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Abstract
Early-life psychological stress (ELPS) can cause anxiety, pessimism, and a decrease of cognitive ability in
adult individuals. In this study, a psychological stress model (a terri�ed sound stress) was applied to new-
born Sprague-Dawley rats for 21 days. And then, we separately evaluated the impact of ELPS on their
spatial learning and memory abilities and hippocampal proteome from early-stage to the adult-stage. The
Morris Water Maze (MWM) test was employed to evaluate their spatial learning and memory abilities
after ELPS till to the adult-stage. Two-dimensional gel electrophoresis (2DE) as well as matrix-assisted
laser desorption/ionization time-of-�ight mass spectrometry (MALDI-TOF-MS) were used to uncover the
protein expression pro�le of the hippocampus from both ELPS-young and ELPS-adult as well as their
control groups. We found that the rats had a dysfunction of spatial learning and memory after the ELPS
till to the adult-stage. The proteomic analysis revealed that 51 proteins were signi�cant differentially
expression, and 25 of them were down-regulated, while the other 26 proteins were up-regulated in the
hippocampus of the ELPS-young rats compared with the controls. In the ELPS-adult rats, there were 56
signi�cant differentially expression proteins, and 42 of them were down-regulated, the other 14 proteins
were up-regulated in the hippocampus compared with their controls. Thirteen of the most signi�cant
differentially expressed proteins in ELPS-adult hippocampus were identi�ed as SPTAN1, MYH4, HSPA8,
HS90A, DYN1, DLDH, ARP3, GLNA, SAHH, HBB1, ACLY, TBB2A and GBB1, that demonstrated the greatest
stress-induced changes. Furthermore, western blotting analyses consistently showed that the reduced
expression of SPTAN1 and MYH4 whereas the expression of HSPA8 was up-regulated in the
hippocampus after ELPS till to the adult-stage. The current study showed the impaired spatial learning
and memory and changed hippocampal gene expressions induced by ELPS from early-stage to adult-
stage in rats. This study shows that ELPS plays an important role in behavioral cognition and
hippocampal protein expression in adult rats.

1. Introduction
The juvenile brain undergoes a period of growth and development, and is more sensitive to external
stimuli than adult brains. Early life stress (ELS) affects hippocampal neurogenesis, increases depressive-
like behavior, and causes mild metabolic imbalance in adulthood[1]. Roberto Ruiz et al. found that
maternal separation caused more severe depressive-like behavior in middle-aged (10-months-old) adults
than in young (4-months-old) animals[2]. Felipe V. Gomes et al. found that all adolescent stressors
(restraint stress [RS], foot-shock [FS], or the combination of FS and RS) impaired weight gain and induced
anxiety-like responses,FS and FS + RS also disrupted cognitive function in adult rats[3].

The hippocampal formation is rich in GC receptors and is highly sensitive to developmental stress[4]. The
�rst 2 postnatal weeks comprise a crucial period in hippocampal maturation as this is when the
hippocampal commissural/associational (C/A) pathways establish their synaptic connections on CA3
pyramidal cell dendrites[5]. Disruption of this process can only be partially restored beyond the third
postnatal week[6], making that stress experienced during this period can profoundly affect hippocampal
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structure and function. There is ample evidence from human and animal studies that early life
experiences have profound effects on hippocampal mediated memory function in adulthood[7–10].

Psychological stress refers to the process of psychological and physiological changes caused by the
perception and assessment of the threat of stressors when the body is stimulated by various internal and
external environmental factors. Long-term intense psychological stress can severely affect the human
health, such as learning and memory impairments, dementia, accelerating aging of normal aging
processes, causing depression and low immunity[11–15]. Interestingly, recent studies have shown that
psychological stress in early life such as maternal separation stress, caused learning and memory
de�cits, emotional anxiety, negative emotions and reduced cognitive abilities in adulthood[16, 17].

Importantly, does our established psychological stress (scream sound stress) on newborn rats affect their
learning and memory ability in adult? And then, we established the early-life psychological stress on
newborn rats for 21 days and concluded decreased learning and memory abilities of rats in adult. In
addition, the current study on the effects of psychological stress on learning and memory is mainly
focused on the behavior of stressed animals, changes in hippocampal pyramidal cell morphology,
changes in receptors and genes related to the hippocampus, and related protein expression changes[18–
21]. The formation and stabilization of memory is an ever-renewing process, in which protein synthesis is
required at each stage, and each process involves the reticulation of genes[22]. At present, research on
the effects of early psychological stress on gene expression patterns of stressed individuals using
proteomics is rare. Therefore, it is necessary to determine the effects, based on proteomics, of early life
psychological stress on spatial learning and memory during adulthood to reveal complex signal
pathways.

2. Materials And Methods

2.1 Animals and experimental protocol
21 female Sprague-Dawley rats aged about 80 days and weighing between 250-300g, and 7 male
Sprague-Dawley rats aged about 90 days and weighing between 300-350g were obtained from the
Laboratory Animal Center, Xi’an Jiaotong University (Medical Experimental Animal Centre of Shaanxi
Province, China). Female rats were randomly divided into seven cages, and three female rats and one
male rat were housed in one cage for breeding. Pregnant female rats (n=20) were separately raised in a
single cage until gave birth to pups. There were totally 120 male pups and 4 male pups per cage at least.
Pups with their mothers were randomly divided into two group: ELPS group (n=10 cages) and Control
group (n=10 cages). In current study, we exposed pups with their mothers from postnatal day 1 (P1) - P21
to the terri�ed sound to induce early-life psychological stress (ELPS). On postnatal day 22 (P22), pups
weaned and 2 newly weaned rat per litter from ELPS or Control group were used as Control-young group
(n=20) and ELPS-young group (n=20). These rats were tested for learning and memory ability (n=14) and
were prepared for hippocampus isolation (n=6) per group. Meanwhile, another two newly weaned rat per
litter from ELPS or Control group were used as Control-adult group (n=20) and ELPS-adult group (n=20),
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and they were raised without additional intervention until 80 days and then underwent a Morris water
maze test (n=14) and hippocampus isolation (n=6) per group. The hippocampal tissues of these rats
were prepared for 2DE/MS (n=3/group) and Western blotting (n=3/group) (Fig. 1B).

All rats were housed in a temperature-controlled (25±2°C) animal transit room with a 12h light/dark cycle
throughout the study. Rat food pellets and clean tap water were provided ad libitum. All experiments were
performed in accordance with relevant guidelines and regulations and all animal procedures were
approved by the Animal Ethics Committee of Xi’an Jiaotong University (Permit Number: XJTULAC2017-
705).

2.2 Early-life psychological stress (ELPS)
According to the terri�ed sound psychological stress model established in our previous research[23], six
male rats were exposed to a 40-60V electric foot shock, and their terri�ed sound in response to the electric
shock were simultaneously recorded in a professional recording room (Fig. 1A). In current study, we
exposed pups from postnatal day (PND) 1 (P1) - P21 to the terri�ed sound to induce early-life
psychological stress (ELPS). The terri�ed sound was played for 3h in the morning and 3h in the afternoon
for 21 consecutive days (Fig. 1B). The loudspeaker broadcasting the terri�ed sound was located 50 cm
above the animal cages, and the sound intensity was 45-60dB. Control group was kept in a room with a
40-45dB ambient noise level. During ELPS exposure, all pups were housed with their mother in a
temperature-controlled (25±2°C) animal transit room with a 12h light/dark cycle throughout the study,
food pellets and clean tap water were provided ad libitum.

2.3 Morris water maze test
The circular pool for the Morris water maze test had a diameter of 90cm and a height of 50cm, and was
divided into four quadrants (I, II, III, and IV) at four equidistant points named east (E), south (S), west (W),
and north (N) on the pool wall. A circular platform with a diameter of 8cm, a height of 31cm, and below
the water level by about 2cm, was placed 30cm away from the wall of the IV quadrant. Before the
experiments, the circular pool was �lled with water to a depth of 30cm. During the experiments, the water
temperature was set at 23±0.5℃.

During cognitive spatial ability testing, each animal underwent four trials daily for 5 consecutive days.
Each trial was started from a different location and lasted for 120s, with the rats facing the wall of the
pool when placed into the water. When the rats located the platform, they were allowed to stay on the
platform for 15s before the next trial. If the rats failed to locate the platform within 120s, they were guided
to the platform and allowed to stay there for 15s. The escaping latency and the travel orbit of each rat
were recorded by the tracking system. On the sixth day, the rats were given 120s to explore the pool with
the platform removed. All tests were recorded by Smart 3.0 video-tracking software (RWD, Shen Zhen,
China).

2.4 Sample preparation
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The rats (n=6) per group were separately euthanized by chloral hydrate (400mg/kg) and their
hippocampus were stripped from the brains on ice, quickly frozen with liquid nitrogen, and stored at

-80℃. To test protein expression pro�le of the hippocampus by 2DE, the same mass of hippocampal
tissue (n=3) per group was crushed using a mortar and pestle and liquid nitrogen, and each sample in the
2.0mL centrifuge tube was mixed with lysis buffer to obtain a 150mg/mL concentration. The lysis buffer
contained 40mM Tris-HCl (pH8.5), 8M urea, 4% CHAPS, 0.5% ampholytes, 1mM PMSF, 2mM EDTA, and
40mM DTT. Each lysate was sonicated on ice for 5min (sonicated 2s, interval 3s), and then centrifuged at
14,000×g for 30min at 4℃. The supernatant of three samples per group were mixed and used for protein
puri�cation. The puri�cation and quanti�cation of proteins was determined using the 2-D Quant Kit (GE
Healthcare, Sunnyvale, CA, USA).

2.5 Isoelectric focusing (IEF) and polyacrylamide gel
electrophoresis (PAGE)
The IEF was performed using an EttanIPGphor III IEF system (GE Healthcare) at 20°C with a current limit
of 50µA per strip. The hippocampal supernatants containing 1mg of total protein were diluted to 350µL
with heavy loading solution containing 8mol/L urea, 2% CHAPS, 18mmol/L DTT, 0.5% IPG buffer and a
trace amount of bromophenol blue dye. The 18cm IPG strips had a nonlinear pH gradient of 3 to 10 and
the sample volume for each strip was 350µL. The IEF electrophoresis procedure was performed in the
following consecutive steps: 30V for 12h; 200V for 1h; 500V for 1h; 1000V for 1h; a 1000 to 8000V
gradient for 1h; and 8000V for 2h. After the completion of IEF, the strips were placed in equilibration
buffer containing 50mM Tris-HCl, pH8.8, 6M urea, 30% (v/v) glycerol, 2% (w/v) sodium dodecyl sulfate
(SDS), 1% (w/v) DTT, and a trace amount of bromophenol blue dye, for 10min, followed by another 10min
incubation in equilibration buffer containing 4% (w/v) iodoacetamide instead of DTT. The second
electrophoresis step was performed with 12% acrylamide gel at 20°C for 4h using an Ettan-Dalton
electrophoresis unit at a power setting of 20W.

After electrophoresis, the polyacrylamide gels were �xed for 30min in �xing solution containing 10% (v/v)
acetic acid and 30% (v/v) ethanol, and then were stained for 90min in a solution containing 5% (v/v)
methanol, 42.5% ethanol, 10% acetic acid, 30% ethanol, 0.2% (w/v) Coomassie Brilliant Blue (CBB) G250
dye, and 0.05% CBB R250 dye. Next, the polyacrylamide gels were destained for 60min in �xing solution,
followed by additional destaining in 7% acetic acid until the gel background was clear. The gels of the
stress group and the control group were scanned and analyzed with Image Master 2D Platinum, version
6.0, software (GE Healthcare). The different protein bands or spots were manually excised from the
stained polyacrylamide gels for further identi�cation by MALDI-TOF-MS.

2.6 Protein identi�cation by MALDI-TOF-MS
Peptide mass �ngerprinting was performed on a Bruker Daltonics 4700 Proteomics Analyzer MALDI-TOF-
TOF mass spectrometer (Bruker, Ettlingen, Germany). After image analyses, we conducted in-gel enzyme
digestion. Firstly, we cut the spot from the gel with a 1.5mm3 pencil and placed it in a 1.5mL Eppendorf
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tube washing twice with 500µL double-distilled water for 10min each. Then, a solution containing 50%
acetonitrile and 25mmol/L NH4HCO3 was used for decolorization. The decolorized rubber block was dried
in a vacuum centrifuge dryer for about 20min to reduce the dehydration volume of the rubber block to an
approximate ball and that was dissolved with 3-7µL of 0.01µg/µL trypsin solution containing 25mmol/L
NH4HCO3 solution at 4°C for 15min. When the enzyme solution was completely absorbed by the colloidal
particles, we added 25mM NH4HCO3 to the total volume of 10-15µL overnight at 37℃. Finally, we added
0.1% TFA or 50% CH3CN+0.1% TFA to terminate the reaction, oscillated and mixed well, and centrifuged
to collect the hydrolysate. 1µL of the sample solution obtained from the in-gel digestion was mixed with
an equal volume of a saturated matrix HCCA (α-cyano-4-hydroxycinnamic acid) solution, and the mixture
was spotted and the target was spotted. After drying at room temperature, the target plate was put into a
mass spectrometer in a linear mode for analysis. Samples were detected after calibration using a
standard and Flex Control 2.0 software to obtain the protein peptide spectra with different cytoplasmic
ratios (m/z). The protein peptide spectra were analyzed using Flex Analysis 3.0 software.

2.7 Western blotting validation of proteins
Western blotting was performed using standard methods. Brie�y, the rat hippocampi (n=3/group) were
lysed on ice in RIPA Buffer with Phostop (Roche, Berlin, Germany), protease inhibitors (Roche), and PMSF
(Sigma-Aldrich, St. Louis, MO, USA). The protein samples concentration was measured by using a BCA kit
(Pierce, Waltham, MA, USA). A mixture protein of three samples per group were separated by
electrophoresis in an SDS-PAGE gel and electroblotted onto a PVDF membrane (Millipore, Temecula, CA,
USA). Membranes were probed with speci�c primary antibodies and peroxidase-conjugated secondary
antibodies (Jackson ImmunoResearch, West Grove, PA, USA). Then, chemiluminescent signals were
visualized for bands using the tagged HRP substrate (Millipore, Hayward, CA, USA). The following
antibodies were used: anti-SPTAN1 (Abcam; ab133342); anti-MYH4 (Proteintech; 20140-1-AP); anti-
HSPA8 (Proteintech; 66442-1-Ig); anti-GFAP (Abcam; ab33922) and anti-β-actin (Abways; AB0035).

2.8 Statistical analysis
Student's t-test was used to determine the differences between two groups. MWM data was analyzed by
two-way repeated measures ANOVA with ELPS as one factor and training days as the second factor. All
data was analyzed by IBM SPSS Statistics 22 and presented as the mean ± SEM. All �gures were
presented using GraphPad Prism 9.0. A p-value of less than .05 was considered statistically signi�cant
(*), less than .01 as extremely signi�cant (**) and less than .001 as extremely signi�cant (***).

3. Results

3.1 Effects of ELPS on spatial learning and memory
On the second day after the completion of ELPS for 21 days, the Morris Water Maze test was used to
investigate changes in spatial learning and memory. As shown in Fig. 2A and E, the escape latency of the
Control-young and ELPS-young groups gradually decreased; ELPS-young rats spent more time �nding the
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target but was no signi�cant difference between them. In the probe trial with the platform removed, the
number of times of ELPS-young rats crossing the platform position was fewer than the control groups
(Fig. 2B); the ELPS-young rats spent less time (Fig. 2C), had less distance (Fig. 2D and J) in the target
quadrant. These results indicated that ELPS might result in a dysfunction of spatial learning and memory
in young rats and we suspected ELPS may have long-term effects.

To investigate whether ELPS had a lasting effect of spatial learning and memory on adult rats, we
performed the Morris Water Maze test. In the spatial learning analyses, the ELPS-adult rats signi�cantly
spent more time �nding the platform (repeated measures ANOVA, F=4.949, P=0.035; Fig. 2F and J). In the
spatial memory analysis, with the platform removed, ELPS-adult rats crossed the platform position less
frequently than the control groups (*P < 0.05; Fig. 2G); the ELPS-adult rats spent less time (***P < 0.001;
Fig. 2H), had less distance (***P < 0.001; Fig. 2I and J) in the target quadrant. Overall, our results showed
a continuous reduction learning and memory ability in ELPS rats compared with the control rats from
early to adult.

3.2 Effects of ELPS on hippocampal proteomics pro�ling
The effects of ELPS on the expression of proteins in the rat hippocampus were constructed by high-
resolution 2DE maps. There were 422±17 and 382±39 spots on the Control-young and ELPS-young rat
2DE gels, respectively. The statistical analysis of the 2DE data revealed that the volumes of 51 protein
spots were signi�cantly different between the ELPS-young and Control-young groups (fold change>2;
P<0.01). In the ELPS-young rats, the expression of 25 proteins was down-regulated in the hippocampus,
and that of 26 proteins was up-regulated. In the meantime, there were 298±4 and 299±1 spots on the
Control-adult and ELPS-adult rat 2DE gels, respectively. The statistical analysis of the 2DE data revealed
that the volumes of 56 protein spots were signi�cantly different between the ELPS-adult and Control-
adult groups (fold change>2; P<0.01). In the ELPS-adult rats, the expression of 42 proteins was down-
regulated in the hippocampus, and that of 14 proteins was up-regulated (Fig. 3A). Thirteen (spot number:
1-13) of the most signi�cant differentially expressed proteins in ELPS-adult and Control-adult rats were
further identi�ed, which the difference in the relative levels of expression was greatest, the expression of 9
proteins (spot number: 1, 2, 4, 5, 6, 7, 8, 9&10) were down-regulated in the ELPS-adult rats and 2 (spot
number: 2&8) of them were continue to express down from early to adult; 4 protein spots (spot number: 3,
11, 12&13) were up-regulated and 1 (spot number: 3) of them were continue to express up from early to
adult. (Fig. 3B and C).

3.3 Identi�cation and validation of differentially expressed
proteins
The 13 protein spots were further identi�ed using MALDI-TOF-MS, and were identi�ed as spectrin alpha
chain, non-erythrocyte 1 (SPTAN1), myosin-4 (MYH4), heat shock cognate 71 kDa protein (HSPA8), heat
shock protein HSP 90-alpha (HS90A), dynamin-1 (DYN1), dihydrolipoyl dehydrogenase mitochondrial
(DLDH), actin-related protein 3 (ARP3), glutamine synthetase (GLNA), adenosyl homocysteinase (SAHH),
hemoglobin subunit beta-1 (HBB1), ATP-citrate synthase (ACLY), tubulin beta-2A chain (TBB2A), and
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guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-1 (GBB1). The details of the 13 identi�ed
protein spots are listed in Table1.

Immunoblotting was used to con�rm the relative levels of differential expression and the identities of the
proteins that were previously identi�ed in the 2DE, MALDI-TOF-MS, and PMF analyses including SPTAN1
(No. 1), MYH4 (No. 2), and HSPA8 (No. 3) (Fig. 4A). The western blotting analysis showed that the
amounts of HSPA8 were greater in the hippocampus both of the ELPS-young vs. Control-young and
ELPS-adult vs. Control-adult rats, whereas the amounts of SPTAN1 and MYH4 were less in the
hippocampus of the ELPS-adult rats (Fig. 4B). These results are consistent with those of the 2DE
analysis. Moreover, the amounts of GFAP were less in the hippocampus both of the ELPS-young vs.
Control-young and ELPS-adult vs. Control-adult rats.

3.4 Gene ontology (GO) analysis of differentially expressed
proteins
In order to obtain further information of the 13 differentially expressed proteins, the UniProt
(https://www.uniprot.org/) and QuickGO (https://www.ebi.ac.uk/QuickGO) online databases were used to
classify the molecular functions, biological processes, and cellular components. For the GO classi�cation
for biological processes, most of the proteins were involved in cellular processes (18%) (Fig. 5A).
Considering the GO classi�cation for Molecular Function, most of the differentially abundant proteins
were divided in three classes, including binding and catalytic activity, accounting for up to 88% of the
proteins (Fig. 5B). Investigating the GO classi�cation for Cellular Component, most of the 13 differential
proteins participated in Cell Part (22%) (Fig. 5C). Those �ndings suggested that modi�cations in ELPS
impacted primarily on the cellular functions of the rat hippocampus.

3.5 Figures and Tables
(A) Rats were exposed to a 40–60V electric foot shock, and their terri�ed sound in response to the electric
shock were simultaneously recorded in a professional recording room. We exposed other rats to the
recorded terri�ed vocalization to induce psychological stress. (B) With their mothers, pups on postnatal
day 1 (P1) were exposed to the terri�ed sound to induce early-life psychological stress (ELPS). At P22,
after ELPS exposure, Control-young group (n=14) and ELPS-young group (n=14) were tested for learning
and memory ability by the Morris water maze test. To explore whether ELPS mediated spatial learning
and memory ability in adult rats, Control-adult group (n=14) and ELPS-adult group (n=14) were raised
without additional treatment until 80 days and then underwent a Morris water maze test. The
hippocampal tissues of rats (n=6) per group were prepared for 2DE, MS and Western blotting.

(A-D) The ELPS-young group required more time to �nd escape platform; had fewer number of times
crossing the platform position; spent less time and had less distance in the target quadrant, but there was
no signi�cant difference between the two groups. (F-I) The ELPS-adult group required more time to �nd
escape platform; had less times crossing the platform position; spent less time and had less distance in
the target quadrant, and there was signi�cant difference between the two groups. (E, J) Representative
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swimming tracks of all groups in the Morris Water Maze test for days 1-5 of training and day 6 of the
probe trial. N=14 per group. (*P<0.05, **P<0.01, ***P<0.001; NS: not signi�cant).

Figure 3. Different protein spots expression in 2DE gels.

(A) Representative 2DE map of rat hippocampus proteome from the Control-young group, ELPS-young
group, Control-adult group and ELPS-adult group. The expression quantity of 13 spots corresponding to
the most signi�cant differentially expressed proteins between the Control-young group and ELPS-young
group (B); Control-adult group and ELPS-adult group (C). The �gures used the independent Student's t-test
of statistical methods. *P<0.05, **P<0.01, ***P<0.001.

Figure 4. Identi�cation and validation of differentially expressed proteins.

(A) Differentially concentrated spots (1, 2, 3) identi�ed as SPTAN1, MYH4, HSPA8 by MALDI-TOF-MS are
marked with red arrows in the Control-young group, ELPS-young group, Control-adult group and ELPS-
adult group. (B) Western blotting analysis of SPTAN1, MYH4, HSPA8 and GFAP in the hippocampus of
Control-young group, ELPS-young group, Control-adult group and ELPS-adult group.

Proteins were classi�ed using UnitProtKB and GO database according to their (A) biological processes,
(B) molecular functions and (C) cellular components.
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Table 1
Protein spots differentially expressed in the control vs the ELPS rats identi�ed using peptide mass

�ngerprinting and Mascot search analyses of the MALDI-TOF-MS data.
Spot
no.

Accession
number

Protein name Molecular
mass
(MS)a

Sequence
Coveragea
(%)a

Mascot
scorea

Fold
changeb

A/B C/D

1 SPTN1_RAT Spectrin alpha chain,
non-erythrocytic 1

284462 58 (56) 5655 # 0.35

2 MYH4_RAT Myosin-4 222741 25 (18) 668 0.54 0.32

3 HSP7C_RAT Heat shock cognate 71
kDa protein

70827 21 (21) 2557 1.60 2.15

4 HS90A_RAT Heat shock protein
HSP 90-alpha

84762 24 (24) 4171 0.95 0.31

5 DYN1_RAT Dynamin-1 97234 15 (13) 722 0.94 0.42

6 DLDH_RAT Dihydrolipoyl
dehydrogenase,
mitochondrial

54004 6 (5) 327 0.69 0.35

7 ARP3_RAT Actin-related protein 3 47327 12 (9) 423 0.99 0.49

8 GLNA_RAT Glutamine synthetase 42240 12 (12) 1738 0.75 0.23

9 SAHH_RAT Adenosyl
homocysteinase

47507 13 (11) 571 0.77 0.18

10 HBB1_RAT Hemoglobin subunit
beta-1

15969 11 (10) 5282 1.40 0.38

11 ACLY_RAT ATP-citrate synthase 12055 8 (6) 125 1.59 2.70

12 TBB2A_RAT Tubulin beta-2A chain 49875 12 (11) 1386 2.36 3.03

13 GBB1_RAT Guanine nucleotide-
binding protein
G(I)/G(S)/G(T) subunit
beta-1

37353 7 (6) 540 1.00 2.36

a Identities of the protein spots were matched to the position of the spots in the 2D gels (values given
in parenthesis).

b The fold expression between isolation and control group from early to the adulthood. *p value <0.05.
# No data detected.

A: ELPS-young; B: Control-young; C: ELPS-adult; D: Control-adult.

4. Discussion
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The effects of stress in early-life also appear to produce changes to hippocampal neurogenesis that last
into adulthood in rats[24]. Previous studies suggested that acute and chronic stress exposure during
adolescence led to long-term changes in performance in hippocampal dependent cognitive behavioral
tasks[25, 26]. In this study, a terri�ed-sound stress has been used to determine the effects of
psychological stress on hippocampal physiology and spatial learning and memory in early-life of rats.
Moreover, we �rstly used a proteomic approach to investigate the relationship between changes in spatial
learning and memory and the protein expression pro�le of the hippocampus caused by early-life
psychological stress (ELPS). Our results suggested that ELPS impaired spatial learning and memory in
rats’ early life till to adult, and that changes in protein expression in the hippocampus coincide with the
effects on spatial learning and memory.

The hippocampus, a cyto-architecturally distinct structure folded into the cerebral cortex, plays an
important role in stress response, learning and memory[27]. M. Fountoulakis et al. reported a detailed two-
dimensional database for the rat hippocampus proteome, and the identi�cation of the products of 148
different genes, which were in the majority enzymes, structural proteins, and heat shock proteins groups,
including GFAP and HSPA8[28].We used 2DE- and MS-based proteomic analyses to examine differential
protein expression in the hippocampus of ELPS rats. Our statistical analysis showed 13 signi�cantly
different protein spots in ELPS-adult and Control-adult rats (fold change > 2; P < 0.01). The 13 protein
spots were further identi�ed using MALDI-TOF-MS as SPTAN1, MYH4, HSPA8, HS90A, DYN1, DLDH,
ARP3, GLNA, SAHH, HBB1, ACLY, TBB2A, and GBB1. In the ELPS-adult group, the expression of 9 proteins
(SPTAN1, MYH4, HS90A, DYN1, DLDH, ARP3, GLNA, SAHH and HBB1) were down-regulated and 2 (MYH4
& GLNA) of them were continue to express down from early to adult. Four proteins (HSPA8, ACLY, TBB2A
and GBB1) were up-regulated and 1 (HSPA8) of them was continue to express up from early to adult
(Table 1, Fig. 3).

The SPTAN1 gene encodes the cytoskeletal protein αII spectrin that playing a critical role in brain
development and epileptic encephalopathy[29]. Mice lacking αII spectrin are embryonic lethal due to
nervous system malformations[30]. Yu Wang et al. showed that dendritic number and length were
signi�cantly decreased in Sptan1 CRISPR deletion–transfected hippocampal neurons as compared with
control neurons. Loss of αII spectrin also led to defects in axon development. Therefore, breakdown of
SPTAN1 may be a common molecular pathology in neurodegenerative diseases and injuries[31, 32].
These �ndings are consistent with our observations that the ELPS-induced reduction in SPTAN1
expression in the rat hippocampus coincided with increased escape latency and reduced the crossing
numbers of platform, time and distance in the target quadrant, suggesting that the ELPS-mediated
reduction in SPTAN1 expression is related to reduced spatial learning and memory in rats’ early life till to
adult.

The function of MYH4 involves muscle contraction. Toshinori Yoshihara et. al observed that Myh4 mRNA
expression was related to age process. As type IIb MHC protein, Myh4 mRNA expression declined in rats
at 12 and 24 months of age, suggesting a progressive degeneration and atrophy of skeletal muscles
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during the aging process[33]. Interesting, our research �rstly showed that the ELPS reduced the
expression of MYH4 in rats at adulthood. Above all, MYH4 is important to development process in rats.

Heat shock proteins (HSPs) were initially described as a large family of proteins mediating the cellular
response to environmental stress such as elevated temperature, heavy metals or anoxia. Heat shock
cognate 71 kDa protein (HSPA8), also known as Hsc70 or Hsp73, is a molecular chaperone implicated in
a wide variety of cellular processes such as protection from stress and Hspa8 was found at high levels in
multiple stress-related brain regions and the hypothalamic-pituitary-adrenal (HPA) stress-axis[34, 35].
Hspa8 induces other members of the family, such as HSF-1, the transcription factor for Hsp70[36].
Previous study indicated that psychophysiological stress induced heat shock cognate protein 70 mRNA
expression in the hippocampus of rats[37]. Consistent, our western blotting analysis showed that the
amounts of HSPA8 were greater in the hippocampus both of the ELPS-young vs. Control-young and
ELPS-adult vs. Control-adult rats. Thus, Hspa8 is potentially the initiator of the stress response.

GFAP, a class-III intermediate �lament, is a cell-speci�c marker that, during the development of the central
nervous system, distinguishes astrocytes from other glial cells[38]. Indeed, a wealth of investigations now
shows that astrocytes regulate processes of handling information and memory formation[39]. The
mutation of GFAP in a mouse model of Alexander's disease showed de�ciencies in spatial memory as
assessed in the Morris Water Maze[40]. In an animal study, western blot analyses showed that chronic
stress down-regulated GFAP in adult male rats[41]. Our results showed a reduction of GFAP expression by
ELPS in the rat immature hippocampus that lasted into adulthood, which might be one of reasons for
impaired learning and memory.

In conclusion, we found that early-life psychological stress (ELPS) reduced spatial learning and memory
of rats from early to adult, and that the stress-induced impairment in spatial learning and memory
coincides with changes in the expression pro�le of cells in the hippocampus. Our GO analysis showed
that the ELPS-induced modi�cations of differently expressed proteins impacted primarily on the cellular
functions of the rat hippocampus. Our study provided a theoretical foundation for investigating the
effects of early-life stress on individuals manifested during adulthood. More importantly, the formation
and stabilization of memory is an ever-renewing process, which protein synthesis is required at each
stage. Some differentially expressed proteins we found are critical for dendritic and axonal development
and synaptogenesis, and associated with nervous system function. However, our �ndings are preliminary,
due to the limited number of proteins indenti�ed in the MS analysis. Future investigations of larger
numbers of proteins that are differentially expressed in the hippocampus are required to con�rm our
�ndings and provide greater insight into the stress-induced changes in the proteomic pro�le of the
hippocampus.
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GO Gene ontology 
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Figures

Figure 1
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Early-life psychological stress (ELPS) animal model and experimental procedures. (A) Rats were exposed
to a 40–60V electric foot shock, and their terri�ed sound in response to the electric shock were
simultaneously recorded in a professional recording room. We exposed other rats to the recorded terri�ed
vocalization to induce psychological stress. (B) With their mothers, pups on postnatal day 1 (P1) were
exposed to the terri�ed sound to induce early-life psychological stress (ELPS). At P22, after ELPS
exposure, Control-young group (n=14) and ELPS-young group (n=14) were tested for learning and
memory ability by the Morris water maze test. To explore whether ELPS mediated spatial learning and
memory ability in adult rats, Control-adult group (n=14) and ELPS-adult group (n=14) were raised without
additional treatment until 80 days and then underwent a Morris water maze test. The hippocampal
tissues of rats (n=6) per group were prepared for 2DE, MS and Western blotting.
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Figure 2

Effects of the ELPS on spatial learning and memory. (A-D) The ELPS-young group required more time to
�nd escape platform; had fewer number of times crossing the platform position; spent less time and had
less distance in the target quadrant, but there was no signi�cant difference between the two groups. (F-I)
The ELPS-adult group required more time to �nd escape platform; had less times crossing the platform
position; spent less time and had less distance in the target quadrant, and there was signi�cant
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difference between the two groups. (E, J) Representative swimming tracks of all groups in the Morris
Water Maze test for days 1-5 of training and day 6 of the probe trial. N=14 per group. (*P<0.05, **P<0.01,
***P<0.001; NS: not signi�cant).

Figure 3

Different protein spots expression in 2DE gels. (A) Representative 2DE map of rat hippocampus proteome
from the Control-young group, ELPS-young group, Control-adult group and ELPS-adult group. The
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expression quantity of 13 spots corresponding to the most significant differentially expressed proteins
between the Control-young group and ELPS-young group (B); Control-adult group and ELPS-adult group
(C). The �gures used the independent Student's t-test of statistical methods. *P<0.05, **P<0.01,
***P<0.001.

Figure 4

Identi�cation and validation of differentially expressed proteins. (A) Differentially concentrated spots (1,
2, 3) identi�ed as SPTAN1, MYH4, HSPA8 by MALDI-TOF-MS are marked with red arrows in the Control-
young group, ELPS-young group, Control-adult group and ELPS-adult group. (B) Western blotting analysis
of SPTAN1, MYH4, HSPA8 and GFAP in the hippocampus of Control-young group, ELPS-young group,
Control-adult group and ELPS-adult group.
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Figure 5

Classification of the identi�ed proteins. Proteins were classi�ed using UnitProtKB and GO database
according to their (A) biological processes, (B) molecular functions and (C) cellular components.


