more abundant expression of inducible HSP72 mRNA 
in the stress/IMI nonresp group than in the stress/IMI resp group (by 82%, p < 0.05) (Figure 2A). In 
the HIP, we noted increased expression of HSP72 mRNA in the stress/IMI nonresp group vs. the 
stress/IMI resp group (by 59%, p < 0.05) and vs. sham/sal control group (by 57%, p < 0.05) (Figure 3A). 

 
Figure 2. Levels of (A) mRNA and (B) protein expression of HSP72 in PFC of rats subjected to the CMS 
(stress) for 8 weeks and simultaneously treated with IMI (10 mg/kg, ip) for last 5 weeks. Results determined 
by real-time PCR and Western blot methods. Rats were sacrificed 24 hours after last administration of IMI 
or saline (sal). Results are expressed as a percent of sham/sal group ± standard error of mean (SEM); n = 6; 
(C) representative blots; * p < 0.05 relative to sham/sal, # p < 0.05 relative to stress/IMI resp group; stress/IMI 
resp – group of CMS rats that responded to IMI treatment (reversed anhedonia in sucrose test), stress/IMI 
nonresp – group of CMS rats nonresponding to IMI. 

 
Figure 3. Levels of (A) mRNA and (B) protein expression of HSP72 in HIP of rats subjected to the CMS 
(stress) for 8 weeks and simultaneously treated with IMI (10 mg/kg, ip) for last 5 weeks. Results determined 
by real-time PCR and Western blot. Rats were sacrificed 24 hours after last administration of IMI or saline 
(sal). Results are expressed as a percent of sham/sal group ± standard error of mean (SEM); n = 6; (C) 
representative blots; * p < 0.05 relative to sham/sal, # p < 0.05 relative to stress/IMI resp group; stress/IMI 
resp – group of CMS rats that responded to IMI treatment (reversed anhedonia in sucrose test), stress/IMI 
nonresp – group of CMS rats nonresponding to IMI. 

Neither one-way ANOVA nor contrast analysis showed any changes among groups in the 
mRNA expression of constitutive HSC70 in the PFC, HIP (Table 2) and Thal (Table 4). 

2.4. Effects of eight weeks of CMS on the mRNA expression of HSP90 family members 
In the HIP, 1-way ANOVA for the mRNA expression of cognate HSP90B showed a main effect 

of treatment (F(4,25) = 3.19, p < 0.05). Furthermore, the planned contrast comparison showed 
increased expression of HSP90B mRNA in the CMS group compared to the sham/sal group (by 16%, 
p < 0.05). This CMS-evoked elevation of mRNA was reversed by IMI treatment (p < 0.05 between 
groups stress/sal and stress/IMI resp) (Figure 4A). A lack of changes in the expression of inducible 
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HSP90A mRNA in the HIP among groups was observed (Table 3). We did not observe any changes 
in the mRNA expression of inducible Hsp90A and constitutive Hsp90B in the PFC (Table 3) and Thal 
(Table 4), respectively. 

Table 2. Lack of changes in expression of HSC70 mRNA in PFC and HIP of rats subjected to the CMS (stress) 
for 8 weeks and treated with IMI (10 mg/kg, ip) for 5 weeks determined by RTqPCR. 

Treatment 

HSC70 mRNA level 

[% of sal/sham control  SEM] 1 

PFC HIP 

sham/sal 100,00  21,14 100,00  7,69 

stress/sal 88,95  22,11 107,79  3,66 

sham/IMI 83,96  14,87 91,40  6,75 

stress/IMI resp 96,63  17,67 97,95  4,17 

stress/IMI nonresp 79,81  5,98 107,40  7,57 

1 way ANOVA F(4,25) = 0.88, p > 0.05 F(4,25) = 1.23, p >0.05 
1 Results are expressed as a percent of control (sham/sal) group  standard error of mean (SEM); n = 6, 
stress/IMI resp – group of CMS rats that responded to IMI treatment (reversed anhedonia in sucrose test), 
stress/IMI nonresp – group of CMS rats nonresponding to IMI. 

Table 3. Lack of changes in expression of mRNAs of HSP90 family in the prefrontal cortex and HSP90A in 
the hippocampus of rats subjected to the CMS (stress) during 8 weeks and treated with IMI (10 mg/kg, ip) 
for 5 weeks determined by RTqPCR. 

Treatment 

mRNAs level 

[% of sal/sham control  SEM] 1 

PFC HIP 

HSP90A HSP90B HSP90A 

sham/sal 100,00 7,39 100,00  5,20 100,00  1,80 

stress/sal 100,80  8,78 100,85  5,86 104,98  3,90 

sham/IMI 109,89  7,37 101,33  4,24 98,07  3,59 

stress/IMI resp 101,45  3,75 111,74  6,95 102,90  3,44 

stress/IMI nonresp  97,86  5,12 104,32  6,17 100,62  4,34 

1 way ANOVA F(4,25) = 0.47,  

p > 0.05 

F(4,25) = 1.29,  

p > 0.05 

F(4,25) = 0.58,  

p > 0.05 
1Results are expressed as a percent of control (sham/sal) group  standard error of mean (SEM); n = 6, 
stress/IMI resp – group of CMS rats that responded to IMI treatment (reversed anhedonia in sucrose test), 
stress/IMI nonresp – group of CMS rats nonresponding to IMI. 

 
Figure 4. Levels of (A) mRNA and (B) protein of HSP90B in HIP of rats subjected to the CMS (stress) during 
8 weeks and simultaneously treated with IMI (10 mg/kg, ip) for last 5 weeks. Results determined by real-
time PCR and Western blot. Rats were sacrificed 24 hours after last administration of IMI or saline (sal). 
Results are expressed as a percent of sham/sal group ± standard error of mean (SEM), n = 6; (C) 
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representative blots; * p < 0.05 relative to sham/sal; + p < 0.05 relative to stress/sal group; stress/IMI resp – 
group of CMS rats that responded to IMI treatment (reversed anhedonia in sucrose test), stress/IMI nonresp 
– group of CMS rats nonresponding to IMI. 

Table 4. Lack of changes in mRNA expression of HSPA and HSPC families in Thal of rats subjected to the 
CMS (stress) for 8 weeks and treated with IMI (10 mg/kg, ip) for 5 weeks determined by RTqPCR. 

Treatment 

mRNAs level in Thal 

[% of sal/sham control  SEM]1 

HSP72 HSC70 HSP90A HSP90B 

sham/sal 100,00  7,50 100,00  3,20 100,00  11,30 100,00  2,89 

stress/sal  95,60  8,43 109,00  4,50 105,99   5,38  99,01  3,87 

sham/IMI  99,80  4,93 101,90  4,70 108,00   4,86  101,84  4,12 

stress/IMI resp  97,07  9,94 112,00  9,10 101,25   7,51   97,88  8,39 

stress/IMI nonresp 115,74  8,34  99,00  5,00 100,72   5,32   99,01  7,58 

1 way ANOVA F(4,25) = 1.05,  

p > 0.05 

F(4,25) = 1.04,  

p > 0.05 

F(4,25) = 0.23,  

p > 0.05 

F(4,25) = 0.07,  

p > 0.05 
1Results are expressed as a percent of control (sham/sal) group ± standard error of mean (SEM); n = 6, 
stress/IMI resp – group of CMS rats that responded to IMI treatment (reversed anhedonia in sucrose test), 
stress/IMI nonresp – group of CMS rats nonresponding to IMI. 

2.5. Effects of eight weeks of CMS on the cytosolic protein expression of HSPs  
One-way ANOVA did not show a main effect of treatment in either the PFC (F(4, 25) = 1.27, p = 

0.05) or the HIP (F(4, 25) = 1.53, p > 0.05). However, planned comparison followed by contrast analysis 
showed that CMS evoked an increase in HSP72 protein expression in the cytosol compartment in the 
PFC and HIP by 49% and 41%, respectively, vs. the sham/sal group (Figure 2B and 3B, Supplementary 
Figure S1). Contrast analysis of the cytosolic level of constitutive HSP90B protein revealed no changes 
among groups in the HIP (Figure 4B, Supplementary Figure S1). 

2.6. HSP72 and HSP90B colocalize with neuronal cells 
Immunofluorescence analysis showed double staining for HSP72 and the neuronal marker 

NeuN in the PFC and HIP areas (Figure 5 A-C, G-I). Likewise, double immunofluorescence staining 
for Hsp90B and the neuronal marker NeuN was observed in the PFC and HIP areas (Figure 5 D-F, J-
L). 

Furthermore, no double immunofluorescence staining was found for HSP72 and HSP90B or for 
the astrocyte marker GFAP in either the PFC or HIP areas (Supplementary Figure S2). 
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Figure 5. Representative double immunofluorescence staining for HSP72 or HSP90B and NeuN. Arrows 
indicate HSP72-positive or HSP90B-positive cells colocalized with neurons in the (A-F) PFC and (G-L) HIP 
areas. Scale bar 25 µm. 

3. Discussion 
The main finding of the study is that depressive-like behavior evoked by long-term exposure to 

CMS is accompanied by the induction of HSP72 in the rat PFC and HIP. Moreover, that increase is 
related to neuronal cells and seems to be involved in the process of resistance to antidepressant 
therapy. 

3.1. Applicability of experimental groups generated in the CMS model 
CMS exposure leads to the development of depression-like symptoms in animals, which we 

confirmed in our study. In this model, rats subjected for a prolonged period of time to a variety of 
mild stressors gradually decrease their responsiveness to rewarding stimuli, which is comparable to 
anhedonia, the core clinical symptom of the melancholic subtype of major depressive disorder 
(reviewed by [18]). After 3 weeks of CMS exposure, in addition to the generated stress reactive group, 
we obtained a “stress nonreactive” group that failed to reduce their drinking of a palatable solution 
despite being under the influence of stress. In the CMS paradigm, animals that do not develop 
anhedonia during the first 3 weeks of stress exposure are usually rejected from the next steps of the 
CMS paradigm [18]. Here, we utilized the “stress nonreactive” group to evaluate whether changes in 
the expression of HSP72, HSC70, HSP90A and HSP90B underlie anhedonic resilience. In the 
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experiment with 8 weeks of CMS, for the last 5 weeks, we administered IMI, a classic antidepressant 
drug with a tricyclic chemical structure, to rats as a reference drug widely used in pharmacological 
studies looking for the mechanisms underlying major depression. We observed that IMI reversed 
anhedonia in the “stress IMI resp” group of rats; however, we also differentiated a “stress IMI 
nonresp” group in which IMI applied for 5 weeks did not reverse anhedonia. Both behavioral 
responses after CMS and IMI treatment are in agreement with observations of other laboratories and 
reflect the clinical situation of patients’ responses to antidepressant treatment [18,19]. The group that 
failed to respond to IMI treatment, the “stress IMI nonresp” group, is believed to reflect patients with 
treatment-resistant depression [20]. Taken together, the decrease in sucrose intake by stressed 
animals and the subsequent normalization of this consumption after chronic IMI prove the usefulness 
of this model for testing the mechanism underlying depressive-like behavior. Additional groups, 
such as the “stress nonreactive” and “stress IMI nonresp” groups, represent responses typically 
observed in laboratories generating validated CMS preclinical models of depression, and in the 
present study, we analyzed these groups to understand whether HSPA and HSPC levels in the PFC, 
HIP, and Thal are influenced in anhedonia-resilient and antidepressant-resistant rats. 

3.2. Evaluation of the effects of CMS and IMI therapy on the cerebral expression of HSP 
Changes in mRNA expression are widely regarded as indices of alterations in physiological 

functions (e.g., [21,22]). Additionally, in the case of HSPs, their gene structure and the regulation of 
transcription have been evolutionarily adapted to the rapid stress response with no delay between 
mRNA transcription and protein translation, e.g., the activity of HSF-1, the main transcription factor 
of HSPs, depends on direct binding to HSPA and HSPC [23]; the gene structure of HSP72 is without 
introns [24]. Based on the above, we assumed that the mRNA expression of HSPA and HSPC 
members corresponded to the total cellular protein level synthesized in the studied brain structures. 
In turn, the Western blot data described here reflect the level of proteins present only in the cytosol 
fraction. Although HSC70, HSP72, HSP90A and HSP90B are predominantly localized in the cytosol, 
these proteins are also present in other cellular fractions [4,25] that can be affected by CMS. The 
comparison of CMS-evoked changes in mRNA and cytosolic protein levels allowed us to beĴer 
understand the cellular loci of the stress response involving HSPA and HSPC proteins. To the best of 
our knowledge, this is the first report showing the effects of CMS exposure and IMI treatment on the 
expression of HSP72, HSC70, HSP90A and HSP90B in stress-sensitive brain structures (PFC, HIP and 
Thal). 

3.2.1. HSPA family 
The stress-evoked HSP72 and constitutive HSC70 members of the HSPA family studied here 

belong to the first cytosol molecular chaperones, which aid in the folding or refolding of newly 
synthesized cellular proteins and transporting them to appropriate cellular compartments [26]. 
During a cellular stress response, cytosolic HSPA cooperating with HSPC was shown to prevent cell 
death by refolding misfolded proteins after exposure to high temperature, cytokines, alcohols, heavy 
metals, radiation, metabolites or free radicals [27]. In our study, we noted an augmented cytosolic 
level of HSP72 in the PFC and HIP of rats exposed to long-term (8-week) CMS, which was normalized 
by antidepressant therapy with IMI. It is worth adding that in the HIP, the increase in cytosolic HSP72 
levels in the CMS group was accompanied by augmented mRNA synthesis. In the PFC, however, 
CMS did not affect the mRNA level of HSP72. We suspect that the HSP72 increase in the PFC was 
due to the rearrangement of the amount of this protein between fractions, which was shown to occur, 
particularly under cellular stress [4]. In general, the induction of HSP72 in the cytosol enhances the 
ability of stress cells to cope with an increased amount of unfolded/denatured proteins [28]. Therefore, 
we think that the increased cytosolic level of HSP72 seen under CMS reflects the cellular refolding 
stress response. Accordingly, in experimental models, HSP72 overexpression or upregulation was 
shown to protect against stress-induced damage to the cell [10], reduce neurological injuries 
[11,12,29,30], and alleviate the process of neurodegeneration [13]. The induction of HSP72 in HIP 
slices reduced the vulnerability of CA1 to glutamate-dependent neurotoxicity [31], while in the PFC, 
it prevented the long-term serotoninergic neurotoxicity evoked by 3,4-
methylenedioxymethamphetamine (MDMA, ecstasy) administration [32]. On the other hand, 
increased activity of HSPA is known to accompany disease states. A clinical study identified an 
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increased level of HSP72 as a risk factor for depression [33]. Additionally, increased interaction of 
HSP72 with glucocorticoid receptor (GR) in the lymphocytes of bipolar patients was described [9]. 
Our results, performed using a validated preclinical model of depression, agree with clinical 
observations and indicate that a pathological increase in the cytosolic level of HSP72 within the PFC 
and HIP, likely connected to an impaired protein refolding process, can be resolved by IMI. It should 
be noted that IMI alone, in our study, did not influence the HSP level. However, alleviated by CMS, 
the cytosolic level of HSP72 in the PFC and HIP indicated that this chaperone is an important target 
for classic antidepressant pharmacotherapy. Literature data showing the effects of chronic IMI 
treatment on HSP expression are different from ours. Elakovic et al. showed that HSP72 and HSP90A 
levels were decreased in the cortex and increased in the HIP of male rats [34]. The reason for this 
discrepancy is likely a different regimen of IMI administration. Although the route of treatment, dose 
per day and time of decapitation after the last dose were the same in both cases, in our model, IMI 
was administered for 5 weeks, which was much longer than in the study of Elakovic (3 weeks). The 
IMI treatment we applied was chosen based on previous data showing a maximal anti-anhedonic 
effect in a rat model of CMS after 5 weeks of IMI application and no effect after 3 weeks of IMI [35]. 
The lack of changes in HSP levels after the administration of IMI alone that we have shown in our 
study allows us to ensure that the results we present are specifically related to the mechanisms of 
depression and the effectiveness of antidepressant treatment generated by CMS molecular changes. 

Although IMI treatment in our study normalized the cytosolic level of HSP72, its mRNA level 
was augmented in the PFC and HIP of rats resistant to antidepressant therapy. These results suggest 
that increased synthesis of HSP72 plays an essential role in patients' resistance to antidepressant 
treatment. Regarding the potential engagement of HSPA in the cellular mechanism underlying 
resistance to antidepressants, it should be mentioned that in addition to protein folding/refolding 
functions in the cytosol, HSPA is engaged in the activation of protein degradation pathways, 
specifically oxidative stress reactions and the unfolded protein response [4]. These processes initiated 
in mitochondria and the endoplasmic reticulum (ER) were shown in preclinical and clinical studies. 
For example, in animal models of unadaptable stress, elevated HSP 72 levels were accompanied by 
increased amounts of free radicals and oxidative stress reactions in the brain [36,37]. Moreover, 
clinical studies have shown a significant relationship between depressive episodes and oxidative 
stress markers in blood serum [38]. A clinical study performed in depressed patients also evidenced 
the presence of ER stress and the mediation of the unfolded protein response in the brains of suicidal 
patients [39]. 

Another possible explanation for the increase in the expression of HSP72 presented here may be 
the activation of apoptotic processes in stress-impaired cells. It seems consistent that CMS increases 
the number of caspase-3-positive neurons in the cerebral cortex [40]. Others have shown that HSP72 
might protect hippocampal neurons from the apoptosis induced by chronic psychological stress in 
mice [41]. High expression of inducible HSP72 protects cells against apoptosis and favors cell survival 
[10]. 

The study showed that the elevation of HSP72 was abolished by chronic treatment with IMI, 
which may silence cellular stress reactions connected with apoptosis processes. Increased 
proapoptotic serum activity in patients with major depression was shown [42]. Additionally, 
accelerated apoptosis of blood leukocytes was found in the blood of patients with major depression 
[43,44]. Others have indicated that the antidepressant desipramine reverses this proapoptotic effect 
of CMS [40]. Neuroprotection by imipramine against apoptosis in hippocampus-derived neuronal 
stem cells through the activation of the neurotrophic factor BDNF and the MAPK kinase pathway has 
been shown recently by others [45,46]. Additionally, antidepressant drugs, fluoxetine, reboxetine, 
tranylcypromine and electroconvulsive seizures upregulated the expression of BCL-2 family 
members in selected brain structures of rats [47]. Desipramine could also activate BCL-2 expression 
and inhibit apoptosis in hippocampus-derived adult neuronal stem cells [48]. Another antidepressant 
drug, moclobemide, also upregulated Bcl-2 expression and induced neuronal stem cell differentiation 
[49]. 

Adrenergic receptors involved in the action of antidepressant drugs are mediators of stress 
induction of extracellular HSP72 in the plasma of rats [50]. Additionally, the intracellular level of 
HSP72 is upregulated via the alpha-1 adrenoceptor pathway [51–54]. Moreover, our previous paper 
showed that brief maternal separation affected brain α1-adrenoceptors and apoptotic signaling in 
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adult mice [15]. In addition, others have shown the involvement of the adrenergic pathway in HSP72 
induction in rats [55]. This may be the possible mechanism of the neuroprotective effects of some 
antidepressant drugs with an adrenergic component of action. 

The lack of changes in the expression of constitutive HSPA shown in our study might have been 
associated with the fact that this protein assists mainly in the process of protein synthesis during 
normal physiological conditions and takes part in the response to stress agents. In addition to the role 
of constitutive members of HSPA in nascent protein folding, the increased level of HSC70 was also 
shown to accompany autophagy in an experimental model of neurodegeneration [56]. The lack of 
CMS-evoked alterations in the expression of HSC70 in our study may suggest that the process of 
autophagy does not underlie the mechanisms of depression. 

3.2.2. HSPC family 
Evoked by stress, HSP90A and constitutive HSP90B are cytosolic HSPC chaperones. They both 

assist HSPA chaperones in the processes of protein folding that take place in the cytosol [4]. In 
response to stress and elevated corticosterone levels, HSPC chaperones in cooperation with HSPA 
were shown to associate with GR, translocate GR into the nucleus, and thus regulate the 
transcriptional activity of this receptor [57–60]. During stress reactions, HSPC may itself bind to a 
multichaperone complex regulating Heat Shock Factor-1 (HSF1), which is the transcription factor for 
HSPA and HSPC genes [61]. In our study, three weeks of exposure to CMS slightly decreased HSP90A 
mRNA expression in the HIP of rats. Similar HSP90A downregulation was noted previously in a 
mouse stress model of neonatal separation from the mother [15], where stress-evoked deregulation 
of GR signaling was suggested. Since HIP has been recognized as the gateway to remodel brain 
structure and function by exposure to stress hormones and the main role of HSP90A chaperone is to 
regulate protein folding processes, our result may reflect stress-evoked disturbances in protein 
folding processes known to be impaired by neurodegeneration. Interestingly, we showed that long-
term (8 weeks) CMS enhanced the expression of constitutive HSP90B in the HIP and that IMI 
treatment abolished this increase. Alterations in the level of the constitutive form of HSPC after stress 
exposure seem to be typical HSPC responses to prolonged stress because others have already shown 
that the expression of constitutive HSP90B in the brain is lower and more regulated in the brain than 
that of inducible HSP90A, in contrast to peripheral organs [62]. The observed increase in HSP90B 
mRNA expression is consistent with the result obtained for HSP72 and might be a response to the 
stress reaction caused by apoptotic processes because HSP90 overexpression was also shown to 
inhibit apoptosis [63]. Additionally, HSP90 has the ability to inhibit apoptosis as a result of a negative 
effect on the proapoptotic function of APAF-1 [63]. The increase in HSP90B expression may also be 
connected with the regulation of the glucocorticoid response to chronic stress [58]. Eventually, the 
normalization of the HSP90 mRNA level in the HIP of rats responding to imipramine treatment might 
be involved in the control of neurotransmiĴer release from synaptic ends [64]. 

3.3. Localization and dynamics of CMS-induced changes in HSP expression 
Exposure to repeated stress, including CMS, was shown to alter the morphology of neurons 

[65,66]. Our immunohistochemical data revealed neuronal expression of HSP72 and HSP90B in the 
PFC and HIP, which agrees with other observations [31] and suggests that the HSP changes described 
here could be directly related to the altered function of the brain circuitry observed in human 
psychiatric disorders [67–69]. The HIP-PFC connection is recognized as a critical pathway for stress 
pathology [70], and neuronal plasticity was shown to be similarly affected by unadaptable stress in 
these structures [68]. Our study revealed a similar increase in HSP72 in the PFC and HIP of rats 
exposed to 8 weeks of CMS, which was accompanied by depressive-like behavior. We cannot be sure 
from our data the exact role of HSP72 upregulation in neuronal structure impairment, but we know 
that HSP72 is engaged in protein refolding processes and cell death regulation. Therefore, it is 
tempting to speculate the involvement of HSP72 upregulation in the mechanism of dendrite atrophy 
and the reduced volume of hippocampal and frontal cortical brain regions noted in major depression 
patients [71–73]. Anatomical studies recently revealed that the Thal is a structure that projects to both 
the PFC and the HIP. Moreover, it was recently shown that the Thal possesses dual PFC-HIP 
projecting cells [74], indicating the presence of the PFC-HIP-Thal functional circuity implicated in 
stress-related brain pathologies. Our study did not show any changes in the mRNA levels of HSPA 
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or HSPC family members in the Thal of rats exposed to either short-term or long-term CMS. These 
results suggest the lack of the HSP-related mechanisms in the Thal implicated in depressive-like 
behavior. It is necessary to add, however, that performing analyses on the entire Thal without taking 
into account the neuroanatomical and functional differentiation of specific Thal nuclei [75] seems to 
be a limitation of the presented results. For the verification of the engagement of HSP signaling in the 
Thal, analyses in specific Thal nuclei should be performed. 

Comparing the effects of different durations of exposure to CMS, we noted the presence of 
changes in HSP levels after long-term CMS, lasting for 8 weeks, but not after 3 weeks of CMS. Studies 
in animal stress models of depression have revealed bidirectional effects on neuronal remodeling 
(related mainly to the glutamatergic system) that depend on stressor strengths and the time of 
exposure to stress. Based on the above, acute or short-term stress triggers homeostatic, adaptive 
changes in brain structures and function. However, chronic stress models are considered models of 
psychiatric disorders in which unadaptable stress reactions are demonstrated [76,77]. Therefore, the 
changes in HSP levels we observed after 8 weeks of CMS accompanied by depressive-like behavior 
and reversed by IMI treatment, at least in the group of treatment responders, underlie the mechanism 
of depression. 

4. Materials and Methods 
4.1. Animals 

Experiments were conducted on male Wistar Han rats purchased from Charles River, Germany. 
The animals weighed approximately 300 g at arrival and approximately 300 g at the start of the stress 
procedure. Before the start of behavioral experiments, rats were adapted to laboratory conditions for 
1 month. The animals were housed singly in plastic cages (40 × 25 ×15 cm) with food and water freely 
available in a standard 12-h/12-h light/dark cycle at a temperature of 22 °C. Exceptionally, grouping, 
food and/or water deprivation and changing the light/dark cycle were applied as stress parameters. 
The study was approved by the Local Ethical Commission for Animal Experiments at Maj Institute 
of Pharmacology, at the Polish Academy of Sciences, in Krakow (Permit No. 748/2010, date 22 Apr 
2010). 

4.2. Sucrose consumption test 
All animals were first trained to consume the sucrose solution (1%) for 6 weeks, according to the 

procedure described earlier [78]. Every week of training the sucrose solution was presented to rats 
for 1h in their home cage after 14h of food and water deprivation. The boĴles’ weights were measured 
before and after each drinking session as the sucrose intake score. Subsequently, sucrose intake was 
monitored under similar conditions throughout the whole experiment once a week as an indicator of 
the stress effect (test of anhedonia), as previously demonstrated [19]. 

4.3. Chronic mild stress protocol 
The CMS procedure was performed as described previously [19 ref as above]. Briefly, the weekly 

stress regime was composed of two periods of food or water deprivation, a 45° cage tilt, intermiĴent 
illumination (lights on and off every 2 hours), a soiled cage (250 ml water in sawdust bedding), paired 
housing, low intensity stroboscopic illumination (150 flashes/min) and two periods of no stress 
stimuli. All stressors lasted for 10–14 hours and were applied individually and continuously, day and 
night. Control animals were housed in a separate room without stressors. 

4.3.1. Stress-reactive and nonreactive animals 
On the basis of their sucrose intake in the baseline test, the animals with stable sucrose solution 

consumption were randomly divided into two matched groups. One group of animals was subjected 
to CMS for a period of 3 weeks, while the nonstressed animals were housed in a separate room. After 
3 weeks of stress, the animals were divided into two subpopulations: one subpopulation responded 
to CMS administration in the last behavioral sucrose test (named stress reactive), and the second 
subpopulation did not respond to CMS (named stress nonreactive) (see, Figure 1A). 

4.3.2. Imipramine responding and nonresponding animals 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2023                   doi:10.20944/preprints202311.0276.v1

https://doi.org/10.20944/preprints202311.0276.v1


 12 

 

Similarly, on the basis of their sucrose intake in the baseline test, the animals with stable sucrose 
solution consumption were randomly divided into two matched groups. One group of animals was 
subjected to CMS for a period of 8 weeks, while the nonstressed animals were housed in a separate 
room. After the initial 3 weeks of stress, both stress reactive animals and control animals were further 
divided into two subgroups, which, for the next 5 weeks, received an injection of saline (sal, 10 mg/kg, 
i.p., daily) or IMI (10 mg/kg, i.p., daily). Finally, the following experimental groups were selected on 
the basis of the last sucrose intake score: control animals, stress/sal – animals with stress-induced 
anhedonia (and with the sucrose intake score reduced) sham/IMI – animals treated with IMI and not 
stressed, stress/IMI resp – animals with stress-induced anhedonia and responding to IMI treatment 
(the sucrose intake score returned to the control level) , and stress/IMI nonresp – animals with stress-
induced anhedonia and not responding to IMI treatment (the sucrose intake score did not return to 
the control level) (see, Figure 1B). 

4.4. Drug administration 
IMI (Sigma‒Aldrich, Germany) was dissolved in physiological saline and given at a dose of 10 

mg/kg. The drug and vehicle were administered intraperitoneally at a volume of 1 ml/kg (i.p.) in the 
morning. 

4.5. Tissue preparation 
Rats were decapitated 24 hours after the last sucrose test. Whole brains or brain structures were 

isolated immediately after killing. Then, brain structures for mRNA and protein assays were frozen 
in dry ice (at -78.5 °C). 

4.6. Real-time analysis of HSP mRNA levels 
Real-time analysis of mRNA expression was performed as described previously [79]. Briefly, 

total RNA was extracted from the brain structures using an RNeasy Mini kit, and possible genomic 
DNA contamination was eliminated by means of an RNAse-Free DNase Set kit according to the 
manufacturer's instructions (Qiagen, Germany). The concentration was assessed 
spectrophotometrically (NanoPhotometer, Implen, Germany) and reverse transcribed (1000 
ng/sample of total RNA) using oligo d(T) primers with a High Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems, Germany) according to the manufacturer's protocol. 

Products of reverse transcription reactions were amplified by PCR using Gene Expression PCR 
Master Mix (Applied Biosystems, Germany) with appropriate commercially available TaqMan Gene 
Expression Assays (HSP72: Rn00583013_s1, HSC70: Rn00821191_g1, HSP90A: Rn00822023_g1, 
HSP90B: Rn01511686_g1, Hprt1: Rn01527840_m1; Applied Biosystems, Germany). A QuantStudio 
12K Flex (Applied Biosystems, Germany) detection system for quantitative real-time detection of PCR 
products was used. The cycle conditions were set as recommended by the manufacturer: after an 
initial 2-min hold at 50 °C and 15 min at 95 °C, the samples were cycled 40 times at 95 °C for 15 s and 
60 °C for 1 min. The threshold value (Ct) for each sample was set in the exponential phase of PCR, 
and the standard curve method was used to analyze the data. Hypoxanthine-guanine 
phosphoribosyltransferase (Hprt) was used as a reference gene whose expression was observed at a 
constant level in all experimental groups of animals. 

4.7. Immunoblot analysis of HSP72 and HSP90B protein levels 
Cytosolic protein analysis, performed by Western blot, was restricted to HSP72 (PFC, HIP) and 

HSP90B (HIP) measured in all groups from the 8-week CMS model. The selection of samples for the 
study of protein expression served to confirm whether changes in mRNA levels are related to the 
cytosol compartment. Therefore, the selection was a consequence of the obtained data on the mRNA 
expression of the studied HSPs. 

Tissue samples were homogenized in a glass-Teflon homogenizer (Glass Col, Terra Haute, IN, 
USA) in a 500 l volume of ice-cold homogenization buffer containing 10 mM TRIS (Bioshop, 
Burlington, ON, Canada; pH 8.0), 0.1 M EDTA (Amresco, Solon, OH, USA) and 0.1 M NaCl (Amresco); 
a complete set of protease inhibitors (Sigma‒Aldrich, St. Louis, MO, USA); and a phosphatase 
inhibitor cocktail (Sigma‒Aldrich). The homogenate was centrifuged at 8 000 × g for 5 min at 4 °C. 
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After centrifugation, the supernatant was collected as the cytosolic fraction. Protein concentrations 
were determined by using a BCA protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). 

The quantification of HSP72 and HSP90B proteins by Western blot was based on a protocol 
described previously. Briefly, 10 or 20 g of protein (HSP90B and HSP72, respectively) was separated 
electrophoretically on an SDS-12% polyacrylamide gel (Amresco). Proteins were transferred to 
nitrocellulose membranes (Bio-Rad Laboratories). After incubation with a blocking buffer – 2.5% 
nonfat dry milk with a 2.5% V fraction of bovine serum albumin (Amresco), the blots were probed 
overnight at 4 °C with primary anti-HSP72 or anti-HSP90B antibody (1:1000 or 1:2000, Abcam, 
Cambridge, UK, cat. no. ab47455 and ab53497, respectively). Following incubation with the 
secondary antibody (peroxidase-conjugated anti-mouse IgG, 1:4000, Roche Diagnostic), 
immunocomplexes were visualized by chemiluminescence using the Lumi-LightPLUS Western 
BloĴing Kit (Roche Diagnostic) according to the manufacturer’s instructions. The quantification of 
the immunoblots was performed using FujiLas-1000 and Image Gouge software (FujiFilm, Japan). 
The loading of protein for each lane was verified using α-tubulin or β-actin (1:5000, Santa Cruz 
Biotechnology, Inc., Santa Cruz, California; cat. no. sc-5286 and sc-47778, respectively) antibodies. All 
samples were normalized to their respective internal control protein. 

4.8. Immunofluorescence analysis 
After isolation, rat brains were fixed in 4% paraformaldehyde (PFA) overnight. Then, the tissues 

were embedded in paraffin and coronally sectioned (7 µm) on a rotary microtome (Leica, Germany) 
for different brain areas (hippocampus, prefrontal cortex; bregma between −1.30 mm and −4.30 mm) 
as described previously [59]. Chosen sections from corresponding regions of brains in animals were 
incubated overnight at 4 °C with primary anti-HSP72 (1:500, Abcam, Cambridge, UK, cat. no. ab47455) 
or anti-HSP90B (1:200, Abcam, Cambridge, UK, cat. no. ab53497) together with anti-NeuN (1:500, 
Abcam, Cambridge, UK, cat. no. ab177487) antibodies. Antigen-bound primary antibodies were 
visualized with anti-mouse Alexa-488 and anti-rabbit Alexa-594 coupled secondary antibodies 
(Molecular Probes, Eugene, OR, USA). Stained sections were analyzed and acquired by means of a 
fluorescence microscope (Nikon, Eclipse50i, Japan) fiĴed with a camera and appropriate software 
(NIS Element, ver. BR 3.0). 

4.9. Statistical analysis 
Statistical analysis of the results was performed with STATISTICA 12.0 software (StatSoft, Tulsa, 

OK, USA) using one-way analysis of variance followed by Tukey’s test. The normality of the 
distribution of variables and the homogeneity of variances were checked by Levene’s test. 
Additionally, in the CMS 8-week model, five treatment groups were generated, and planned 
comparisons with contrast analysis were performed. Three types of contrast were tested: stress/sal or 
sham/IMI vs. sham/sal, stress/IMI resp or stress/IMI nonresp vs. stress/sal and stress/IMI nonresp vs. 
stress/IMI resp or sham/sal groups. p values lower than 0.05 were regarded as statistically significant. 

5. Conclusions 
The data showed that long-term CMS is related to increased cytosolic HSP72 in the PFC and HIP, 

which can be normalized by IMI treatment. That effect, likely connected to the augmented refolding 
mechanisms occurring, is reversed by IMI in a way that is not dependent on its therapeutic efficacy. 
However, CMS evoked an increase in HSP72 mRNA synthesis in the HIP, which was not limited to 
the cytosol level of this protein and was still present in the group of rats resistant to IMI treatment. 
Our data indicate that CMS evoked an increase in the neuronal expression of HSP72, likely connected 
to apoptotic processes, which may be a crucial intracellular goal for treating drug-resistant depression. 

Supplementary Materials: The following supporting information can be downloaded at: 
www.mdpi.com/xxx/s1, Figure S1: Images of Western blot gels; Figure S2: Representative double 
immunofluorescence staining for HSP72 or HSP90B and GFAP. Lack of HSP72-positive or HSP90B-positive cells 
co-localized with astrocytes in the (A-F) cortical and (G-L) hippocampal areas. Scale bar 25 µm. 

Author Contributions: Conceptualization, Adam Bielawski, Mariusz Papp and Irena Nalepa; Data curation, 
Adam Bielawski, Agnieszka Zelek-Molik, Piotr Gruca and Mariusz Papp; Formal analysis, Adam Bielawski, 
Agnieszka Zelek-Molik, Katarzyna Rafa-Zabłocka, Marta Kowalska and Piotr Gruca; Funding acquisition, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2023                   doi:10.20944/preprints202311.0276.v1

https://doi.org/10.20944/preprints202311.0276.v1


 14 

 

Mariusz Papp and Irena Nalepa; Investigation, Adam Bielawski, Agnieszka Zelek-Molik, Katarzyna Rafa-
Zabłocka, Marta Kowalska and Piotr Gruca; Methodology, Adam Bielawski, Agnieszka Zelek-Molik, Katarzyna 
Rafa-Zabłocka, Marta Kowalska, Piotr Gruca and Mariusz Papp; Project administration, Irena Nalepa; Resources, 
Adam Bielawski, Agnieszka Zelek-Molik, Marta Kowalska and Piotr Gruca; Supervision, Irena Nalepa; 
Validation, Adam Bielawski, Agnieszka Zelek-Molik, Piotr Gruca and Irena Nalepa; Writing – original draft, 
Adam Bielawski, Agnieszka Zelek-Molik and Irena Nalepa; Writing – review & editing, Mariusz Papp and Irena 
Nalepa. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by statutory funds from the Maj Institute of Pharmacology, Polish Academy 
of Sciences, Kraków, Poland and by the Grant No. POIG.01.01.02-12-004/09-00, task no. 1.4 financed by the 
European Regional Development Fund. 

Institutional Review Board Statement: The animal study protocol was approved by the Local Ethics CommiĴee 
for Animal Experiments at Maj Institute of Pharmacology, at the Polish Academy of Sciences, in Krakow (Permit 
No. 748/2010, date 22 Apr 2010). 

Informed Consent Statement: n/a. 

Data Availability Statement: The data presented in this study are available within the article or supplementary 
material. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the 
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to 
publish the results. 

References 
1. Ritossa, F. Discovery of the Heat Shock Response. Cell Stress Chaperones 1996, 1, 97–98. 
2. Hartl, F.U.; Bracher, A.; Hayer-Hartl, M. Molecular Chaperones in Protein Folding and Proteostasis. 

Nature 2011, 475, 324–332, doi:10.1038/nature10317. 
3. Kampinga, H.H.; Hageman, J.; Vos, M.J.; Kubota, H.; Tanguay, R.M.; Bruford, E.A.; Cheetham, M.E.; 

Chen, B.; Hightower, L.E. Guidelines for the Nomenclature of the Human Heat Shock Proteins. Cell Stress 
and Chaperones 2009, 14, 105–111, doi:10.1007/s12192-008-0068-7. 

4. Stetler, R.A.; Gan, Y.; Zhang, W.; Liou, A.K.; Gao, Y.; Cao, G.; Chen, J. Heat Shock Proteins: Cellular and 
Molecular Mechanisms in the Central Nervous System. Progress in Neurobiology 2010, 92, 184–211, 
doi:10.1016/j.pneurobio.2010.05.002. 

5. Lu, A.; Ran, R.; Parmentier-Batteur, S.; Nee, A.; Sharp, F.R. Geldanamycin Induces Heat Shock Proteins 
in Brain and Protects against Focal Cerebral Ischemia. Journal of Neurochemistry 2002, 81, 355–364, 
doi:10.1046/j.1471-4159.2002.00835.x. 

6. Hoter, A.; El-Sabban, M.E.; Naim, H.Y. The HSP90 Family: Structure, Regulation, Function, and 
Implications in Health and Disease. International Journal of Molecular Sciences 2018, 19, 2560, 
doi:10.3390/ijms19092560. 

7. Wandinger, S.K.; Richter, K.; Buchner, J. The Hsp90 Chaperone Machinery*. Journal of Biological Chemistry 
2008, 283, 18473–18477, doi:10.1074/jbc.R800007200. 

8. Chaudhuri, T.K.; Paul, S. Protein-Misfolding Diseases and Chaperone-Based Therapeutic Approaches. 
The FEBS Journal 2006, 273, 1331–1349, doi:10.1111/j.1742-4658.2006.05181.x. 

9. Bei, E.S.; Salpeas, V.; Alevizos, B.; Anagnostara, C.; Pappa, D.; Moutsatsou, P. Pattern of Heat Shock 
Factor and Heat Shock Protein Expression in Lymphocytes of Bipolar Patients: Increased HSP70-
Glucocorticoid Receptor Heterocomplex. Journal of Psychiatric Research 2013, 47, 1725–1736, 
doi:10.1016/j.jpsychires.2013.07.018. 

10. Mosser, D.D.; Caron, A.W.; Bourget, L.; Denis-Larose, C.; Massie, B. Role of the Human Heat Shock 
Protein Hsp70 in Protection against Stress-Induced Apoptosis. Molecular  and  Cellular  Biology 1997, 
17, 5317–5327. 

11. Tsuchiya, D.; Hong, S.; Matsumori, Y.; Kayama, T.; Swanson, R.A.; Dillman, W.H.; Liu, J.; Panter, S.S.; 
Weinstein, P.R. Overexpression of Rat Heat Shock Protein 70 Reduces Neuronal Injury after Transient 
Focal Ischemia, Transient Global Ischemia, or Kainic Acid-Induced Seizures. Neurosurgery 2003, 53, 1179, 
doi:10.1227/01.NEU.0000090341.38659.CF. 

12. Matsumori, Y.; Northington, F.J.; Hong, S.M.; Kayama, T.; Sheldon, R.A.; Vexler, Z.S.; Ferriero, D.M.; 
Weinstein, P.R.; Liu, J. Reduction of Caspase-8 and -9 Cleavage Is Associated With Increased c-FLIP and 
Increased Binding of Apaf-1 and Hsp70 After Neonatal Hypoxic/Ischemic Injury in Mice Overexpressing 
Hsp70. Stroke 2006, 37, 507–512, doi:10.1161/01.STR.0000199057.00365.20. 

13. Klucken, J.; Shin, Y.; Masliah, E.; Hyman, B.T.; McLean, P.J. Hsp70 Reduces α-Synuclein Aggregation 
and Toxicity*. Journal of Biological Chemistry 2004, 279, 25497–25502, doi:10.1074/jbc.M400255200. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2023                   doi:10.20944/preprints202311.0276.v1

https://doi.org/10.20944/preprints202311.0276.v1


 15 

 

14. Birbo, B.; Madu, E.E.; Madu, C.O.; Jain, A.; Lu, Y. Role of HSP90 in Cancer. International Journal of 
Molecular Sciences 2021, 22, 10317, doi:10.3390/ijms221910317. 

15. Coccurello, R.; Bielawski, A.; Zelek-Molik, A.; Vetulani, J.; Kowalska, M.; D’Amato, F.R.; Nalepa, I. Brief 
Maternal Separation Affects Brain Α1-Adrenoceptors and Apoptotic Signaling in Adult Mice. Prog 
Neuropsychopharmacol Biol Psychiatry 2014, 48, 161–169, doi:10.1016/j.pnpbp.2013.10.004. 

16. Heshmati, M.; Russo, S.J. Anhedonia and the Brain Reward Circuitry in Depression. Curr Behav Neurosci 
Rep 2015, 2, 146–153, doi:10.1007/s40473-015-0044-3. 

17. Bessa, J.M.; Morais, M.; Marques, F.; Pinto, L.; Palha, J.A.; Almeida, O.F.X.; Sousa, N. Stress-Induced 
Anhedonia Is Associated with Hypertrophy of Medium Spiny Neurons of the Nucleus Accumbens. 
Transl Psychiatry 2013, 3, e266–e266, doi:10.1038/tp.2013.39. 

18. Willner, P. Validity, Reliability and Utility of the Chronic Mild Stress Model of Depression: A 10-Year 
Review and Evaluation. Psychopharmacology 1997, 134, 319–329, doi:10.1007/s002130050456. 

19. Papp, M.; Nalepa, I.; Antkiewicz-Michaluk, L.; Sanchez, C. Behavioural and Biochemical Studies of 
Citalopram and WAY 100635 in Rat Chronic Mild Stress Model. Pharmacology, Biochemistry and Behavior 
2002, 72, 465–474. 

20. Papp, M.; Gruca, P.; Lason, M.; Tota-Glowczyk, K.; Niemczyk, M.; Litwa, E.; Willner, P. Rapid 
Antidepressant Effects of Deep Brain Stimulation of the Pre-Frontal Cortex in an Animal Model of 
Treatment-Resistant Depression. J Psychopharmacol 2018, 32, 1133–1140, doi:10.1177/0269881118791737. 

21. Escribá, P.V.; Ozaita, A.; García-Sevilla, J.A. Increased MRNA Expression of Α2A-Adrenoceptors, 
Serotonin Receptors and µ-Opioid Receptors in the Brains of Suicide Victims. Neuropsychopharmacol 2004, 
29, 1512–1521, doi:10.1038/sj.npp.1300459. 

22. Zelek-Molik, A.; Taracha, E.; Nawrat, D.; Bielawski, A.; Lehner, M.; Płaźnik, A.; Nalepa, I. Effects of 
Morphine and Methadone Treatment on MRNA Expression of Gα(i) Subunits in Rat Brains. 
Pharmacological Reports 2010, 62, 1197–1203, doi:10.1016/S1734-1140(10)70382-0. 

23. Dowell, J.; Elser, B.A.; Schroeder, R.E.; Stevens, H.E. Cellular Stress Mechanisms of Prenatal Maternal 
Stress: Heat Shock Factors and Oxidative Stress. Neuroscience Letters 2019, 709, 134368, 
doi:10.1016/j.neulet.2019.134368. 

24. Tripathy, K.; Sodhi, M.; Kataria, R.S.; Chopra, M.; Mukesh, M. In Silico Analysis of HSP70 Gene Family 
in Bovine Genome. Biochem Genet 2021, 59, 134–158, doi:10.1007/s10528-020-09994-7. 

25. Pratt, W.B.; Galigniana, M.D.; Harrell, J.M.; DeFranco, D.B. Role of Hsp90 and the Hsp90-Binding 
Immunophilins in Signalling Protein Movement. Cellular Signalling 2004, 16, 857–872, 
doi:10.1016/j.cellsig.2004.02.004. 

26. Daugaard, M.; Rohde, M.; Jäättelä, M. The Heat Shock Protein 70 Family: Highly Homologous Proteins 
with Overlapping and Distinct Functions. FEBS Letters 2007, 581, 3702–3710, 
doi:10.1016/j.febslet.2007.05.039. 

27. Freeman, B.C.; Morimoto, R.I. The Human Cytosolic Molecular Chaperones Hsp90, Hsp70 (Hsc70) and 
Hdj-1 Have Distinct Roles in Recognition of a Non-Native Protein and Protein Refolding. EMBO J 1996, 
15, 2969–2979. 

28. Nollen, E.A.A.; Brunsting, J.F.; Roelofsen, H.; Weber, L.A.; Kampinga, H.H. In Vivo Chaperone Activity 
of Heat Shock Protein 70 and Thermotolerance. Mol Cell Biol 1999, 19, 2069–2079. 

29. Zhang, M.-H.; Zhou, X.-M.; Cui, J.-Z.; Wang, K.-J.; Feng, Y.; Zhang, H.-A. Neuroprotective Effects of 
Dexmedetomidine on Traumatic Brain Injury: Involvement of Neuronal Apoptosis and HSP70 
Expression. Molecular Medicine Reports 2018, 17, 8079, doi:10.3892/mmr.2018.8898. 

30. Sinn, D.I.; Chu, K.; Lee, S.T.; Song, E.C.; Jung, K.H.; Kim, E.H.; Park, D.K.; Kang, K.M.; Kim, M.; Roh, J.K. 
Pharmacological Induction of Heat Shock Protein Exerts Neuroprotective Effects in Experimental 
Intracerebral Hemorrhage. Brain research 2007, 1135, 167–176, doi:10.1016/j.brainres.2006.11.098. 

31. Sato, K.; Matsuki, N. A 72 KDa Heat Shock Protein Is Protective against the Selective Vulnerability of 
CA1 Neurons and Is Essential for the Tolerance Exhibited by CA3 Neurons in the Hippocampus. 
Neuroscience 2002, 109, 745–756, doi:10.1016/S0306-4522(01)00494-8. 

32. Escobedo, I.; Peraile, I.; Orio, L.; Colado, M.I.; O’Shea, E. Evidence for a Role of Hsp70 in the 
Neuroprotection Induced by Heat Shock Pre-Treatment against 3,4-Methylenedioxymethamphetamine 
Toxicity in Rat Brain. Journal of Neurochemistry 2007, 101, 1272–1283, doi:10.1111/j.1471-4159.2007.04459.x. 

33. Pasquali, M.A.; Harlow, B.L.; Soares, C.N.; Otto, M.W.; Cohen, L.S.; Minuzzi, L.; Gelain, D.P.; Moreira, 
J.C.F.; Frey, B.N. A Longitudinal Study of Neurotrophic, Oxidative, and Inflammatory Markers in First-
Onset Depression in Midlife Women. Eur Arch Psychiatry Clin Neurosci 2018, 268, 771–781, 
doi:10.1007/s00406-017-0812-z. 

34. Elaković, I.; Brkljačić, J.; Matić, G. Long-Term Imipramine Treatment Affects Rat Brain and Pituitary 
Corticosteroid Receptors and Heat Shock Proteins Levels in a Gender-Specific Manner. J Neural Transm 
2007, 114, 1069–1080, doi:10.1007/s00702-007-0665-0. 

35. Papp, M.; Gruca, P.; Boyer, P.-A.; Mocaër, E. Effect of Agomelatine in the Chronic Mild Stress Model of 
Depression in the Rat. Neuropsychopharmacol 2003, 28, 694–703, doi:10.1038/sj.npp.1300091. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2023                   doi:10.20944/preprints202311.0276.v1

https://doi.org/10.20944/preprints202311.0276.v1


 16 

 

36. Filipovic, D.; Gavrilovic, L.; Dronjak, S.; Radojcic, M.B. Brain Glucocorticoid Receptor and Heat Shock 
Protein 70 Levels in Rats Exposed to Acute, Chronic or Combined Stress. Neuropsychobiology 2005, 51, 
107–114, doi:10.1159/000084168. 

37. Samson, J.; Sheeladevi, R.; Ravindran, R.; Senthilvelan, M. Stress Response in Rat Brain after Different 
Durations of Noise Exposure. Neuroscience research 2007, 57, 143–147, doi:10.1016/j.neures.2006.09.019. 

38. Hamed, R.; Elmalt, H.; Salama, A.; Younes, S.; Ahmed, A. Biomarkers of Oxidative Stress in Major 
Depressive Disorder. Open Access Macedonian Journal of Medical Sciences 2020, 8, 
doi:10.3889/oamjms.2020.4144. 

39. Yoshino, Y.; Dwivedi, Y. Elevated Expression of Unfolded Protein Response Genes in the Prefrontal 
Cortex of Depressed Subjects: Effect of Suicide. Journal of affective disorders 2020, 262, 229–236, 
doi:10.1016/j.jad.2019.11.001. 

40. Bachis, A.; Cruz, M.I.; Nosheny, R.L.; Mocchetti, I. Chronic Unpredictable Stress Promotes Neuronal 
Apoptosis in the Cerebral Cortex. Neurosci Lett 2008, 442, 104–108, doi:10.1016/j.neulet.2008.06.081. 

41. Yao, S.; Peng, M.; Zhu, X.; Cheng, M.; Qi, X. Heat Shock Protein72 Protects Hippocampal Neurons from 
Apoptosis Induced by Chronic Psychological Stress. The International journal of neuroscience 2007, 117, 
1551–1564, doi:10.1080/00207450701239285. 

42. Politi, P.; Brondino, N.; Emanuele, E. Increased Proapoptotic Serum Activity in Patients with Chronic 
Mood Disorders. Archives of Medical Research 2008, 39, 242–245, doi:10.1016/j.arcmed.2007.07.011. 

43. Eilat, E.; Mendlovic, S.; Doron, A.; Zakuth, V.; Spirer, Z. Increased Apoptosis in Patients with Major 
Depression: A Preliminary Study. The Journal of Immunology 1999, 163, 533–534, 
doi:10.4049/jimmunol.163.1.533. 

44. Szuster-Ciesielska, A.; Slotwinska, M.; Stachura, A.; Marmurowska-Michalowska, H.; Dubas-Slemp, H.; 
Bojarska-Junak, A.; Kandefer-Szerszen, M. Accelerated Apoptosis of Blood Leukocytes and Oxidative 
Stress in Blood of Patients with Major Depression. Progress in neuro-psychopharmacology & biological 
psychiatry 2008, 32, 686–694, doi:10.1016/j.pnpbp.2007.11.012. 

45. Peng, C.-H.; Chiou, S.-H.; Chen, S.-J.; Chou, Y.-C.; Ku, H.-H.; Cheng, C.-K.; Yen, C.-J.; Tsai, T.-H.; Chang, 
Y.-L.; Kao, C.-L. Neuroprotection by Imipramine against Lipopolysaccharide-Induced Apoptosis in 
Hippocampus-Derived Neural Stem Cells Mediated by Activation of BDNF and the MAPK Pathway. 
European Neuropsychopharmacology 2008, 18, 128–140, doi:10.1016/j.euroneuro.2007.05.002. 

46. Larsen, M.H.; Hay-Schmidt, A.; Ronn, L.C.; Mikkelsen, J.D. Temporal Expression of Brain-Derived 
Neurotrophic Factor (BDNF) MRNA in the Rat Hippocampus after Treatment with Selective and Mixed 
Monoaminergic Antidepressants. European journal of pharmacology 2008, 578, 114–122, 
doi:10.1016/j.ejphar.2007.08.050. 

47. Kosten, T.A.; Galloway, M.P.; Duman, R.S.; Russell, D.S.; D’Sa, C. Repeated Unpredictable Stress and 
Antidepressants Differentially Regulate Expression of the Bcl-2 Family of Apoptotic Genes in Rat 
Cortical, Hippocampal, and Limbic Brain Structures. Neuropsychopharmacol 2008, 33, 1545–1558, 
doi:10.1038/sj.npp.1301527. 

48. Huang, Y.-Y.; Peng, C.-H.; Yang, Y.-P.; Wu, C.-C.; Hsu, W.-M.; Wang, H.-J.; Chan, K.-H.; Chou, Y.-P.; 
Chen, S.-J.; Chang, Y.-L. Desipramine Activated Bcl-2 Expression and Inhibited Lipopolysaccharide-
Induced Apoptosis in Hippocampus-Derived Adult Neural Stem Cells. Journal of Pharmacological Sciences 
2007, 104, 61–72, doi:10.1254/jphs.FP0061255. 

49. Chiou, S.-H.; Ku, H.-H.; Tsai, T.-H.; Lin, H.-L.; Chen, L.-H.; Chien, C.-S.; Ho, L.L.-T.; Lee, C.-H.; Chang, 
Y.-L. Moclobemide Upregulated Bcl-2 Expression and Induced Neural Stem Cell Differentiation into 
Serotoninergic Neuron via Extracellular-Regulated Kinase Pathway. British Journal of Pharmacology 2006, 
148, 587–598, doi:10.1038/sj.bjp.0706766. 

50. Johnson, J.D.; Campisi, J.; Sharkey, C.M.; Kennedy, S.L.; Nickerson, M.; Fleshner, M. Adrenergic 
Receptors Mediate Stress-Induced Elevations in Extracellular Hsp72. Journal of Applied Physiology 2005, 
99, 1789–1795, doi:10.1152/japplphysiol.00390.2005. 

51. Chin, J.H.; Okazaki, M.; Hu, Z.-W.; Miller, J.W.; Hoffman, B.B. Activation of Heat Shock Protein (Hsp)70 
and Proto-Oncogene Expression by A1 Adrenergic Agonists in Rat Aorta with Age. Journal of Clinical 
Investigation 1996, 97, 2316–2323. 

52. Meng, X.; Brown, J.M.; Ao, L.; Banerjee, A.; Harken, A.H. Norepinephrine Induces Cardiac Heat Shock 
Protein 70 and Delayed Cardioprotection in the Rat through A1 Adrenoceptors. Cardiovascular Research 
1996, 32, 374–383. 

53. Lacoste, A.; De Cian, M.-C.; Cueff, A.; Poulet, S.A. Noradrenaline and A-Adrenergic Signaling Induce 
the Hsp70 Gene Promoter in Mollusc Immune Cells. Journal of Cell Science 2001, 114, 3557–3564. 

54. Heneka, M.T.; Gavrilyuk, V.; Landreth, G.E.; O’Banion, M.K.; Weinberg, G.; Feinstein, D.L. 
Noradrenergic Depletion Increases Inflammatory Responses in Brain: Effects on IκB and HSP70 
Expression. Journal of Neurochemistry 2003, 85, 387–398, doi:10.1046/j.1471-4159.2003.01694.x. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2023                   doi:10.20944/preprints202311.0276.v1

https://doi.org/10.20944/preprints202311.0276.v1


 17 

 

55. Yang, L.J.; Liu, X.; Liu, D.X.; Jiang, H.; Mao, X.Q.; Wang, C.; Pan, F. Effects of Different Adrenergic 
Blockades on the Stress Resistance of Wistar Rats. Neuroscience Letters 2012, 511, 95–100, 
doi:10.1016/j.neulet.2012.01.046. 

56. Koga, H.; Martinez-Vicente, M.; Arias, E.; Kaushik, S.; Sulzer, D.; Cuervo, A.M. Constitutive 
Upregulation of Chaperone-Mediated Autophagy in Huntington’s Disease. J. Neurosci. 2011, 31, 18492–
18505, doi:10.1523/JNEUROSCI.3219-11.2011. 

57. Furay, A.R.; Murphy, E.K.; Mattson, M.P.; Guo, Z.; Herman, J.P. Region-Specific Regulation of 
Glucocorticoid Receptor/HSP90 Expression and Interaction in Brain. Journal of Neurochemistry 2006, 98, 
1176–1184, doi:10.1111/j.1471-4159.2006.03953.x. 

58. Galigniana, N.M.; Ballmer, L.T.; Toneatto, J.; Erlejman, A.G.; Lagadari, M.; Galigniana, M.D. Regulation 
of the Glucocorticoid Response to Stress-Related Disorders by the Hsp90-Binding Immunophilin FKBP51. 
Journal of Neurochemistry 2012, 122, 4–18, doi:10.1111/j.1471-4159.2012.07775.x. 

59. Kirschke, E.; Goswami, D.; Southworth, D.; Griffin, P.R.; Agard, D.A. Glucocorticoid Receptor Function 
Regulated by Coordinated Action of the Hsp90 and Hsp70 Chaperone Cycles. Cell 2014, 157, 1685–1697, 
doi:10.1016/j.cell.2014.04.038. 

60. Baker, J.D.; Ozsan, I.; Rodriguez Ospina, S.; Gulick, D.; Blair, L.J. Hsp90 Heterocomplexes Regulate 
Steroid Hormone Receptors: From Stress Response to Psychiatric Disease. International journal of molecular 
sciences 2018, 20, doi:10.3390/ijms20010079. 

61. Guo, Y.; Guettouche, T.; Fenna, M.; Boellmann, F.; Pratt, W.B.; Toft, D.O.; Smith, D.F.; Voellmy, R. 
Evidence for a Mechanism of Repression of Heat Shock Factor 1 Transcriptional Activity by a 
Multichaperone Complex*. Journal of Biological Chemistry 2001, 276, 45791–45799, 
doi:10.1074/jbc.M105931200. 

62. Vamvakopoulos, N.O. Tissue-Specific Expression of Heat Shock Proteins 70 and 90: Potential Implication 
for Differential Sensitivity of Tissues to Glucocorticoids. Molecular and Cellular Endocrinology 1993, 98, 49–
54, doi:10.1016/0303-7207(93)90235-C. 

63. Pandey, P.; Saleh, A.; Nakazawa, A.; Kumar, S.; Srinivasula, S.M.; Kumar, V.; Weichselbaum, R.; Nalin, 
C.; Alnemri, E.S.; Kufe, D.; et al. Negative Regulation of Cytochrome C-Mediated Oligomerization of 
Apaf-1 and Activation of Procaspase-9 by Heat Shock Protein 90. The EMBO Journal 2000, 19, 4310–4322, 
doi:10.1093/emboj/19.16.4310. 

64. Gerges, N.Z.; Tran, I.C.; Backos, D.S.; Harrell, J.M.; Chinkers, M.; Pratt, W.B.; Esteban, J.A. Independent 
Functions of Hsp90 in Neurotransmitter Release and in the Continuous Synaptic Cycling of AMPA 
Receptors. The Journal of neuroscience : the official journal of the Society for Neuroscience 2004, 24, 4758–4766, 
doi:10.1523/JNEUROSCI.0594-04.2004. 

65. Leuner, B.; Shors, T.J. Stress, Anxiety, and Dendritic Spines: What Are the Connections? Neuroscience 
2013, 251, 108–119, doi:10.1016/j.neuroscience.2012.04.021. 

66. Licznerski, P.; Duman, R.S. Remodeling of Axo-Spinous Synapses in the Pathophysiology and Treatment 
of Depression. Neuroscience 2013, 251, 33–50, doi:10.1016/j.neuroscience.2012.09.057. 

67. McEwen, B.S. Glucocorticoids, Depression, and Mood Disorders: Structural Remodeling in the Brain. 
Metabolism: clinical and experimental 2005, 54, 20–23, doi:10.1016/j.metabol.2005.01.008. 

68. Gourley, S.L.; Swanson, A.M.; Koleske, A.J. Corticosteroid-Induced Neural Remodeling Predicts 
Behavioral Vulnerability and Resilience. J Neurosci 2013, 33, 3107–3112, doi:10.1523/JNEUROSCI.2138-
12.2013. 

69. Patel, D.; Anilkumar, S.; Chattarji, S.; Buwalda, B. Repeated Social Stress Leads to Contrasting Patterns 
of Structural Plasticity in the Amygdala and Hippocampus. Behavioural Brain Research 2018, 347, 314–324, 
doi:10.1016/j.bbr.2018.03.034. 

70. Godsil, B.P.; Kiss, J.P.; Spedding, M.; Jay, T.M. The Hippocampal–Prefrontal Pathway: The Weak Link in 
Psychiatric Disorders? European Neuropsychopharmacology 2013, 23, 1165–1181, 
doi:10.1016/j.euroneuro.2012.10.018. 

71. Sheline, Y.I.; Wang, P.W.; Gado, M.H.; Csernansky, J.G.; Vannier, M.W. Hippocampal Atrophy in 
Recurrent Major Depression. Proc. Natl. Acad. Sci. USA 1996, 93, 3908–3913. 

72. Lacerda, A.L.; Keshavan, M.S.; Hardan, A.Y.; Yorbik, O.; Brambilla, P.; Sassi, R.B.; Nicoletti, M.; Mallinger, 
A.G.; Frank, E.; Kupfer, D.J.; et al. Anatomic Evaluation of the Orbitofrontal Cortex in Major Depressive 
Disorder. Biological psychiatry 2004, 55, 353–358, doi:10.1016/j.biopsych.2003.08.021. 

73. Botteron, K.N.; Raichle, M.E.; Drevets, W.C.; Heath, A.C.; Todd, R.D. Volumetric Reduction in Left 
Subgenual Prefrontal Cortex in Early Onset Depression. Biol. Psychiatry 2002, 51, 342–344, 
doi:10.1016/S0006-3223(01)01280-X. 

74. Viena, T.D.; Rasch, G.E.; Allen, T.A. Dual Medial Prefrontal Cortex and Hippocampus Projecting 
Neurons in the Paraventricular Nucleus of the Thalamus. Brain Struct Funct 2022, 227, 1857–1869, 
doi:10.1007/s00429-022-02478-x. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2023                   doi:10.20944/preprints202311.0276.v1

https://doi.org/10.20944/preprints202311.0276.v1


 18 

 

75. Curtis, G.R.; Oakes, K.; Barson, J.R. Expression and Distribution of Neuropeptide-Expressing Cells 
Throughout the Rodent Paraventricular Nucleus of the Thalamus. Frontiers in Behavioral Neuroscience 
2021, 14. 

76. Musazzi, L.; Treccani, G.; Popoli, M. Functional and Structural Remodeling of Glutamate Synapses in 
Prefrontal and Frontal Cortex Induced by Behavioral Stress. Frontiers in Psychiatry 2015, 6. 

77. Zelek-Molik, A.; Bobula, B.; Gądek-Michalska, A.; Chorązka, K.; Bielawski, A.; Kuśmierczyk, J.; Siwiec, 
M.; Wilczkowski, M.; Hess, G.; Nalepa, I. Psychosocial Crowding Stress-Induced Changes in Synaptic 
Transmission and Glutamate Receptor Expression in the Rat Frontal Cortex. Biomolecules 2021, 11, 294, 
doi:10.3390/biom11020294. 

78. Papp, M.; Willner, P. Models of Affective Illness: Chronic Mild Stress in the Rat. Current Protocols 2023, 
3, e712, doi:10.1002/cpz1.712. 

79. Zelek-Molik, A.; Costanzi, M.; Rafa-Zabłocka, K.; Kreiner, G.; Roman, A.; Vetulani, J.; Rossi-Arnaud, C.; 
Cestari, V.; Nalepa, I. Fear Memory-Induced Alterations in the MRNA Expression of G Proteins in the 
Mouse Brain and the Impact of Immediate Posttraining Treatment with Morphine. Progress in Neuro-
Psychopharmacology and Biological Psychiatry 2019, 93, 221–231, doi:10.1016/j.pnpbp.2019.04.001. 

 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 6 November 2023                   doi:10.20944/preprints202311.0276.v1

https://doi.org/10.20944/preprints202311.0276.v1

