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Abstract

In the present study, 40 Sprague-Dawley rats were divided into forced swim stress group and controls, with 20 rats in each group (10 for
behavioral tests, 10 for protein detection). The forced swim stress group received swim stress for 14 consecutive days, and the controls were
stress-free. After stress, 20 rats were tested for behavioral observation using body weight gain, open field, elevated plus-maze and saccharine
preference test, and 20 rats were decapitated for protein detection. The extracellular signal-regulated kinase (Erk) and phospho-Erk (P-Erk) in the
hippocampus and prefrontal cortex were determined using western blot. It was found that the body weight gain of stressed animals during the 7
stressed days and the 14 stressed days was significantly decreased compared to that of controls. Stressed animals spent less time in open arms and
longer time in closed arms. The stressed animals demonstrated decreased locomotor activity and increased grooming in open field. The saccharine
solution intake and the ratio of saccharine solution intake to total liquid intake were both decreased in the stressed group. Stressed animals showed
decreased P-Erk2 and decreased ratio of P-Erk2 to total Erk2 in the hippocampus and prefrontal cortex, but their Erk1/2 was increased in the
prefrontal cortex with no change in hippocampus. The saccharine solution intake positively correlated with the P-Erk2 in the hippocampus and
negatively correlated with the Erk?2 in the prefrontal cortex. In conclusion, chronic forced swim stress was a good animal model of depression,
and it induced depressive-like behavior and decreased P-Erk2 in the hippocampus and prefrontal cortex in rats. The depressive-like behaviors were
correlated with decreased phosphorylation of Erk, which suggested that the dysfunction of Erk activity might be one of biological mechanisms
underlying depression induced by stress.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Increasing evidence implicates stress as an important factor
in the vulnerability to depression and other behavioral dis-
orders [18,26], however, the neuronal mechanisms that stress
signals are transduced into behavioral disorders are far from
understanding. Although current clinical therapies for depres-
sion usually focus on modulating serotonergic or noradrenergic
activity in brain [38], all available antidepressants exert their
mood-elevating effects only after several weeks to months of
administration [36], which means that enhanced serotonergic
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or noradrenergic neurotransmission is not directly responsible
for the clinical actions of these drugs. Rather, some neuronal
synaptic plasticity induced by this enhanced neurotransmission
would appear to mediate drug actions. More recent studies have
extended neurotransmitters to an examination of the postrecep-
tor intracellular targets that mediate the action of antidepres-
sants, and informed us that signal transduction pathway may be
the mechanisms of antidepressant action and the pathophysiol-
ogy of depression [30,49].

The generic term mitogen-activated protein kinases
(MAPKSs) is used to denote a family of signal transduction medi-
ators that regulate a diverse of cellular functions via activation of
a sequential phosphorylation cascade involving a three-protein
cassette [45]. Several MAPKSs cascades have been characterized,
of which the best-studied and most important MAPKs are the
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extracellular signal-regulated kinases 1 and 2 (Erk1/2). When
activated, the phosphorylation state of the Erkl1/2, phospho-
Erk1/2 (P-Erk1/2) can translocate into nucleus carrying extra-
cellular stimuli primarily regulating the neuronal growth, differ-
entiation and apoptosis [24,51]. The Erk1/2 signal pathway is
considered as the major convergence point in all signaling path-
ways [8], and increasingly becomes a hot topic in many research
fields. Erk1/2 is extensively distributed throughout the central
nervous system and prominently found in the hippocampus and
prefrontal cortex [17,37], which are brain regions most likely
to be implicated in response to stress and depression [19,40].
At present, Erk1/2 is being extensively studied in learning and
memory. Many results have demonstrated that P-Erk2 has vital
role in hippocampus-dependent learning and memory and pre-
frontal cortex-dependent conditioning. It can facilitate learning
[3,47] and memory consolidation [22,46], and regulate neuronal
plasticity [14,56]. However, to date, there is little work concern-
ing the role of Erk1/2 in emotional disorders, such as depression,
especially in depression induced by stress. One recent research
indicates that brain-derived neurotrophic factor (BDNF) can
ameliorate depression via activating the Erk MAPKSs pathway to
increase the signaling [49]. In addition, acute systemic treatment
of rats with selective 5-HT 1a agonist elicits rapid time- and dose-
dependent changes in P-Erk1/2 levels in the brain [7]. Erk1/2
is downstream target of 5-hydroxytraptamine (5-HT) which is
deficient in depression, and the downstream signaling pathways
of BDNF and 5-HT demonstrate a high degree of overlap [32].
These data suggest that Erk1/2 is involved in the molecular
pathophysiology of depression. Moreover, stress studies in
experimental animals report that acute swim stress increases
Erk1/2 phosphorylatin in the prefrontal cortex [48], and acute
restraint stress increases the P-Erk2 level in the hippocampus
and prefrontal cortex [35], which indicates stress can exert
effect on brain levels of P-Erk1/2 and the Erk1/2 signal pathway
participates in the response to stress. According to the above
evidence, we could find that Erk1/2 pathway is involved not only
in the response to stress but in the molecular pathophysiology
of depression, so the Erk1/2 might be a significant target for
us to examine the neuronal mechanisms of depression induced
by stress.

The hippocampus and prefrontal cortex are much vulnerable
to stress and harmful stimuli [19,40]. There are morphological
and functional alterations in the two brain regions in stressed
animals and depressed humans. Preclinical studies have
demonstrated that stress can cause atrophy or loss of CA3
pyramidal neurons and decrease the neurogenesis of dentate
gyrus granule cells in the hippocampus [12,33]. Moreover,
clinical brain imaging studies demonstrate that the volume
of the hippocampus is reduced in patients with depression
[4]. Alterations in blood flow, metabolism, and volume of
prefrontal cortex also have been reported in depressed patients
[11]. In addition, histopathological evidence demonstrates
that depressed subjects have decreases in cortical thickness,
neuronal sizes, and neuronal and glial densities in the pre-
frontal cortex [42]. So the two brain regions deserve further
investigation in discovering the neuronal mechanisms of
depression.

The forced swim stress is a putative animal model of depres-
sion which emulates the behavioral despair paradigm of depres-
sion [41]. Currently it is one of the most frequently used behav-
ioral tests for investigating antidepressant potential, and pro-
vides the highest degree of pharmacological predictive validity
[29]. Because most human depression disorders are induced by
chronic stress, but not acute stress, we administrated chronic
forced swim stress to establish animal model of depression in
our research which can well mimic the development of human
depression.

Thus, the purpose of the present study was to investigate
the effect of stress on brain levels of Erk1/2 and P-Erk1/2, the
effect of stress on behavioral responses of experimental animals,
and the relationship between the Erk1/2, P-Erk1/2 and behav-
ior. The levels of Erk1/2 and P-Erk1/2 in the hippocampus and
prefrontal cortex as well as the depressive-like behavior of the
animals were investigated. Examining both the Erk1/2 activity
alterations in the brain and the behavioral changes induced by
stress would provide new information for understanding of the
neuronal mechanisms of depression induced by stress, and it was
the first step for us to further investigate the role of the Erk1/2
in depression.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley (250-275 g) rats were obtained from Wei Tong Li
Hua Lab Animal Center (Beijing, China). All rats were housed individually.
They were acclimated to 3 min of handling once a day for 7 consecutive days
before being used in experiment. Rats were maintained on a 12h light/dark
cycle (with light on, 08:00-20:00 h) with food and water ad libitum except for
saccharine preference test time. Forty rats were randomly divided into the swim
stress group and the controls with 20 rats in each group. To avoid the possible
effect of behavioral tests on the protein level in brain, in each group, 10 rats were
tested for behavioral responses, and 10 rats were used for protein detection. The
20 rats in the swim stress group received 14 days of swim stress, and the 20
control rats were free of stress. After stress, 10 stressed rats and 10 control
rats were observed using behavioral tests of open field, elevated plus-maze and
saccharine preference test. The experimental procedures were approved by the
International Review Board of the Institute of Psychology, Chinese Academy of
Sciences.

2.2. Stress procedure

Twenty rats were subjected to forced swim stress. The swim stress
was performed between 08:00h and 10:00h in a stainless steel tank
(2.0mL x 1.0mW x 1.5 mH) filled with 30 cm depth of water (10 £ 0.5 °C). Each
rat was forced to swim individually for 5 min each day for 14 consecutive days.
The control rats were given 5 min of handling each day for 14 consecutive days.

2.3. Behavioral tests

2.3.1. Body weight gain

Rats were weighed on the 1st and 7th day of handling, and on the 1st, 7th, and
14th day of experiment. Body weight gain from the 1st to 7th day of handling
was marked as CWT, from the 1st to 7th day of experiment was marked as
SWT7, and from the Ist to 14th day of experiment was marked as SWT14.

2.3.2. Open field
Twenty-four hours later the last stress, 20 rats were behaviorally tested using
open field. The test was performed between 08:00 and 11:00 h. The apparatus
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was a circular arena, 180 cm in diameter with 50 cm wall. The test room had
a dim illumination (40 W) in order to decrease the averseness of the test [44].
An animal was placed in the center of the field and the following variables
were recorded for 5 min and analyzed by a computer-based system (EthoVision,
Noldus Information Technology b.v., Netherlands): number of rearing, number
of grooming, horizontal activity (distance traveled), and time spent freezing.
The fecal boli defecated during open field exploration were counted [21]. The
open field was cleaned each time after testing a rat.

2.3.3. Elevated plus-maze

The test was performed immediately after the open field test and between
08:10 and 11:10h. When the open field test was finished, the rat was imme-
diately placed into the elevated plus-maze. The maze procedures were run
as previously described [44]. Briefly, the apparatus consisted of two oppo-
site open arms (50.8cm x 10.2cm x 1.3cm) and two opposite closed arms
(50.8cm x 10.2cm x 40.6 cm). The arms were connected by a central square
(10.2cm x 10.2 cm). The apparatus was 72.4 cm above a floor and exposed to
dim illumination. An animal was placed in the center of the maze facing a closed
arm. The behavior was recorded for 5 min and analyzed by a computer-based
system (MED-VPM-RS, Med Associate Inc., USA). Time spent in the open
arms, the number of entry into the open and closed arms were assessed. An
individual entry was recorded when the animal entered the arm with at least
two front paws and half of its body. The shorter is the time spent in open arms,
the higher is anxiety and vice versa [23,34]. After each trial the apparatus was
cleaned with 30% ethanol solution.

2.3.4. Saccharin preference

On the last-stressed day, rats were deprived of water (from 20:00h), then
from the next day on, rats were given a 3h window saccharin preference test
(14:00-17:00h) once a day for 4 consecutive days. The rats were given two
bottles, one containing water and the other containing 1% sodium saccharin
solution. The amount of each solution consumed was determined by weighing
the bottles before and after the 3h window. Total saccharine solution intake,
total water intake, average saccharine solution intake and average water intake
in 4 days were computed. Reduced consumption of sweet solutions (sucrose,
saccharin) by chronic mild stress rats is a measure of anhedonia [53]. The
saccharin preference was calculated as total saccharin intake/total (saccha-
rin + water) intake. The positions of the bottles on the cages were changed
every day. At the end of the preference test, rats were given free access
to water.

2.4. Western blot

2.4.1. Materials

The antibodies of Pan-Erk1/2 primary antibody (rabbit monoclonal), P-
Erk1/2 primary antibody (mouse monoclonal), B-actin primary antibody (mouse
monoclonal), horseradish-peroxidase-labeled goat antirabbit secondary anti-
body IgG and horseradish-peroxidase-labeled goat antimouse secondary anti-
body IgG were obtained from Sigma—Aldrich, St. Louis, MO. A 0.2 wm nitro-
cellulose filter (NC), polyacrylamide and Buffer were also from Sigma—Aldrich,
St. Louis, MO. Bicinchoninic acid assay kit (BCA), enhanced chemilumines-
cence (ECL) reagent were obtained from Pierce Biotechnology, Rockford, IL.
Gel Doc™ XR System and Quantity One® 1D analysis software were purchased
from Bio-Rad, Hercules, CA.

2.4.2. Tissue dissection and processing

Twenty rats were decapitated 24 h after last swim stress, and brains were
rapidly removed on ice. The brain was placed in a stainless steel brain matrix,
and prefrontal cortex was punched according to the atlas of Paxinos and Watson
[40]. The whole body of hippocampus was dissected from the brain. All tissues
were placed into liquid nitrogen to be frozen. Tissues were homogenized in
20 volumes of Buffer (pH 7.5, containing 50 mM Tris—Cl, 2mM EDTA, 2 mM
EGTA, 0.05 mM okadaic acid, 1 uM sodium vanidate, 5 pg/ml pepstatinA and
0.5% Nonidet P-40). Protein content of lysates was determined using BCA assay
kits. Lysates were mixed with 5x sodium dodecyl sulfate (SDS) to prepare for
certain concentration of sample solutions. All the sample solutions were stored
at —80 °C for use.

2.4.3. Protein separation and immunoblot

Proteins were separated by SDS-PAGE on 10% polyacrylamide gels. Then
proteins were moved to NC by electrophoretic transfer. Blots were incubated in
blocking buffer (10% nonfat dry milk powder in Tris—buffered saline containing
0.5% Tween-20, TTBS) for 1 h at room temperature (RT), washed 10 min x3 in
TTBS. Blots were incubated with P-Erk1/2 primary antibody overnight at 4 °C
and then washed 10min x3 in TTBS. Blots were incubated with horseradish-
peroxidase-labeled goat antimouse secondary antibody IgG for 1 h at RT, washed
10 min x3 in TTBS, treated with ECL reagents and exposed to film. Then blots
were stripped of antibodies by incubation for 10 min at 50 °C with stripping
buffer, re-blocked, washed, incubated for 3h at RT with pan-Erk1/2 primary
antibody which recognized total antigen protein, incubated with horseradish-
peroxidase-labeled goat antirabbit secondary antibody IgG for 1h at RT, then
the total protein of Erk1/2 was visualized by treatment with ECL reagent and
exposure to film. Repeat the above procedures, and the antigen of -actin was
visualized to film by binding to the proper primary antibody (-actin primary
antibody) and secondary antibody (horseradish-peroxidase-labeled goat anti-
mouse secondary antibody IgG).

2.4.4. Immunoblots analysis

Immunoblots were analyzed using Quantity One® 1D analysis software. For
each blot of P-Erk1/2 and pan-Erk1/2, the relative protein level was calculated
from the ratio of absorbance of P-Erk1/2/3-Actin and the ratio of the absorbance
of pan-Erk1/2/B-Actin to correct for small difference in protein loading.

2.5. Statistical analysis

The statistical analysis was performed using the “Statistical Package for
Social Sciences” (SPSS, Version 11.5). The controls and the swim stress group
were compared using Student’s #-test. Pearson correlation tests (two-tailed) were
used for protein-behavioral correlation analysis. P < 0.05 was the accepted level
of significance.

3. Results
3.1. Body weight gain

During 7 handling days, the body weight gain did not dif-
fer significantly between controls and stressed animals; after
7 stressed days, stressed animals showed a decreased body
weight gain as compared to controls (75.36 +6.21 g versus
100.64 +9.48 g, respectively; t=2.19, P<0.05), and after 14
stressed days, the body weight gain of stressed group was
markedly less than that of controls (70.35+6.49g versus
114.80 £ 12.49 g, respectively; r=3.13, P<0.01) (Fig. 1).

3.2. Open field

The stressed animals revealed decreased distance traveled
and higher number of grooming as compared to controls
(distance: 2076.60 4+393.80cm versus 2990.00 &+ 328.23 cm,
respectively; t=1.87, P<0.05; grooming: 1.2240.22 versus
0.30 £ 0.15, respectively; t=—3.48, P<0.01). The number of
rearing, the freezing time and the number of fecal boli did not
differ significantly between groups (Fig. 2).

3.3. Elevated plus maze

The stressed animals spent shorter time in open arms
(90.30 £22.71 s versus 127.40 4 13.97 s, respectively; 1 =2.39,
P<0.05) and longer time in closed arms (209.70422.71s
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Fig. 1. Body weight gain of controls and stressed group during the period of 7
handling days (CWT), 7 stressed days (SWT7) and 14 stressed days (SWT14).
All data were presented as means = S.E.M. Controls n=10, stressed n=10.
*P<0.05; " P<0.0L.

versus 172.60 £ 13.97 s, respectively; t = —2.39, P <0.05). The
open arms entries and the closed arms entries did not differ
significantly between the two groups (r=-0.85, P>0.05;
t=0.00, P>0.05) (Fig. 3).

3.4. Saccharine preference

The stressed animals showed decreased average saccharine
solution intake in 4 days compared to controls (10.81 £1.65¢g
versus 14.98 &+ 1.22 g, respectively; 1=2.05, P <0.05), and the
ratio of the total saccharine solution intake to total liquids
intake was also significantly decreased (37.30 £ 5.45% versus
46.72 £ 5.22%, respectively; t=2.54, P<0.05); There was no
significant difference in average water intake in 4 days between
controls and stressed animals (Fig. 4).

3.5. The P-Erk2 and Erkl/2 level in the hippocampus and
prefrontal cortex

P-Erkl and P-Erk2 changed in parallel, but in short expo-
sure, the signals of P-Erkl were too weak to be detected,
so only P-Erk2 signals were quantified. Chronic swim stress
significantly decreased P-Erk2 level in the hippocampus
and prefrontal cortex (hippocampus: 45.68 +3.52% versus
75.51+9.83%, respectively; r=3.05, P<0.01; prefrontal
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Fig. 2. Behavioral outcome of controls and stressed animals in open field. (A) The number of rearing. (B) Freezing time. (C) The number of fecal boli. (D) The
distance traveled. Student’s ¢-test analysis for distance traveled revealed the stressed animals showed decreased distance traveled than controls. (E) The number of
grooming: the stressed animals had higher number of grooming compared to controls. All data were presented as means = S.E.M. Controls n =10, stressed n=10.
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Fig. 3. Behavioral outcome of controls and stressed group in elevated plus-maze. (A) Time spent in open arms and closed arms. (B) The number of open arms entries
and closed arms entries. OPAMS, open arms; CLAMS, closed arms. All data were presented as means = S.E.M. Controls n= 10, stressed n=10. *P<0.05.
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Fig. 4. Saccharine preference of controls and stressed group. (A) The average saccharine solution intake (S) and water intake (W) in 4 days. (B) The total saccharine
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Fig. 5. The level of P-Erk2 (A), Erk1/2 (B) and the ratio of P-Erk2 to total Erk2 (C) in the hippocampus and prefrontal cortex. (A) The level of P-Erk2 in the
hippocampus and prefrontal cortex. (B) The total protein of Erk1/2 in the hippocampus and prefrontal cortex. (C) The ratio of P-Erk2 to total Erk2 in the hippocampus
and prefrontal cortex. H, hippocampus; PFC, prefrontal cortex; HERK1, Erk1 in the hippocampus; HERK?2, Erk2 in the hippocampus; PERK1, Erk1 in the prefrontal
cortex; PERK2, Erk?2 in the prefrontal cortex. All data were presented as means £ S.E.M. Controls n = 10, stressed n = 10. “P<0.05; " P<0.01.

cortex: 65.27+8.03% versus 98.61 +13.91%, respectively;
t=2.16, P<0.05) (Figs. 5A and 6). Erkl and Erk2 were both
significantly increased in the prefrontal cortex in stressed
group (Erkl: 42.56 +4.73% versus 20.11£3.33%, respec-
tively; t=—4.12, P<0.01; Erk2: 91.744+6.57% versus
34.46 + 3.67%, respectively; t=—7.93, P <0.01). There was no

Hippocampus

change in Erk1/2 in the hippocampus (Figs. 5B and 6). Chronic
swim stress markedly decreased the ratio of P-Erk2 to total
Erk2 in the hippocampus and prefrontal cortex (hippocam-
pus: 78.204+5.83% versus 135.26 +19.43%, respectively;
=295, P<0.01; prefrontal cortex: 70.33 £5.85% versus
303.56 £ 52.71%, respectively; t =4.64, P<0.01) (Fig. 5C).

Prefrontal Cortex

Fig. 6. The P-Erk2, Erk1/2 and B-actin in the hippocampus and prefrontal cortex. C, controls; S, stressed group.
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Fig. 7. Correlations between the level of saccharine solution intake and the
level of P-Erk2 in the hippocampus (A), or the Erk2 in the prefrontal cortex (B).
(A) The P-Erk2 in the hippocampus was positively correlated to the saccharine
solution intake. (B) The Erk2 in the prefrontal cortex was negatively correlated
to the saccharine solution intake.

3.6. Protein-behavioral correlations

There were significant positive correlations between the P-
Erk2 in the hippocampus and body weight gain of 14 stressed
days as well as saccharine solution intake (r=0.52, P<0.05;
r=0.47, P<0.05). P-Erk2 in the prefrontal cortex was posi-
tively correlated to body weight gain of 7 stressed days as well
as body weight gain of 14 stressed days (r=0.47, P<0.05;
r=0.44, P=0.05). Negative correlations were found between
Erk2 in the prefrontal cortex and body weight gain of 7 stressed
days (r=—0.48, P<0.05), body weight gain of 14 stressed
days (r=—0.57, P <0.05), saccharine solution intake (r= —0.45,
P =0.05), the ratio of saccharine solution intake to total liquids
intake (r=—0.44, P=0.05), and horizontal activity (r=—0.44,
P=0.05). Erk2 in the prefrontal cortex was positively correlated
to the number of grooming (r=0.49, P <0.05) (Fig. 7).

4. Discussion

Forced swim stress is currently one of the most frequently
used animal models of depression, which includes the com-
ponents of anxiety and desperation induced by psychological
stress when animals are exposed to novel situations and con-
fronted with life threats. Our study demonstrated that chronic
swim stress did significantly induce depressive-like behaviors in
animals. The stressed animals exhibited the following behavioral
disorders: decreased body weight gain; decreased interest in
exploring novel and light places; decreased locomotor activity in
open field and decreased saccharine solution intake. Our results
are in accord with those from other animal models of depression.
For example, animals of maternal deprivation, social deprivation
and predator exposure et al. also show decreased time spent in
open arms in elevated plus maze and decreased locomotor activ-
ity in open field [28,52]. Moreover, the depressive-like behaviors
the stressed animals exhibited are analogous to the symptoms
presented in human major depression: feelings of hopelessness;
weight loss; decreased interest in pleasurable stimuli and low
energy (DSM-IV, 2000). Especially, the decreased saccharine
solution intake indicated the core symptoms of depression-
anhedonia, an inability to experience pleasure from normally
pleasurable sources [9]. Thus our results demonstrated, for the
first time, that the chronic swim stress had good face validity
for animal model of depression. At the same time, the present
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study indicated that the number of grooming of the stressed
animals was increased. Grooming induced by novel environ-
ment is a kind of behavior of stress-coping and de-arousal, and
the increased grooming means anxiety-like behavior [25,50], so
from our results we could found that the anxiety-like behavior
was accompanied with the depressive-like behavior. This result
isin accord with clinical studies which suggest that anxiety is not
only accompanied by symptoms of depression, but may be an
expected precursor syndrome in the development of depression
[39].

Another important finding of our study is that chronic swim
stress impaired the Erk1/2 signal transduction pathway in the
hippocampus and prefrontal cortex indicated by (1) the P-Erk2
level was decreased in the hippocampus and prefrontal cortex,
and (2) the ratio of the P-Erk2 to total Erk2 was also decreased
in the hippocampus and prefrontal cortex. Our findings are
partially in accord with observations derived from depressed
suicide subjects, in which the levels of P-Erk1/2, the levels of
Erk1/2, and the expression of Erk1/2 mRNA are significantly
decreased in the hippocampus and frontal cortex [13]. In
another related study, researchers find that depressed animals
show decreased P-Erk1/2 in the frontal cortex and P-Erkl in
the hippocampus, and a small decrease of Erk2 in the frontal
cortex [16]. However, our finding that chronic swim stress
increased Erk1/2 in the prefrontal cortex and did not change
Erk1/2 in the hippocampus was not consistent with the previous
reports. The possible reasons for this discrepancy could be due
to the duration of depression-inducing stimuli and the extent of
depressive response. Contrast to depression of human subjects
and the above animals which is induced by prolonged stress
and chronic clomipramine administration respectively, in our
experiment, the depressive-like behaviors were induced by 14
days of forced swim stress. With this time profile, animals
might experience minor depressive responses and have the
capability to increase Erk1/2 to compensate the decrease of the
P-Erk?2 in the prefrontal cortex. However, there was no change
in Erkl1/2 in the hippocampus, perhaps because of abundant
synaptic connections of hippocampal neurons can compensate
for the decrease of the P-Erk2 by other compensatory reactions,
such as increase in electrical responsiveness to synaptic
activation and possibly by an increase in synaptic efficacy or
synaptogenesis [2,31].

Itis of interest to note that phosphorylation state of the Erk1/2
is regulated by opposing kinases and various types of Erk-
specific protein phosphatases such as serine/threonine protein
phosphatase 2A (PP2A) [1,55] and mitogen-activated protein
kinase phosphatases (MKP) [27]. In depressed suicide victims,
P-Erk1/2 decreases in the hippocampus and frontal cortex are
accompanied by increased MKP-2 [13]. But in the depressed
rats, the decreased P-Erk1/2 is accompanied by increased PP1,
but not MKP-2, in the frontal cortex and hippocampus. So
there is difference in the regulation of Erk1/2 dephosphoryla-
tion by phosphatases between humans and rats. Further studies
are needed to determine which phosphatase is increased in our
animal model of depression and whether the increased phos-
phatase is indeed involved in the reduction of P-Erk1/2 in brain
in depressed animals and humans.
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The present study demonstrated that the P-Erk2 and Erk1/2 in
the hippocampus and prefrontal cortex were closely correlated
to depressive-like behaviors of the experimental animals. For
example, the P-Erk2 in the hippocampus was positively corre-
lated to saccharine solution intake, the P-Erk2 in the prefrontal
cortex was positively correlated to body weight gain of 7 stressed
days, and the Erk2 in the prefrontal cortex was negatively
correlated to saccharine solution intake and horizontal activ-
ity. In the recent studies, researchers have speculated that the
Erk1/2 signal transduction pathway may be involved in the neu-
ronal plasticity that is presumed to underlie depression disorders
induced by stress, in their studies they find that acute swim stress
increases P-Erk2 in the prefrontal cortex [48], acute restraint
stress increases P-Erk2 in the hippocampus and prefrontal cor-
tex in rats, and chronic repeated restraint stress decreased the
brain level of P-Erk2 [35]. However, there are no behavioral
parameters in their studies, so there is no direct evidence con-
cerning whether depressive-like behavior is indeed related to
the Erk1/2 pathway in brain. Feng et al. [16] demonstrate, for
the first time, that sexual activity is positively correlated with the
activation of Erk?2 in the frontal cortex but not other brain regions
investigated. Our results demonstrated that the depressive-like
behaviors were accompanied with the decreased level of P-Erk2
and increased level of Erk2, and indicated, for the first time,
that the P-Erk2 and Erk2 in the hippocampus and prefrontal
cortex significantly correlated with several behavioral variables
such as locomotor activity and interest in exploration. Especially
there was a positive correlation between the P-Erk?2 in the hip-
pocampus and the saccharine solution intake, which meant the
lower was the P-Erk2 level, the less was the saccharine solu-
tion intake. Because the decrease of saccharine solution intake
indicates the core symptoms of depression-anhedonia [9], we
tentatively infer the decrease of P-Erk2 might be at least one
of the mechanisms underlying depression induced by stress. It
is notable that the Erk2 in the prefrontal cortex was negatively
correlated to saccharine solution intake and horizontal activity,
but positively correlated with the number of grooming. Because
decreased saccharine solution intake and horizontal activity indi-
cates animals are depressed, but increased number of grooming
indicates animals are anxious, such results meant the higher was
the Erk2 level, the more depressive and anxious were the ani-
mals. So we hypothesized that the anxiety and depression might
have a common neurobiological substrate.

The Erk1/2 signal pathway has vital role in a wide array of
cellular functions. When phosphorylated, Erk1/2 can lead to the
activation of CREB, which is crucial for stimulus-transcription
coupling: the transmission of events that occur at cell membranes
into alterations in gene expression [5,10,46]. It is currently
known that activation of the Erk1/2 pathway can lead to activa-
tion of c-fos, c-jun, Zif268, Arc gene expression [15,20,43,54].
When Erkl1/2 activation is decreased, the genes expression
and the corresponding proteins regulated by P-Erk2 will be
destroyed, such that necrosis, apoptosis or dysfunction may
occur to the neurons which can ultimately affect the function of
individual neurons and entire neuronal circuits [6], which may
be the mechanism the reduction of phosphorylation of Erk1/2
leads to aberrant brain function and depression.

In summary, chronic swim stress significantly induced
depressive-like behavior in animals, decreased the P-Erk2 level
and the ratio of the P-Erk2 to total Erk2 in the hippocampus and
prefrontal cortex, and increased Erk1/2 in the prefrontal cortex.
The P-Erk2 and Erk1/2 in the hippocampus and prefrontal cor-
tex were closely correlated to depressive-like behaviors of the
experimental animals. The reduction of Erk1/2 phosphorylation
may be the pathophysiology of depression induced by stress.

Acknowledgements

This work was funded by National Foundation of Natural
Science (30370482, 30670707). The contributions of Huan huan
Li, Song Han, Yong hui Li are greatly appreciated.

References

[1] Alessi DR, Gomez N, Moorhead G, Lewis T, Keyse SM, Cohen P. Inac-
tivation of p42 MAP kinase by protein phosphatase 2A and a protein
tyrosine phosphatase, but not CL100, in various cell lines. Curr Biol
1995;5(3):283-95.

[2] Barnes CA, McNaughton BL. Physiological compensation for loss of affer-
ent synapses in rat hippocampal granule cells during senescence. J Physiol
1980;309:473-85.

[3] Blum S, Moore AN, Adams F, Dash PK. A mitogen-activated protein kinase
cascade in the CA1/CA2 subfield of the dorsal hippocampus is essential
for long-term spatial memory. J Neurosci 1999;19(9):3535-44.

[4] Bremner JD. Structural changes in the brain in depression and relationship
to symptom recurrence. CNS Spectrosc 2002;7(2):135-9.

[5] Cammarota M, Bevilaqua LR, Ardenghi P, Paratcha G, Levi de Stein M,
Izquierdo I, et al. Learning-associated activation of nuclear MAPK, CREB
and Elk-1, along with Fos production, in the rat hippocampus after a one-
trial avoidance learning: abolition by NMDA receptor blockade. Brain Res
Mol Brain Res 2000;76(1):36-46.

[6] Carlezon Jr WA, Duman RS, Nestler EJ. The many faces of CREB. Trends
Neurosci 2005;28(8):436-45.

[7] Chen J, Shen C, Meller E. 5-HT1A receptor-mediated regulation of
mitogen-activated protein kinase phosphorylation in rat brain. Eur J Phar-
macol 2002;452(2):155-62.

[8] Chen Z, Gibson TB, Robinson F, Silvestro L, Pearson G, Xu B, et al. MAP
kinases. Chem Rev 2001;101(8):2449-76.

[9] Cryan JF, Markou A, Lucki I. Assessing antidepressant activity in
rodents: recent developments and future needs. Trends Pharmacol Sci
2002;23(5):238-45.

[10] Davis S, Vanhoutte P, Pages C, Caboche J, Laroche S. The MAPK/ERK
cascade targets both Elk-1 and cAMP response element-binding protein to
control long-term potentiation-dependent gene expression in the dentate
gyms in vivo. J Neurosci 2000;20(12):4563-72.

[11] Drevets WC, Price JL, Simpson JR, Todd RD, Todd RD, Vannier M, et
al. Subgenual prefrontal cortex abnormalities in mood disorders. Nature
1997:386(6627):824-7.

[12] Duman RS, Malberg J, Thome J. Neural plasticity to stress and antidepres-
sant treatment. Biol Psychiatry 1999;46(9):1181-91.

[13] Dwivedi Y, Rizavi HS, Roberts RC, Conley RC, Tamminga CA, Pandey
GN. Reduced activation and expression of ERK1/2 MAP kinase in
the post-mortem brain of depressed suicide subjects. J Neurochem
2001;77(3):916-28.

[14] Engert F, Bonhoeffer T. Dendritic spine changes associated with hippocam-
pal long-term synaptic plasticity. Nature 1999;399(6731):66-70.

[15] English JD, Sweatt JD. A requirement for the mitogen-activated pro-
tein kinase cascade in hippocampal long term potentiation. J Biol Chem
1997;272(31):19103-6.

[16] Feng PF, Guan ZW, Yang XP, Fang JD. Impairments of ERK signal trans-
duction in the brain in a rat model of depression induced by neonatal
exposure of clomipramine. Brain Res 2003;991(1-2):195-205.



240 X. Qi et al. / Behavioural Brain Research 175 (2006) 233-240

[17] Flood DG, Finn JP, Walton KM, Dionne CA, Contreras PC, Miller MS, et
al. Immunolocalization of the mitogen-activated protein kinases pA2MAPK
and JNKI1, and their regulatory kinases MEK1 and MEK4, in adult rat
central nervous system. J Comp Neurol 1998;398(3):373-92.

[18] Garcia R. Stress, synaptic plasticity, and psychopathology. Rev Neurosci
2002;13(3):195-208.

[19] GruenRIJ, Wenberg K, Elahi R, Friedhoff AJ. Alterations in GABAA recep-
tor binding in the prefrontal cortex following exposure to chronic stress.
Brain Res 1995;684(1):112-4.

[20] GuzowskiJF, Lyford GL, Stevenson GD, Houston FP, McGaugh JL, Worley
PF, et al. Inhibition of activity-dependent arc protein expression in the rat
hippocampus impairs the maintenance of long-term potentiation and the
consolidation of long-term memory. J Neurosci 2000;20(11):3993-4001.

[21] Hall CS. Emotional behavior in the rat. Part I. Defecation and urination
as measures of individual differences in emotionality. J Comp Psychol
1934;18:385-403.

[22] Hebert AE, Dash PK. Extracellular signal-regulated kinase activity in the
entorhinal cortex is necessary for long-term spatial memory. Learn Mem
2002;9(4):156-66.

[23] Ho Y], Eichendorff J, Schwarting RK. Individual response profiles of male
Wistar rats in animal models for anxiety and depression. Behav Brain Res
2002;136(1):1-12.

[24] Houslay MD, Kolch W. Cell-type specific integration of cross-talk between
extracellular signal-regulated kinase and cAMP signaling. Mol Pharmacol
2000;58(4):659-68.

[25] Kalueff AV, Tuohimaa P. The grooming analysis algorithm discriminates
between different levels of anxiety in rats: potential utility for neurobe-
havioural stress research. J Neurosci Methods 2005;143:169-77.

[26] Kendler KS, Thornton LM, Gardner CO. Genetic risk, number of previous
depressive episodes, and stressful life events in predicting onset of major
depression. Am J Psychiatry 2001;158(4):582—6.

[27] Keyse SM. Protein phosphatases and the regulation of MAP kinase activity.
Semin Cell Dev Biol 1998;9(2):143-52.

[28] Levshina IP, Shuikin NN. Peculiarities of exploration behavior of socially
deprived rats in stress situation. Zh Vyssh Nerv Deiat Im I P Pavlova
2002;52(5):602-8.

[29] LuckiI. The forced swim test as a model for core and component behavioral
effects of antidepressant drugs. Behav Pharmacol 1997;8(6/7):523-32.

[30] Manji HK, Drevets WC, Charney DS. The cellular neurobiology of depres-
sion. Nat Med 2001;7(5):541-7.

[31] Marrone DF, LeBoutillier JC, Petit TL. Changes in synaptic ultrastruc-
ture during reactive synaptogenesis in the rat dentate gyrus. Brain Res
2004;1005(1-2):124-36.

[32] Mattson MP, Maudsley S, Martin B. A neural signaling triumvirate that
influences ageing and age-related disease: insulin/IGF-1, BDNF and sero-
tonin. Ageing Res Rev 2004;3(4):445-64.

[33] McEwen BS. Stress and hippocampal plasticity. Ann Rev Neurosci
1999;22:105-22.

[34] Mechan AO, Moran PM, Elliott JM, Young AJ, Joseph MH, Green
AR. A comparison between Dark Agouti and Sprague-Dawley rats in
their behaviour on the elevated plus-maze, open field apparatus an activ-
ity meters, and their response to diazepam. Psychopharmacology (Berl)
2002;159(2):188-95.

[35] Meller E, Shen C, Nikolao TA, Jensen C, Tsimberg Y, Chen J, et al.
Region-specific effects of acute and repeated restraint stress on the phos-
phorylation of mitogen-activated protein kinases. Brain Res 2003;979(1/2):
57-64.

[36] Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, Monteggia LM.
Neurobiology of depression. Neuron 2002;34(1):13-25.

[37] Ortiz J, Harris HW, Guitart X, Terwilliger RZ, Haycock JW, Nestler EJ.
Extracellular signal-regulated protein kinases (ERKs) and ERK kinase
(MEK) in brain: regional distribution and regulation by chronic morphine.
J Neurosci 1995;15(2):1285-97.

[38] Owens MJ. Selectivity of antidepressants: from the monoamine hypoth-
esis of depression to the SSRI revolution and beyond. J Clin Psychiatry
2004;65(Suppl 4):5-10.

[39] Paul SM. Anxiety and depression: a common neurobiological substrate? J
Clin Psychiatry 1998;49:13-6.

[40] Paxinos G, Watson CR. The rat brain in stereotaxic coordinates. 4th ed.
New York: Academic Press; 1998.

[41] Porsolt RD, Anton G, Blavet N, Jalfre M. Behavioral despair in rats:
a new model sensitive to antidepressant treatments. Eur J Pharmacol
1978;47(4):379-91.

[42] Rajkowska G, Miguel-Hidalgo JJ, Wei J, Dilley G, Pittman SD, Meltzer
HY, et al. Morphometric evidence for neuronal and glial prefrontal cell
pathology in major depression. Biol Psychiatry 1999;45(9):1085-98.

[43] Rosenblum K, Futter M, Voss K, Erent M, Skehel PA, French P, et al. The
role of extracellular regulated kinases I/II in late-phase long-term potenti-
ation. J Neurosci 2002;22(13):5432-41.

[44] Sarkisova KY, Kulikov MA. Behavioral characteristics of WAG/RIij rats
susceptible and non-susceptible to audiogenic seizures. Behav Brain Res
2006;166(1):9-18.

[45] Schaeffer HJ, Weber MJ. Mitogen-activated protein kinases: specific mes-
sages from ubiquitous messengers. Mol Cell Biol 1999;19(4):2435-44.

[46] Schafe GE, Atkins CM, Swank MW, Bauer EP, Sweatt JD, LeDoux
JE. Activation of ERK/MAP kinase in the amygdala is required
for memory consolidation of Pavlovian fear conditioning. J Neurosci
2000;20(21):8177-87.

[47] Selcher JC, Atkins CM, Trzaskos JM, Paylor R, Sweatt JD. A necessity
for MAP kinase activation in mammalian spatial learning. Learn Mem
1999;6(5):478-90.

[48] Shen CP, Tsimberg Y, Salvadore C, Meller E. Activation of Erk and JNK
MAPK pathways by acute swim stress in rat brain regions. BMC Neurosci
2004;5(1):36.

[49] Shirayama Y, Chen AC, Nakagawa S, Russell DS, Duman RS. Brain-
derived neurotrophic factor produces antidepressant effects in behavioral
models of depression. J Neurosci 2002;22(8):3251-61.

[50] Spruijt BM, van Hooff JA, Gispen WH. Ethology and neurobiology of
grooming behavior. Ann Rev Biophys Biomol Struct 1992;72:825-52.

[51] Sweatt JD. The neuronal MAP kinase cascade: a biochemical signal inte-
gration system subserving synaptic plasticity and memory. J Neurochem
2001;76(1):1-10.

[52] Wigger A, Neumann ID. Periodic maternal deprivation induces gender-
dependent alterations in behavioral and neuroendorcrine responses to emo-
tional stress in adult rats. Physiol Behav 1999;66(2):293-302.

[53] Willner P, Towell A, Sampson D, Sophokleous S, Muscat R. Reduc-
tion of sucrose preference by chronic unpredictable mild stress, and
its restoration by atricyclic antidepressant. Psychopharmacology (Berl)
1987;93(3):358-64.

[54] Xia Z, Dudek H, Miranti CK, Greenberg ME. Calcium influx via the
NMDA receptor induces immediate early gene transcription by a MAP
kinase/ERK-dependent mechanism. J Neurosci 1996;16(17):5425-36.

[55] Zhou B, Wang ZX, Zhao Y, Brautigan DL, Zhang ZY. The specificity of
extracellular signal-regulated kinase 2 dephosphorylation by protein phos-
phatases. J Biol Chem 2002;277(35):31818-25.

[56] Zhu JJ, Qin Y, Zhao M, Van Aelst L, Malinow R. Ras and Rap
control AMPA receptor trafficking during synaptic plasticity. Cell
2002;110(4):443-55.



	The depressive-like behaviors are correlated with decreased phosphorylation of mitogen-activated protein kinases in rat brain following chronic forced swim stress
	Introduction
	Materials and methods
	Animals
	Stress procedure
	Behavioral tests
	Body weight gain
	Open field
	Elevated plus-maze
	Saccharin preference

	Western blot
	Materials
	Tissue dissection and processing
	Protein separation and immunoblot
	Immunoblots analysis

	Statistical analysis

	Results
	Body weight gain
	Open field
	Elevated plus maze
	Saccharine preference
	The P-Erk2 and Erk1/2 level in the hippocampus and prefrontal cortex
	Protein-behavioral correlations

	Discussion
	Acknowledgements
	References


