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The hypothalamus, which is the initial part of the hypothalamic-pituitary-adrenal (HPA)
axis, plays a critical role in regulating stress in the central nervous system. The present
study aimed to determine whether endoplasmic reticulum stress in hypothalamic neurons
is differentially stimulated by varying durations of stress exposure, which ultimately leads
to pathological changes in neurons by affecting HPA axis function. There is a need for
better morphological evidence of the mechanisms involved in stress-induced neuron
injury. A stress model was established in rats by restraining for 8 h and forced ice-water
swimming for 5 min each day. The stress-inducing process lasted for 1, 3, 7, 14,
and 21 days. Enzyme-linked immunosorbent assay (ELISA) was used to assay serum
glucocorticoid levels. Thionine staining was used to observe morphological changes in
hypothalamic neurons. Immunohistochemistry and microscopy-based multicolor tissue
cytometry (MMTC) was used to detect changes in expression of endoplasmic reticulum
stress protein GRP78, ATF4, and CHOP. Serum glucocorticoid levels significantly
increased after 3 days of stress exposure and the levels peaked by 7 days. By 21
days, however, the levels were significantly decreased. Thionine staining revealed that
prolonged stress exposure resulted in hypothalamic neurons with edema, a lack of
Nissl bodies, and pyknotic neurons. Immunohistochemistry and MMTC showed that
increasing stress periods significantly decreased GRP78 expression, although ATF4
and CHOP protein expression significantly increased. Stress resulted in pathological
changes and significant dynamic changes because of endoplasmic reticulum stress in rat
hypothalamic neurons. These results suggested that the endoplasmic reticulum stress
PERK-ATF4-CHOP pathway may be associated with hypothalamic neuronal injury.
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INTRODUCTION

Stress is characterized by a comprehensive response of the
neuroendocrine system and other systems that regulate and deal
with threatening stimuli (McEwen, 2007). The body attempts
to minimize the potential impact of a threat by adjusting the
metabolism of each system and increasing the ability of steady-
state properties (McEwen and Wingfield, 2010). Moderate stress
increases the body’s ability to resist external risk factors, while
excessive stress damages the body and results in various abnormal
psychological and physiological changes (Tsigos and Chrousos,
2002; Marin et al., 2011).

Previous studies have shown that the hypothalamus-pituitary-
adrenal (HPA) axis plays a critical role in the body’s stress
response. The hypothalamus is activated by various signaling
pathways induced by different external stimuli, which then
further acts on the pituitary by releasing corticotropin-
releasing hormone (CRH). An activated pituitary releases
adrenocorticotropin (ACTH), which activates the adrenal cortex
and facilitates the synthesis and release of glucocorticoids.
Glucocorticoids enable the body to resist external risk factors by
adjusting energy and metabolism.

The hypothalamus, which is the center of the HPA axis, plays
an extremely important role in the regulation of glucocorticoids
in resisting external stimuli. Previous studies have shown that
long-term stress exposure leads to declines in organism resistance
and different degrees of pathological injuries (Vyas et al., 2002;
McLaughlin et al., 2007). However, there is no detailed report
on whether different durations of stress exposure result in
pathological changes in hypothalamic neurons.

The endoplasmic reticulum (ER) is the primary site for
protein synthesis, glycosylation, folding, and secretion, as well
as nascent protein transport (Marciniak and Ron, 2006; Ron
and Walter, 2007; Nakayama et al., 2008). Dysfunction of ER
or a mass of generated materials such as reactive oxygen and
calcium jons under stressful conditions, can lead to accumulation
of unfolded or misfolded proteins in the ER lumen, which
induces endoplasmic reticulum stress (ERS) (Boyce and Yuan,
2006). Perturbations causing ERS result in the accumulation of
unfolded and misfolded proteins in the ER and the initiation
of a series of complex signal transduction cascades, known
as the unfolded protein response (UPR). UPR is a relatively
conservative and protective ERS response that has evolved over
time. Protein kinase RNA (PKR)-like endoplasmic reticulum
kinase (PERK) is an important sensing element for ERS (Hetz,
2012). When ERS occurs, the activated PERK induces the
downstream signaling pathway to inhibit protein translation,
thus restoring ER homeostasis (Wang et al., 2016). Conversely,
if ERS is too long and/or severe, ATF4 is activated by the
PERK signaling pathway (Harding et al., 2000), which in turn
drives CCAAT/-enhancer-binding protein homologous protein
(CHOP) transcription. Continued expression of CHOP can then
induce cell death (Pillai, 2005; Namba et al., 2009).

As broadly documented in the literature (Doyle et al., 2011;
Yuan et al., 2011; Hoozemans et al., 2012), ERS takes part in
the response to cell and tissue injury, but is also linked to
neuronal death in various neurodegenerative diseases. However,

it remains unclear whether injured hypothalamic neurons result
in disordered HPA axis function or whether the PERK-ATF4-
CHOP signaling pathway is associated with the injury process
after stress exposure. For the present study, we successfully
established rat models with different durations of stress exposure
to investigate serum glucocorticoid levels, pathological changes
of hypothalamic neurons, and ERS-related protein changes
to provide morphological evidence of the role of the PERK-
ATF4-CHOP pathway in pathological changes of hypothalamic
neurons.

MATERIALS AND METHODS

Animals

Adult, male, Sprague-Dawley (SD) rats (Experimental Animal
Center, Hebei Medical University, China), weighing 250 £ 20
g, were allowed to adapt to a 12/12-h light/dark cycle, with
ad libitum access to food and water. This study was approved
by the Institutional Review Board for Animal Experiments at
Hebei Medical University. Every attempt was made to reduce the
number of animals and to minimize pain and suffering. The rats
were randomly divided into the following groups: Control; 1, 3,
7,14, and 21 days of restraint stress (RS) combined with ice water
swimming (IS) groups (RS+IS group) (n = 6 rats per group).

Restraint Stress and Ice Water Swimming

Protocols

The restraint stress protocol was adapted from a previously
described method (Imbe et al., 2012); the rats could stretch their
legs, but could not move within the restrainers. The rats were
placed in the restrainer with no access to food and water for 8
h (from 8:00 to 16:00) each day. Then the restricted stress rats
were placed in ice water to swim for 5 min each day. The stress-
inducing exercises lasted for 1, 3, 7, 14, and 21 days. The control
group rats were left in the cages for the same time without food
and water. During the rest period, all rats were provided food and
water ad libitum.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Serum glucocorticoid (Uscn Life Science Inc., Wuhan, China)
levels were measured using an ELISA Complete Kit as per
the manufacturer’s instructions. Rat sera were collected from
abdominal aorta blood.

Briefly, a standard solution or rat sera (glucocorticoid; 1:100)
were added to each well and incubated at 37°C for 60 min. After
washing three times with PBST (0.05%, Tween 20), horseradish
peroxidase (HRP)-labeled anti-rat glucocorticoid and melatonin
secondary antibodies were added and incubated at 37°C for
1 h. After removing the liquid from all wells, the wells were
washed three times and color reactions were developed with 3, 3/,
5, 5’ tetra-methylbenzidine (TMB) color development solution.
After the wells reacted for 15 min at room temperature in
the dark, sulfuric acid (2 mmol/10 ml) was added. The plates
were read at 450 nm using an ELISA reader (Multiskan MS
photometer type 352, Labsystems, Helsinki, Finland). The final
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hormone concentration was calculated based on a standard curve
constructed using the recombinant hormone standard.

Tissue Preparation

Tissue used for staining was harvested and fixed immediately in
10% formalin. Brain slices beginning at -1.80 mm from bregma
were obtained using a stereotaxic atlas (Paxinos and Watson,
2007). The tissue was subsequently dehydrated in a graded
ethanol series and embedded in paraffin. For hypothalamus
analysis, consecutive 6-pum-thick coronal section with the largest
hypothalamus area were collected that corresponded to —3.0
mm from bregma, as per the Paxinos and Watson atlas. Sections
were prepared for thionine staining and immunohistochemical
staining, and examined under a light microscope (Olympus IX71;
Olympus, Tokyo, Japan).

Immunohistochemistry

Deparaffinized sections were pretreated using microwave antigen
retrieval, followed by incubation in 3% H,O; in cold methanol
for 30 min, and goat serum for 30 min. Next, the tissues were
incubated overnight at 4°C with monoclonal antibodies specific
for rabbit NeuN, GRP78, ATF4, and CHOP (1:100). The tissues
were then incubated for 1 h with biotinylated secondary antibody
and subsequently with horseradish peroxidase (HRP)-conjugated
biotin for 30 min. Finally, 3, 3/-diaminobenzidine (DAB) was
used as the chromagen. The tissues were counterstained with
hematoxylin to visualize locations in the sections.

Cell Counting

Six rats from each group were used for morphological
observation and data analysis. According to the stereotaxic atlas
(Paxinos and Watson, 2007), the largest hypothalamus area was
accurately exposed. Using the serial section technique, we took
one out of every five sections and selected a total of three sections
for each rat. With microscopy based multicolor tissue cytometry
(MMTC), we evaluated the percentage of positive cells in the
whole hypothalamic area of each section. The data of each rat
was derived from the average of those three sections.

MMTC has been used by previous researchers (Ecker et al,,
2006; Hamzei et al, 2016) and has the advantage of being
more objective than the subjective assessment by an investigator.
Sections were analyzed at x 100 field view using a Tissuefax
Plus system based on Zeiss® AxiolmagerZ2 Microscope (Jena,
Germany). Images were acquired with the TissueFaxs (Tissue-
Gnostics®, Vienna, Austria) software. The percentage of NeuN-,
GRP78-, ATF4-, and CHOP- positive immunostaining cells in
the largest hypothalamus area was quantified using HistoQuest®
(Tissue-Gnostics) software.

HistoQuest® is an analytical tool used to quantify
immunostaining based on single cells using the cell specific
nucleus structure as the primary identification marker
(hematoxylin), followed by an automatic segmentation of
the immunostaining confined to the corresponding nucleus.
A ring mask around this nucleus is interactively defined and
set as parameter for sections stained with a certain marker-
specific channel named single reference shade. The brown
staining caused by chromogen (3,3'- diaminobenzidine, DAB) is

automatically separated from the blue hematoxylin staining into
their optical density counterparts. The mean optical density per
cell is quantified by the segmentation method.

Region of interest was defined for the largest hypothalamus
area. Identification of neurons was accomplished through
morphometric parameters such as the nuclear size, shape. A
background threshold for hematoxylin staining was determined
interactively. Immunostaining cutoffs were determined as well
(this tool differentiates between positive and negative cells; these
were set in the dot blots). All images were acquired with the
same setting parameters. The representative brown color (DAB
chromogen) was picked by the color picker tool. Positive staining
cells in the largest hypothalamus area were shown in the scatter
gram of forward gating tool. The raw data of the analysis were
imported into SPSS 21.0 (IBM, Armonk, NY, USA) for further
statistical analysis. The number of NeuN-, GRP78-, ATF4-,
and CHOP- positive immunostaining cells was divided by the
total number of hypothalamic neurons, yielding a percentage of
positive cells.

Statistical Methods

Using the method of Kolmogorov-Smirnov Test, the data was
normal distribution among all groups (P > 0.1). The results
are presented as mean = SEM. Because of normal distribution
in all samples, statistical analysis was performed using one-way
ANOVA. Post-hoc LSD- t tests were used when comparisons
were restricted to two experimental groups. The threshold for
statistical significance was defined as P < 0.05.

RESULTS

Measurement of Serum Glucocorticoid
Level by ELISA

ANOVA for serum glucocorticoid levels revealed that there were
significant difference among the groups [F(s5 39 = 6.073; P =
0.001]. Compared with the control group (2.06 £ 0.25), serum
glucocorticoid levels were significantly upregulated in the RS+IS
group at 3 days (3.51 £+ 0.30, P < 0.05), peaked at 7 days
(3.73 £ 0.34, P < 0.05), and maintained a high level at 14
days (3.42 £ 0.19, P < 0.05). However, with prolonged stress,
levels significantly decreased by 21 days (2.28 & 0.29, P < 0.05)
compared with 14 days (Figure 1).

Thionine Staining Shows Pathological

Changes in Hypothalamic Neurons

In the control group, the neuronal structures were clear, and Nissl
bodies were evenly distributed in the cytoplasm. In the RS+IS
group, there were no significant changes in Nissl bodies at 1 and 3
days. However, edema was visible in the neurons and Nissl bodies
were not clear at 7 days. After 14 days of stress expression, some
Nissl bodies disappeared, and pyknotic neurons were visible.
Cellular damage was more obvious at 21 days (Figure 2).

Changes in NeuN-Positive Cells in the
Hypothalamus

NeuN, which is expressed in the nucleus, was stained brown by
immunohistochemical staining. With increasing stress duration,
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FIGURE 1 | Effect of different durations of stress on serum
glucocorticoid levels. Compared with the control group, the level of serum
glucocorticoid significantly increased after stress exposure for 3 days, peaked
at 7 days, and remained high at 14 days. However, with prolonged stress
exposure, serum glucocorticoid level significantly decreased at 21 days
compared with 14 days. The results are shown as mean + SEM, “P < 0.05,
**P < 0.01 vs. control group. ¥P < 0.05 vs. RS+IS group at 14 days. d,
day(s); RS+IS, restraint stress combined with ice water swimming.

the number of NeuN-positive cells decreased (Figure 3A).
HistoQuest software was used to quantify the number of NeuN-
positive cells in the hypothalamus, showing there were significant
difference among the groups [F(s 30y = 209.620; P < 0.001], but
showed no change in the number of NeuN-positive cells in the
RS+IS group at 1 day (85.34 £ 0.39, P > 0.05), 3 days (85.39 &+
0.20, P > 0.05), and 7 days (85.12 £ 0.44, P > 0.05) compared
with the control group (85.74 £ 0.32). However, the number of
NeuN-positive cells significantly decreased in the RS+IS group at
14 days (84.07 & 0.09, P < 0.05) and 21 days (78.45 £ 1.08, P <
0.05) (Figure 3B).

GRP78, ATF4, and CHOP Protein

Expression in the Hypothalamus

GRP78, ATF4, and CHOP proteins were located in the
cytoplasm and were stained brown by immunohistochemical
staining. ANOVA for GRP78 positive cells in the hypothalamus
showed that there were significant difference among the groups
[F(5, 30) = 406.965; P < 0.001]. Compared with the control group
(6.13 & 1.35), GRP78 expression was significantly upregulated
in the RS+IS group at 1 day (21.15 £ 2.80, P < 0.05), peaked
at 3 days (40.02 £ 3.14, P < 0.01), and remained at a high
level at 7 days (24.10 = 1.97, P < 0.05), although there was
no difference at 14 days (6.13 =+ 0.85, P > 0.05). With further
prolonged stress, GRP78 expression significantly decreased at
21 days (3.51 £ 0.56, P < 0.05) (Figure 4). ANOVA for ATF4
positive cells in the hypothalamus showed that there were
significant difference among the groups [F(s 39 = 133.292;
P < 0.001]. Compared with the controls (6.80 £ 1.64), stress
exposure cause significant increases in ATF4 expression at
1 day (11.34 £+ 1.85, P < 0.05), 3 days (22.89 + 2.18, P

SI+SYP I |onuon

SI+S¥YP ¢

SI+SY P I SI+S¥P L

SI+S¥ P IT

FIGURE 2 | Thionine staining of the hypothalamus. (a'—') Are magnified
areas of (a—f), respectively. High-power photomicrographs in the right corners
of (a'—") are enlarged from rectangles in the low-power photomicrographs.
With increasing periods of stress exposure, Nissl body structures are not clear,
and neurons are pyknotic and deeply stained. Bars = 100 um in (a—f); Bars =
50 um in (@—f). d, day(s); RS+IS, restraint stress combined with ice water
swimming.

< 0.05), 7 days (28.66 £+ 2.42, P < 0.05), 14 days (26.60
+ 229, P < 0.05), and 21 days (22.69 £ 1.97, P < 0.05)
(Figure 5). ANOVA for CHOP positive cells in the hypothalamus
showed that there were significant difference among the groups
[F(5,30) = 262.928; P < 0.001]. CHOP protein expression
remained unchanged after 1 day of stress (3.07 & 1.58, P >
0.05) compared with the control group (2.92 & 1.65). However,
CHOP expression significantly increased after 3 days (13.14 £
2.48, P < 0.01) and 7 days (21.03 & 3.31, P < 0.01) of stress
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FIGURE 3 | (A) Representative images showing NeuN immunohistochemistry in the hypothalamus. (a'f’) Are magnified areas of (a—f), respectively. Representative
images obtained by microscopy-based multicolor tissue cytometry (MMTC) are shown in the left corners of (a—f). Bars = 100 pm in (a—f); Bars = 50 pm in (2'-f’). (B)
Quantitative MMTC analysis. The data are shown as mean + SEM, “*P < 0.01 vs. control group (n = 6). d, day(s); RS+IS, restraint stress combined with ice water
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exposure, peaked after 14 days (45.55 &+ 3.31, P < 0.01), and
remained at a high level after 21 days (28.33 & 3.56, P < 0.01)
(Figure 6).

DISCUSSION

Stress is an inevitable life experience that causes disturbances to
body homeostasis and different organs and systems, including
the central nervous system (Linthorst and Reul, 2008). Acute
stress has a positive impact on the body. However, repeated
and long term stress stimulation is harmful, often resulting
in varying degrees of injuries to each organ and leading

to negative effects on body function and metabolism (Hetz,
2012). Previous studies have shown that prolonged stress is
a critical risk factor for the onset of several neuropsychiatric
disorders, such as anxiety, major depression, and other
neurodegenerative diseases (Goldstein, 2011). Animal models
are one of the most efficient ways to identify and study the
underlying mechanisms of the effects of stress on the body.
In the present study, the rat were exposed to restraint and
ice-water swimming for a maximum of 21 days to mimic
human characteristics of chronic psychological frustration and
physiological stress and to determine the effects of stress on body
function.
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FIGURE 4 | (A) GRP78 immunohistochemistry in the hypothalamus following different durations of stress exposure. (a'f') Are magnified areas of (a—f), respectively.
Representative images obtained by microscopy-based multicolor tissue cytometry (MMTC) are shown in the left corners of (a—f). Bars = 100 um in (a—f); Bars = 50
pmin (@'—f’). (B) Quantitative MMTC analysis. The data are shown as mean + SEM, *P < 0.05, **P < 0.01 vs. control group (n = 6). d, day(s); RS+IS, restraint stress
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When the body is exposed to a variety of stimuli, the HPA
axis becomes stimulated and ultimately releases large amounts
of glucocorticoid from the adrenal cortex in response to external
stimuli. Glucocorticoid levels are a good indicator of the body’s
ability to resist external stress. The present study demonstrated
that prolonged stress exposure resulted in significantly increased
serum glucocorticoid levels, suggesting an increased defense
capability to external stimuli by regulating the HPA axis and
ultimately maintaining homeostasis. Numerous studies have
indicated that glucocorticoids play a critical role in maintaining

cardiovascular stability, stabilizing lysosomal membranes, anti-
inflammation, anti-shock mechanisms, and reducing bacterial
endotoxin damage (Kasahara et al., 2015; Kadmiel et al., 2016).
However, by increasing the stress period to 21 days, serum
glucocorticoid levels significantly decreased compared with stress
exposure of 14 days. This suggested that repeated and long
term stress exceeded the body’s ability to regulate and resist
injuries, which may cause pathological changes in tissue and
cells. Accordingly, thionine staining revealed morphological
changes in hypothalamic neurons. These results demonstrated
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FIGURE 5 | (A) Representative images showing ATF4-positive cell expression in the hypothalamus. (a'f') Are magnified areas of (a—f), respectively. Representative
images obtained by microscopy-based multicolor tissue cytometry (MMTC) are shown in the left corners of (a—f). Bars = 100 wm in (a—f); Bars = 50 umin (a’—f). (B)
Quantitative MMTC analysis. The data are shown as mean &+ SEM, “P < 0.05, **P < 0.01 vs. control group (n = 6). d, day(s); RS+IS, restraint stress combined with
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that prolonged stress exposure resulted in reduced Nissl bodies in
hypothalamic neurons and pyknotic neurons in the RS+IS group
at 14 and 21 days.

The neuron-specific marker, NeuN, was used to label and
quantify hypothalamic neurons. Results showed that long
term stress exposure contributed to a decreased number
of hypothalamic neurons, suggesting that with increasing
periods of stress exposure, hypothalamic neurons exhibit
pathological changes and injury, which likely contributes
to disordered HPA axis functions and a weakened body
resistance.

The relationship between ERS and damage has been a sought-
after topic in recent studies. ERS not only participates in a
variety of neurodegenerative diseases (Doyle et al., 2011; Yuan
et al., 2011; Hoozemans et al., 2012), but also plays a critical
role in cognitive dysfunction induced by stress (Zhang et al.,
2014; Wu et al., 2016). Moderate ERS is involved in mechanisms
of cell protection, but excessive ERS results in damage. A
mass of materials such as reactive oxygen and calcium ions
generated when stress exposure, which result in amassing of
unfolded or misfolded proteins in the ER and initiate ERS
(Hanada et al., 2007). Meanwhile, the accumulating unfolded
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FIGURE 6 | (A) Representative images showing CHOP immunohistochemistry in the hypothalamus. (a'f") Are magnified areas of (a—f), respectively. Representative
images obtained by microscopy-based multicolor tissue cytometry (MMTC) are shown in the left corners of (a—f). Bars = 100 pm in (a—f); Bars = 50 wmin (@'—f’). (B)
Quantitative MMTC analysis. The data are shown as mean + SEM, **P < 0.01 vs. control group (n = 6). d, day(s); RS+IS, restraint stress combined with ice water
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and misfolded proteins cause dissociation of GRP78 from the
ER transmembrane effector protein. GRP78, a specific marker of
ERS activation, is only expressed in the ER and plays a cellular
protective role. It not only determines UPR initiation, but also
plays a key role in promoting maturation of unfolded proteins
and maintaining ER homeostasis (Lee, 2001, 2005; Hendershot,
2004). In the present study, GRP78 expression exhibited a
trend of first increasing and then decreasing, although by 21
days, expression was significantly decreased compared with the
control group. These results suggested that the protective effect
of GRP78 on hypothalamic neurons was significantly weakened

with prolonged stress duration. Cells were not able to restore
homeostasis, and a series of downstream signaling pathways were
activated to initiate and induce cellular injury and death.

CHOP, also known as growth arrest and DNA-damage-
inducible gene 153 (GADDI53), is a critical mediator of ERS-
induced cell death (Szegezdi et al., 2006). CHOP is expressed
at low levels under physiological conditions, but is dramatically
upregulated during severe and prolonged ERS and plays a
crucial role in cell arrest and inducing cell death (Oyadomari
and Mori, 2004; Tajiri et al., 2004). The PERK-ATF4 pathway
plays a primary role in inducing CHOP transcription (Fels
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and Koumenis, 2006). When ERS expression is excessive, the
upstream regulatory sequence of the 5 terminal that contains
an open reading frame gene becomes activated, which inhibits
elF2a-dependent protein translation (Schroder and Kaufman,
2005) and sensitizes the downstream transcription factor ATF4.
Activated ATF4 induces and increases CHOP expression by
increasing its transcription (Pillai, 2005; Xu et al, 2005). In
this study, the PERK-ATF4-CHOP pathway was activated by
stress, resulting in sustained increased levels of ATF4 and CHOP
protein expression. CHOP overexpression could contribute to
cell injury and death, which is consistent with our findings
showing pathological changes in hypothalamic neurons after
14 days of stress exposure. These data suggested that the
PERK-ATF4-CHOP pathway was associated with hypothalamic
neuronal injury induced by long term stress stimulation.

In conclusion, this study clearly indicated that injured
hypothalamic neurons resulted in disordered HPA axis function
and the PERK-ATF4-CHOP signaling pathway is involved in

REFERENCES

Boyce, M., and Yuan, J. (2006). Cellular response to endoplasmic reticulum
stress: a matter of life or death. Cell Death Differ. 13, 363-373.
doi: 10.1038/sj.cdd.4401817

Doyle, K. M., Kennedy, D., Gorman, A. M., Gupta, S., Healy, S. ],
and Samali, A. (2011). Unfolded proteins and endoplasmic reticulum
stress in neurodegenerative disorders. J. Cell. Mol. Med. 15, 2025-2039.
doi: 10.1111/j.1582-4934.2011.01374.x

Ecker, R. C., Rogojanu, R, Streit, M., Streit, M., Oesterreicher, K., and Steiner,
G. E. (2006). An improved method for discrimination of cell populations in
tissue sections using microscopy-based multicolor tissue cytometry. Cytometry
69, 119-123. doi: 10.1002/cyto.a.20219

Fels, D. R., and Koumenis, C. (2006). The PERK/Eif2a/ATF4 module of the
UPR in hypoxia resistance and tumor growth. Cancer Biol. Ther. 5, 723-728.
doi: 10.4161/cbt.5.7.2967

Goldstein, D. S. (2011). Stress, allostatic load, catecholamines, and other
neuro transmitters in neurodegenerative diseases. Endocr. Regul. 45, 91-98.
doi: 10.4149/endo_2011_02_91

Hamzei, T. A.J. S., Kho, W., Aswendt, M., Collmann, F. M., Green, C., Adamczak,
J., et al. (2016). Dynamic modulation of microglia/macrophage polarization by
miR-124 after focal cerebral ischemia. J. Neuroimmune Pharmacol. 11,733-748.
doi: 10.1007/s11481-016-9700-y

Hanada, S., Harada, M., Kumemura, H., Bishr, O., Mary, M., Koga, H,
et al. (2007). Oxidative stress induces the endoplasmic reticulum stress
and facilitates inclusion formation in cultured cells. J. Hepatol. 47, 93-102.
doi: 10.1016/j.jhep.2007.01.039

Harding, H. P., Novoa, I, Zhang, Y., Zeng, H., Wek, R., Schapira, M., et al. (2000).
Regulated translation initiation controls stress-induced gene expression in
mammalian cells. Mol. Cell 6, 1099-1108. doi: 10.1016/S1097-2765(00)00108-8

Hendershot, L. M. (2004). The ER function BiP is a master regulator of ER
function. Mt. Sinai J. Med. 71, 289-297.

Hetz, C. (2012). The unfolded protein response: controlling cell fate decisions
under ER stress and beyond. Nat. Rev. Mol. Cell Biol. 13, 89-102.
doi: 10.1038/nrm3270

Hoozemans, J. J., van Haastert, E. S., Nijholt, D. A., Rozemuller, A. J., and
Scheper, W. (2012). Activation of the unfolded protein response is an early
event in Alzheimer’s and Parkinson’s disease. Neurodegener. Dis. 10, 212-215.
doi: 10.1159/000334536

Imbe, H., Kimura, A., Donishi, T. and Kaneoke, Y. (2012). Chronic
restraint stress decreases glial fibrillary acidic protein and glutamate
transporter in the periaqueductal gray matter. Neuroscience 223, 209-218.
doi: 10.1016/j.neuroscience.2012.08.007

the injury process after stress exposure. We believe these novel
findings will provide morphological evidence of the mechanisms
involved in stress-induced neuron injury.

AUTHOR CONTRIBUTIONS

SY, WS, HW, CM, XZ, SW, YL, and BC wrote the paper
and designed and performed the experiments. SY, WS, and
HW carried out statistical analyses and organized the data. XZ
and SW created the figures. CM, YL, and BC supervised the
research design and revised the manuscript. All authors read and
commented on the manuscript.

FUNDING

This work was supported with funds from the Key Projects of
National Natural Science Foundation of China (81430047) and
the National Natural Science Foundation of China (81571850).

Kadmiel, M., Janoshazi, A., Xu, X., and Cidlowski, J. A. (2016). Glucocorticoid
action in human corneal epithelial cells establishes roles for corticosteroids
in wound healing and barrier function of the eye. Exp. Eye Res. 152, 10-33.
doi: 10.1016/j.exer.2016.08.020

Kasahara, E., Sekiyama, A., Hori, M., Kuratsune, D., Fujisawa, N., Chida, D.,
et al. (2015). Stress-induced glucocorticoid release upregulates uncoupling
protein-2 expression and enhances resistance to endotoxin-induced lethality.
Neuroimmunomodulation 22, 279-292. doi: 10.1159/000368802

Lee, A. S. (2001). The glucose-regulated proteins: stress
and clinical applications.  Trends  Biochem. Sci. 26,
doi: 10.1016/S0968-0004(01)01908-9

Lee, A. S. (2005). The ER chaperone and signaling regulator GRP78/BiP
as a monitor of endoplasmic reticulum stress. Methods 35, 373-381.
doi: 10.1016/j.ymeth.2004.10.010

Linthorst, A. C., and Reul, J. M. (2008). Stress and the brain: solving
the puzzle using microdialysis. Pharmacol. Biochem. Behav. 90, 163-173.
doi: 10.1016/j.pbb.2007.09.019

Marciniak, S. J., and Ron, D. (2006). Endoplasmic reticulum stress signaling in
disease. Physiol. Rev. 86, 1133-1149. doi: 10.1152/physrev.00015.2006

Marin, M. F,, Lord, C., Andrews, J., Juster, R. P., Sindi, S., Arsenault-Lapierre,
G., et al. (2011). Chronic stress, cognitive functioning and mental health.
Neurobiol. Learn. Mem. 96, 583-595. doi: 10.1016/j.nlm.2011.02.016

McEwen, B. S. (2007). Physiology and neurobiology of stress and
adaptation: central role of the brain. Physiol. Rev. 87, 873-904.
doi: 10.1152/physrev.00041.2006

McEwen, B. S., and Wingfield, J. C. (2010). What is in a name?
integrating homeostasis, allostasis and stress. Horm. Behav. 57, 105-111.
doi: 10.1016/j.yhbeh.2009.09.011

McLaughlin, K. J., Gomez, J. L., Baran, S. E., and Conrad, C. D. (2007).
The effects of chronic stress on hippocampal morphology and function:
an evaluation of chronic restraint paradigms. Brain Res. 1161, 56-64.
doi: 10.1016/j.brainres.2007.05.042

Nakayama, H., Hamada, M., Fujikake, N., Nagai, Y., Zhao, J., Hatano, O., et al.
(2008). ER stress is the initial response to polyglutamine toxicity in PCI12
cells. Biochem. Biophys. Res. Commun. 377, 550-555. doi: 10.1016/j.bbrc.2008.
10.006

Namba, T., Tanaka, K., Ito, Y., Ishihara, T., Hoshino, T., Gotoh, T., et al.
(2009). Positive role of CCAAT/enhancer-binding protein homologous
protein, a transcription factor involved in the endoplasmic reticulum stress
response in the development of colitis. Am. J. Pathol. 174, 1786-1798.
doi: 10.2353/ajpath.2009.080864

Oyadomari, S., and Mori, M. (2004). Roles of CHOP/GADD153 in endoplasmic
reticulum stress. Cell Death Differ. 11, 381-389. doi: 10.1038/sj.cdd.4401373

induction
504-510.

Frontiers in Neuroscience | www.frontiersin.org

March 2017 | Volume 11 | Article 152


https://doi.org/10.1038/sj.cdd.4401817
https://doi.org/10.1111/j.1582-4934.2011.01374.x
https://doi.org/10.1002/cyto.a.20219
https://doi.org/10.4161/cbt.5.7.2967
https://doi.org/10.4149/endo_2011_02_91
https://doi.org/10.1007/s11481-016-9700-y
https://doi.org/10.1016/j.jhep.2007.01.039
https://doi.org/10.1016/S1097-2765(00)00108-8
https://doi.org/10.1038/nrm3270
https://doi.org/10.1159/000334536
https://doi.org/10.1016/j.neuroscience.2012.08.007
https://doi.org/10.1016/j.exer.2016.08.020
https://doi.org/10.1159/000368802
https://doi.org/10.1016/S0968-0004(01)01908-9
https://doi.org/10.1016/j.ymeth.2004.10.010
https://doi.org/10.1016/j.pbb.2007.09.019
https://doi.org/10.1152/physrev.00015.2006
https://doi.org/10.1016/j.nlm.2011.02.016
https://doi.org/10.1152/physrev.00041.2006
https://doi.org/10.1016/j.yhbeh.2009.09.011
https://doi.org/10.1016/j.brainres.2007.05.042
https://doi.org/10.1016/j.bbrc.2008.10.006
https://doi.org/10.2353/ajpath.2009.080864
https://doi.org/10.1038/sj.cdd.4401373
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Yietal.

PERK-ATF4-CHOP Pathway Is Associated with Hypothalamic Neurons Injury Induced by Stress

Paxinos, G., and Watson, C. (2007). The Rat Brain in Stereotaxic Coordinates, 6th
Edn. Amsterdam: Academic Press.

Pillai, S. (2005). Birth pangs: the stressful origins of lymphocytes. J. Clin. Invest.
115, 224-247. doi: 10.1172/JCI24238

Ron, D., and Walter, P. (2007). Signal integration in the endoplasmic
reticulum unfolded protein response. Nat. Rev. Mol. Cell Biol. 8, 519-529.
doi: 10.1038/nrm2199

Schréoder, M., R. ]
unfolded protein response. Annu. Rev.
doi: 10.1146/annurev.biochem.73.011303.074134

Szegezdi, E., Logue, S. E., Gorman, A. M., and Samali, A. (2006). Mediators
of endoplasmic reticulum stress-induced apoptosis. EMBO Rep. 7, 880-885.
doi: 10.1038/sj.embor.7400779

Tajiri, S., Oyadomari, S., Yano, S., Morioka, M., Gotoh, T., Hamada, J. L, et al.
(2004). Ischemia-induced neuronal cell death is mediated by the endoplasmic
reticulum stress pathway involving CHOP. Cell Death Differ. 11, 403-415.
doi: 10.1038/sj.cdd.4401365

Tsigos, C., and Chrousos, G. P. (2002). Hypothalamic-pituitary-adrenal
axis, neuroendocrine factors and stress. J. Psychosom. Res. 53, 865-871.
doi: 10.1016/S0022-3999(02)00429-4

Vyas, A., Mitra, R., Shankaranarayana Rao, B. S., and Chattarji, S. (2002). Chronic
stress induces contrasting patterns of dendritic remodeling in hippocampal and
amygdaloid neurons. J. Neurosci. 22, 6810-6818.

Wang, J., Hu, X, and Jiang, H. (2016). ERS-PERK signaling pathway-
mediated Nrf2/ARE-HO-1 axis: a novel therapeutic target for attenuating
myocardial ischemia and reperfusion injury. Int. J. Cardiol. 203, 779-780.
doi: 10.1016/j.ijcard.2015.11.033

mammalian
739-789.

and  Kaufman, (2005).  The

Biochem. 74,

Wu, J., Zhao, Z., Kumar, A., Lipinski, M. M., Loane, D. J., Stoica, B. A., et al.
(2016). Endoplasmic reticulum stress and disrupted neurogenesis in the brain
are associated with cognitive impairment and depressive-like behavior after
spinal cord injury. J. Neurotrauma 33, 1919-1935. doi: 10.1089/neu.2015.4348

Xu, C., Bailly-Maitre, B., and Reed, J. C. (2005). Endoplasmic reticulum stress:
cell life and death decisions. J. Clin. Invest. 115, 2656-2664. doi: 10.1172/JCI
26373

Yuan, Y., Cao, P., Smith, M. A., Kramp, K., Huang, Y., Hisamoto, N., et al. (2011).
Dysregulated LRRK2 signaling in response to endoplasmic reticulum stress
leads to dopaminergic neuron degeneration in C. elegans. PLoS ONE 6:€22354.
doi: 10.1371/journal.pone.0022354

Zhang, Y., Liu, W., Zhou, Y., Ma, C,, Li, S., and Cong, B. (2014). Endoplasmic
reticulum stress is involved in restraint stress-induced hippocampal
apoptosis and cognitive impairments in rats. Physiol. Behav. 131, 41-48.
doi: 10.1016/j.physbeh.2014.04.014

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Yi, Shi, Wang, Ma, Zhang, Wang, Cong and Li. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neuroscience | www.frontiersin.org

10

March 2017 | Volume 11 | Article 152


https://doi.org/10.1172/JCI24238
https://doi.org/10.1038/nrm2199
https://doi.org/10.1146/annurev.biochem.73.011303.074134
https://doi.org/10.1038/sj.embor.7400779
https://doi.org/10.1038/sj.cdd.4401365
https://doi.org/10.1016/S0022-3999(02)00429-4
https://doi.org/10.1016/j.ijcard.2015.11.033
https://doi.org/10.1089/neu.2015.4348
https://doi.org/10.1172/JCI26373
https://doi.org/10.1371/journal.pone.0022354
https://doi.org/10.1016/j.physbeh.2014.04.014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

	Endoplasmic Reticulum Stress PERK-ATF4-CHOP Pathway Is Associated with Hypothalamic Neuronal Injury in Different Durations of Stress in Rats
	Introduction
	Materials and Methods
	Animals
	Restraint Stress and Ice Water Swimming Protocols
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Tissue Preparation
	Immunohistochemistry
	Cell Counting
	Statistical Methods

	Results
	Measurement of Serum Glucocorticoid Level by ELISA
	Thionine Staining Shows Pathological Changes in Hypothalamic Neurons
	Changes in NeuN-Positive Cells in the Hypothalamus
	GRP78, ATF4, and CHOP Protein Expression in the Hypothalamus

	Discussion
	Author Contributions
	Funding
	References


