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Abstract

Here we tested the hypothesis that stress-induced alterations in Neurogranin (Ng) synthesis and/
or utilization might underlie stress-related depression and anxiety. Rats were randomly divided
into five conditions: chronic swim stress (CS), acute swim stress (AS), and three control groups.
The CS group was exposed to daily swim stress (5 min/day) for 14 consecutive days, the AS group
received a single swim stress, and control groups were maintained in a stress-free condition. Both
before and after swim stress, rats were tested for body weight gain, open-field locomotor activity,
and saccharine preference. Ng and phospho-Ng (P-Ng) levels in the hippocampus and prefrontal
cortex were determined by Western blot analysis. Compared to controls, CS animals displayed
significantly decreased body weight gain, ambulation, and saccharine intake, and increased
grooming behavior. CS animals had decreased Ng levels in the hippocampus and prefrontal cortex.
In CS animals, Ng levels were positively correlated with saccharine intake and ambulation, and
inversely correlated with grooming behavior. Compared to controls, AS increased immobility be-
havior and P-Ng and Ng levels in the hippocampus and prefrontal cortex. In AS animals, immobility
behavior was positively correlated with the P-Ng in the prefrontal cortex. Thus, CS and AS pro-
duced opposing effects on Ng and P-Ng levels in the hippocampus and prefrontal cortex. Low Ng
levels in the hippocampus were associated with anhedonic behavior in CS animals, whereas high
P-Ng levels in the prefrontal cortex were associated with anxiety-like behavior in AS animals. Thus,
Ng dysfunction might contribute to the neural mechanisms underlying stress-induced depression
and anxiety.
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1. Introduction

Stress is a major etiological factor in the development of human emotional disorders, including depression and
anxiety [1] [2]. Animal models are frequently used to investigate the mechanisms underlying stress-related de-
pression and anxiety. These models have now established various behavioral indices of animal depression and
anxiety [1] [3] [4]. For example, hedonic deficit, defined as the lack of pleasure from sweet substance intake, is
considered a rat depression-like behavior. Fear-induced immobility, on the other hand, is considered a rat be-
havior analogous to human anxiety [2].

One important issue in stress research is to understand how stress signals in the brain result in behavioral dis-
orders. Neurotransmission, kinase-dependent postsynaptic signal transduction, and synaptic plasticity all have
been implicated in mediating behavioral responses to stress [5]-[11]. Given the importance of brain-specific
proteins for intracellular signal transduction, many stress studies over the last few years have focused on pro-
teins involved in the growth, survival, and function of neurons [12]-[15]. For example, heat-shock protein 70
(HSP-70) plays a protective role in various models of nervous system injury [12] [15]. Abnormal functioning
and/or disrupted synthesis of many proteins is associated with stress: HSP-70, brain derived neurotrophic factor
(BDNF), cAMP responsive element binding protein (CREB), and growth associated protein 43 (GAP-43), all
contribute to an altered stress response; some changes in the expression of these proteins have been implicated
in neuropsychiatric disorders, including major depression [12] [13] [16].

Located postsynaptically, Neurogranin (Ng) is a calcium (Ca?*) calmodulin (CaM) binding protein and protein
kinase C (PKC) substrate. Ng is highly expressed in neurons within the prefrontal cortex, hippocampus, and
amygdala: brain regions likely involved in stress and emotion responses [17] [18]. Because of its critical role in
regulating neuronal Ca?*/CaM, Ng has been implicated in numerous postsynaptic signal transduction pathways
[19] [20]. In addition to being a PKC substrate, Ng also is a crucial substrate for Ca**/CaM-dependent protein
kinase Il (CaMKII) [21]. PKC and CaMKII have been implicated in learning and memory and in stress re-
sponses, likely via their ability to modulate gene expression, ion channel conductance, neurotransmission, and
synaptic plasticity [22] [23].

Enhanced phosphorylation of Ng can facilitate N-methyl-D-aspartate (NMDA) receptor-dependent long-term
potentiation (LTP) [24]. Accumulating evidence suggests that Ng has a vital role in aging [14], neurodegenera-
tive diseases [25], learning and memory [26], opioid tolerance and dependence [27], and schizophrenia [28]. As
a consequence of attenuated PKC-dependent signal transduction and NMDA receptor-dependent LTP, Ng knock-
out mice exhibit markedly decreased hippocampal-dependent spatial learning and memory, and increased anxi-
ety responses to a novel environment [26]. Mice lacking Ng exhibit decreased PKC activation and CaMKII
autophosphorylation [20] [29]; thus, Ng phosphorylation and activation may serve as a mechanism for synchro-
nizing PKC and CaMKII activity [29]. Ng therefore appears to have a central role in mediating the behavioral
response to stress through its actions on kinase-dependent signal transduction pathways, neurotransmission, and
synaptic plasticity.

The role of Ng in stress and stress-related behavioral changes, however, is not clearly defined. In experimental
animals, acute sleep deprivation decreased Ng levels in the cerebral cortex, but did not change Ng levels in the
hippocampus [30]. Acute electroconvulsive seizure decreased both Ng and PKC protein levels and phosphoryla-
tion in the hippocampus [31], and restraint stress also decreased Ng expression in the hippocampus [32]. These
findings clearly suggest that stress affects Ng protein levels and Ng signaling pathways; importantly, however,
these aforementioned studies did not quantify behavioral parameters. Given the above evidence, we hypothesize
that Ng not only is involved in the response to stress, but also is involved in the pathophysiology of stress-in-
duced emotional disorders. Thus, Ng may represent a significant target for understanding the neural mechanisms
of stress-related depression and anxiety.

It is well established that the hippocampus and prefrontal cortex are essential components of the neural cir-
cuitry mediating stress [33]. Chronic stress affects neurons in the hippocampus and prefrontal cortex in a variety
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of ways including alterations in dendritic morphology, cell survival, and neurogenesis. Chronically stressed rats
exhibit decreased hippocampal volume and prefrontal cortex dysfunction: alterations thought to be involved in
depression pathogenesis [34] [35]. Clinical magnetic resonance imaging studies have demonstrated that patients
with major depression show hippocampal neuronal atrophy and prefrontal cortex dysfunction [36]. The molecu-
lar mechanisms underlying the effects of stress in the hippocampus and prefrontal cortex, however, remain un-
clear.

In the present study, we examined the effects of either single or repeated swim stress on behavior and Ng lev-
els in rats. A variety of behavioral parameters (i.e., grooming, exploratory events, immobility, and saccharine in-
take) were assessed using open field locomotor activity and saccharine preference tests. We hypothesized: 1) CS
significantly induces depression-like behaviors, while AS induce anxiety-related behaviors; 2) CS and AS may
produce opposite effects on brain levels of Ng and P-Ng in prefrontal cortex and hippocampus, with decrement
in the former situation and enhancement in the latter; 3) Changes in Ng and P-Ng levels in the selected brain re-
gions would be strongly associated with the stress-related behavioral changes. The forced swim stress test (i.e., a
paradigm of behavioral despair; FST) is a putative animal model of depression. Consequently, the FST is one of
the most frequently used methods for investigating antidepressant potential [2]. Although the behavioral and
physiological responses to the FST have been most widely studied in the context of chronic stress, the effects of
a single exposure to stress are noteworthy to clarify the physical and psychological consequences for the acute
stress procedure [37].

2. Material and Methods
2.1. Animals and Housing

Male Sprague-Dawley rats weighing 276 to 338 g at the beginning of the experiment were obtained from Wei
Tong Li Hua Lab Animal Center (Beijing, China). Rats were individually housed in cages (25 x 25 x 15 cm?, L
x W x H) in a temperature and humidity controlled (22°C * 2°C; relative humidity of 50%) facility on a 12-h
light cycle (lights on 08:00 h). To minimize the stressful effects of handling, rats were acclimated to the labora-
tory and gently handled daily (3 min/day) for seven days prior to testing. Food and water were provided ad libi-
tum at all times except during the saccharine preference test. Fifty rats were randomly assigned to one of five
groups (n = 10/group): chronic swim stress (CS), acute swim stress (AS), control 1 (C1), control 2 (C2), and
control 3 (C3). Rats in the CS group were forced to swim individually for 5 min per day for 14 consecutive days.
Rats in the AS group were forced to swim individually for 5 min on a single occasion. Rats in the C1 group re-
ceived behavioral tests but no swimming stress during chronic swimming stress period. Rats in the C2 group re-
ceived behavioral tests but no swimming stress during acute swimming stress period. Rats in the C3 group re-
mained experimentally naive to control for the possible effects of behavioral testing on Ng levels. Rats in the CS,
AS, C1, and C2 groups were tested for open-field locomotor activity and saccharine preference both before
(baseline) and after (stress effects) swim stress. All experiments were performed in a sound-shielded room under
identical conditions. The International Review Board of the Institute of Psychology, Chinese Academy of Sci-
ences, approved all experimental procedures. All the behavioral procedures in a time line were shown in Figure
1.

2.2. Stress Procedure

According to previously described methods [38], forced swim trials occurred during the light phase (08:00 h to
10:00 h) in a stainless steel tank (2.0 x 1.0 x 1.5 m®, L x W x H). During the swim test, the room was illumi-
nated by a single 40 W dim light bulb suspended and water in the tank was maintained at a height of 30 cm and
10°C. At the end of each swim trial, animals were towel dried and placed under an incandescent heat lamp for 10
min before being returned to their home cage.

2.3. Body Weight

Rats were weighed on the 1% and 7" day of handling, and on the 1%, 7", and 14™ day of swimming stress. Body
weight after handling (CWT), the first 7" day of swimming stress (SWT7), and 14™ day of swimming stress

(SWT14) were recorded.
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Figure 1. All the behavioral procedures for the five groups are in a time line.

2.4. Behavioral Tests

2.4.1. Open Field Locomotor Activity

Open field locomotor activity testing was performed on day 8 after handling (baseline, four groups), and on the
1% (AS and C2 group) and 14" day (CS and C1 group) after swimming stress between 08:00 h and 12:00 h in a
180 cm diameter round arena with 50 cm high walls. A dim light (40 W) was used in the open field testing room
to decrease the likelihood that the test would be aversive for the rats. Individual rats were placed near the wall of
the chamber and the following variables were recorded by an automatic infrared behavioral analysis system
(Etho Vision, Noldus Information Technology b.v., Netherlands): ambulation (distance traveled), number of
rearing events (standing on the hind legs), number of grooming events (rubbing or licking of the body), number
of exploratory events (entering the center zone of the open field), and immobility (motionless posture for 5 sec-
onds). Data were collected for 5 min and analyzed by a computer-based system. At the end of each test, animals
were removed and returned to their home cages.

2.4.2. Saccharine Preference

Saccharine preference test were performed on day 8 after handling (baseline, four groups), and on the 1% (AS
and C2 group) and 14™ day (CS and C1 group) after swimming stress. Rats were water deprived overnight
(20:00 h to 08:00 h) the day before saccharine preference testing. From that point onward, rats were exposed for
3 h each day to two bottles: one bottle contained tap water and the other bottle contained a 1% saccharine solu-
tion. Preference testing was performed 8 h into the light phase on 4 consecutive days. Total saccharine, water,
and fluid (saccharine + water) intake was calculated for the sums of four days of testing. A chronic stress-in-
duced reduction of saccharine consumption is considered a measure of anhedonia and we used this definition
here. Saccharine and water bottle positions in the cages were alternated daily. At the end of preference testing,
rats were returned to ad libitum water access.

2.5. Western Blot

2.5.1. Materials
Phospho-specific Ng (P-Ng; mouse polyclonal; 1:1000) and Ng primary antibodies (rabbit monoclonal; 1:1000)
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were obtained from Upstate Biotechnology (Lake Placid, NY) and S-actin primary antibody (mouse monoclonal;
1:1000) was obtained from Sigma-Aldrich (St. Louis, MQ). Horseradish peroxidase (HRP)-labeled goat anti-
rabbit and HRP-labeled goat anti-mouse secondary antibodies were obtained from Sigma-Aldrich. Nitrocellu-
lose blotting membranes (0.2 pum), polyacrylamide gels, and buffers also were obtained from Sigma-Aldrich.
Bicinchoninic acid (BCA) protein assay and enhanced chemiluminescence (ECL) reagents were obtained from
Pierce Biotechnology (Rockford, IL). The Gel Doc™XR System and Quantity One 1D analysis software were
purchased from Bio-Rad (Hercules, CA).

2.5.2. Tissue Dissection and Sample Preparation

Immediately after the first swim stress and behavioral tests (day 12 after handling), rats in the AS, C2, and C3
groups were decapitated on day 16 after handling (or the following day after the second saccharine preference
test is over), whereas rats in the CS and C1 groups were decapitated after the final swim stress and behavioral
tests on day 29 after handling (or the following day after the second saccharine preference test is over). Brains
were rapidly removed on ice. The brain was placed in a stainless steel brain matrix and the prefrontal cortex and
whole body of hippocampus were removed according to a brain atlas [39]. All tissues were immediately flash
frozen with liquid nitrogen.

Tissue samples were homogenized in 20 volumes of buffer (50 mM Tris-Cl, 2 mM EDTA, 2 mM EGTA, 0.05
mM okadaic acid, 1 uM sodium vanidate, 5 pg/ml pepstatin A, and 0.5% Nonidet P-40, pH 7.5) and used for
protein and immunaoblot analyses [29]. Protein concentration was determined using a BCA protein assay. Lysates
were mixed with 5X sodium dodecyl sulfate (SDS) and resuspended at predetermined concentrations (2 pg/ul).
All samples were stored at —70°C.

2.5.3. Protein Separation and Immunoblot Analysis

Proteins were separated by SDS-polyacrylamide gel electrophoresis in a 15% denaturing gel and then trans-
ferred to NC using an electroblotting transfer system. Blots were incubated with blocking buffer [10% nonfat
dry milk in Tris-buffered saline containing 0.5% Tween-20 (TBST)] for 1 h at room temperature, followed by
three 10-min washes in TBST. Blots were then incubated with P-Ng primary antibody 16 - 18 hours at 4°C, fol-
lowed by three 10-min washes in TBST. P-Ng labeled blots were then incubated with goat anti-rabbit secondary
antibody for 1 h at room temperature. Following secondary application, blots were washed three times for 10
min each in TBST, treated with ECL reagents, and exposed to film. After determination of P-Ng immunoreactiv-
ity, blots were stripped of antibodies by a 10-min incubation at 50°C with stripping buffer (50 mM DTT, 3%
SDS, and 62.5 mM Tris-HCI, pH 6.8) [20]. Stripped blots were then blocked and washed as described above,
followed by a 3-h incubation at room temperature with Ng primary antibody. Ng-labeled blots were then incu-
bated with secondary antibody and visualized as described above. Determination of S-actin followed the same
methods described for Ng, except that g-actin blots were not stripped and we used a goat anti-mouse secondary
antibody.

The intensity of protein bands was determined using Quantity One 1D analysis software. The intensities of
P-Ng, Ng, and g-actin all were within the linear range of sensitivity of the scanner. S-actin was used as an inter-
nal standard. All P-Ng and Ng blots were normalized to g-actin to correct for small differences in protein load-
ing [27].

2.6. Statistical Analysis

Statistical analyses were performed using the “Statistical Package for Social Sciences” option of SPSS, version
17.0 for Windows (Chicago, IL). All data are presented as mean values + S.E.M. The control and swim stress
groups were compared using the Mann-Whitney U test for 2 samples and the Kruskal-Wallis one-way ANOVA
for k samples. The relationship of proteins and behavioral responses was determined using Pearson correlation
analysis. The level of statistical significance was set at p < 0.05.

3. Results

3.1. Body Weight

Body weight did not differ significantly between control and stress groups on the 7" day of handling; after the
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1% day of swimming stress, there are no significant differences between AS, C2 and C3 group; after seven days
of stress, however, CS rats showed less body weights than the C1 group (340.53 + 10.10 g vs. 365.90 + 7.26 g,
respectively; z = —1.96, p < 0.05). This difference persisted after 14 days of stress, when body weights of CS rats
were markedly less than those of the C1 group (333.47 £ 9.37 g vs. 376.53 + 9.05 g, respectively; z = -2.77, p <
0.01; Figure 2 and Figure 3).

3.2. Open Field Locomotor Activity

Baseline behavioral parameters (ambulation, number of rearing, number of grooming, number of exploration,
and immobility time) were not significantly different between C1, C2, AS and CS group [X? = 3.51, p > 0.05; X?
=2.49; p > 0.05; X* = 1.93, p > 0.05; X2 = 1.40, p > 0.05; X? = 3.33, p > 0.05] on the 7" day of handling. After
the 1% day of swim stress, rats in the AS group showed increased immobility time compared to rats in the C2
group (35.15 + 14.75 s vs. 3.00 £ 3.00 s, respectively; z = —2.10, p < 0.05; Figure 4). There were no significant
differences in the other variables between AS and the C2 group (ambulation: z = —0.76, p > 0.05; number of
rearing: z = 0.01, p > 0.05; number of grooming, z = —1.04, p > 0.05; number of exploration: z = 0.01, p > 0.05).

350
_ 300 f
\SD ‘{
e
o
o
< 250 u]
o c2
o) o
o c3
()
= LI
> 200 F
=)
o
m

150

100

CWT

Figure 2. Body weight of the C2, C3 and AS group on the 7" handling days
(CWT). All data were presented as mean + S.E.M. N = 10 per group.

450
400
350
300 +
250
200

150 +
100

g)

(

acl
8cs

Body Weight

CWT SWT7 SWT14

Figure 3. Body weight of the C1 group and CS group on the 7" day of han-
dling (CWT), the 7 day of stress (SWT7) and 14" day of stress (SWT14).
All data were presented as mean + S.E.M. N = 10 per group. *p < 0.05; **p <

0.01.
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Figure 4. Behavioral measures of the C2 and AS group in open field. (a) Immobility time: AS animals showed more
freezing time than the C2 group; (b) Number of rearing; (¢) Ambulation distance; (d) Number of grooming. All data
were presented as mean + S.E.M. N = 10 per group. **p < 0.01.

After 14 days of stress, rats in the CS group showed less ambulation and more grooming behavior compared
to rats in the C1 group (ambulation = 2221.86 + 323.82 cm vs. 3230.57 + 299.56 cm, respectively; z = —2.208, p
< 0.05; number of grooming = 2.60 + 0.31 vs. 1.33 + 0.24, respectively; z = —2.66, p < 0.01; Figure 5). There
were no significant differences in the other variables between CS and the C1 group (number of rearing: z =
—0.67, p > 0.05; number of exploration: z=-0.67, p > 0.05; immobility time: z =—0.92, p > 0.05).

3.3. Saccharine Preference Test

Baseline total sum of saccharine intake (X? = 2.19; p > 0.05), water intake (X? = 0.08; p > 0.05) and total fluid
intake (X* = 0.32; p > 0.05) for four days during the test period did not differ significantly between control and
stress groups after day 7 of handling. Similarly, saccharine (X? = —1.50; p > 0.05), water (X? = —0.23; p > 0.05),
and total fluid intake (X* = —0.57; p > 0.05) was not significantly different between the AS group and C2 group
following the first swim stress. After 14 days of stress, rats in the CS group consumed less saccharine than rats
in the C1 group (39.47 £ 7.48 vs. 59.48 £ 6.15 g, respectively; z = —2.27, p < 0.05). There were no significant
differences in water or total fluid intake between the CS and C1 groups (water = 72.92 + 7.60 g vs. 68.50 £ 7.75
g, respectively; z = —0.23, p > 0.05; total liquids = 112.39 £ 8.50 g vs. 127.98 + 6.20 g, respectively; z = —1.36,

p > 0.05; Figure 6).
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Figure 5. Behavioral measures of the C1 and CS group in open field. (a) Ambulation distance: CS animals showed less
ambulation distance than the C1 group; (b) Number of grooming: CS animals showed more grooming behavior as com-
pared to the C1 group; (c) Immobility time; (d) Number of rearing; () Number of exploring. All data were presented as
mean = S.E.M. N = 10 per group. *p < 0.05; **p < 0.01.
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3.4. P-Ng and Ng Levels in the Hippocampus and Prefrontal Cortex

On Western blot, P-Ng was detected as a 20 kDa band, Ng was detected as a 17 kDa band, and g-actin was de-
tected as 42 kDa band [27]. AS rats had higher P-Ng expression than rats in the C2 group in both the hippo-
campus and prefrontal cortex (hippocampus: 64.27% + 10.13% vs 46.47% * 3.83%, respectively; z=-2.38, p <
0.05; prefrontal cortex: 69.64% =+ 9.32 % vs. 41.02% =+ 4.81%, respectively; z = —2.834, p < 0.01) and higher
P-Ng levels in the hippocampus than rats in the C3 group (64.27% * 10.13 % vs. 45.52% + 5.37%, respectively;
7 =-2.43, p <0.05). In both the hippocampus and prefrontal cortex, Ng levels in the AS group were much more
than the C2 group (hippocampus: 243.66% + 49.38% vs. 166.77% = 13.77%, respectively; z = —2.03, p < 0.05;
prefrontal cortex: 254.67% + 33.93% vs. 171.67% + 14.84%, respectively; z = —2.00, p < 0.05) and the C3
group (hippocampus: 243.66% = 49.38% vs. 148.17% + 22.04%, respectively; z = —2.59, p < 0.01; prefrontal
cortex: 254.67% + 33.93% vs. 136.68% + 11.46%, respectively; z = —3.02, p < 0.01; Figure 7 and Figure 8).
P-Ng and Ng were not significantly different between the C2 and C3 group.

In the hippocampus and prefrontal cortex, CS rats had less Ng levels than rats in the C1 group (hippocampus:
99.54% + 7.82% vs. 137.10% + 6.58%, respectively; z = —2.69, p < 0.01; prefrontal cortex: 74.55% + 5.92% vs.
143.29% + 15.31%, respectively; z = —2.68, p < 0.01). However, P-Ng levels were too weak to be detected in the
hippocampus and prefrontal cortex of rats in the CS group (Figure 9 and Figure 10).

3.5. Protein-Behavioral Correlations

In AS animals, P-Ng in the prefrontal cortex was positively correlated with immobility (r = 0.50, p < 0.05; Fig-
ure 11). In CS animals, Ng in the hippocampus was positively correlated with saccharine intake (r = 0.53, p <
0.05) and ambulation (r = 0.57, p < 0.05). An inverse correlation was also found between Ng in the hippocam-
pus and grooming (r = —0.64, p < 0.01; Figure 12).

4. Discussion

Environmental factors, such as stress, can impact the neurobehavioral profile of an organism and precipitate a
depression-like syndrome. Here we determined the effects of single or repeated forced swim stress on behavioral
and neurobiological responses in the rat. Interestingly, we found that chronic and acute forced swim stress pro-
duce qualitatively different effects on behavior and brain Ng levels.
4.1. The Effects of Forced Swim Stress on Rat Behavior

As previously reported [9], chronic exposure to forced swim stress disrupted body weight gain. When CS rats
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Figure 9. The Ng level in the hippocampus and the prefrontal cortex of the C1
group and CS group. H, hippocampus; PFC, prefrontal cortex. All data were
presented as mean + S.E.M. N = 10 per group. **p < 0.01.

were exposed to 5-min of forced swim repeatedly for 14 days, their body weight gain was markedly less than
that of control rats. This finding suggests that CS is a severe stressor and these rats were unable to physiological
adapt to the situation. When compared to stress-naive rats, CS rats also demonstrated decreased ambulation and
increased grooming in open field and decreased saccharine intake. In rats, a low preference for 1% saccharine,
defined as hedonic deficit, is analogous to the core symptom of major depression in humans: namely, lack of
pleasure [2]. The behavior of CS rats in our study is in accordance with previous findings [9] [37], and is very
similar to symptoms of depressed patients: for example, weight loss, lack of pleasure, and low energy [6].
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Figure 11. Correlation between the level of P-Ng in the prefrontal cortex and
the immobility time. The P-Ng was positively correlated to the freezing time.

In rats, exploratory behavior in a novel environment is considered a stress-coping behavior [40], whereas self-
grooming induced by a novel environment is considered an index of emotional arousal [41]. Thus, decreased
ambulation and increased grooming behavior are indices of anxiolytic activity. Stress, anxiety, and depression
are interrelated phenomena [2]. Anxiety is not only accompanied by depression symptoms, but also may in-
crease the likelihood of developing certain forms of depression [4]. Here we demonstrate that chronic exposure
to swim stress induced depression-like behavior in rats, and that depression and anxiety overlapped in this ani-
mal model of depression.

Compared to stress-naive animals, a single forced swim stress experience increased rats’ immobility in the
open field test; this could be interpreted as a passive coping style [42]. Fear-like reactions in animals, such as
immobility, are analogous to anxiety-related behavior in humans [2]. Whereas hedonic deficit was induced by
chronic forced swim stress, it was not elicited by acute forced swim stress. Dal-Zotto and colleagues [37] have
reported that rats exposed to chronic swim stress showed depression-like behaviors: in particular, very low lev-
els of struggling and high levels of floating. Swimming-induced floating, however, was not found in rats ex-
posed to acute swim stress [37]. Clinically, studies have demonstrated that chronic, but not acute, stress in-
creases an individual’s vulnerability to depression [43]. In the rats in our study, it appears that AS induced anxi-
ety-like behavior, rather than depression-like behavior. The different behavioral effects produced by single and
repeated forced swim stress suggest that these behaviors may be mediated by different neurobiological mecha-
nisms.

4.2. The Effects of Forced Swim Stress on Ng Levels in the Rat Brain

Repeated exposure to swim stress for 14 days produced a marked reduction in Ng levels in the hippocampus and
prefrontal cortex. Changes in Ng levels following repeated stress is in accordance with a previous study using
chronic restraint stress [32]. Suppression of protein synthesis is considered a common cellular response to severe
stress including physical stress, metabolic stress, or viral infection [14]. Chronic mild stress inhibits synthesis of
brain-specific proteins, including BDNF and CREB [13]. Thus, the decreased Ng levels observed in our CS
animals could be the result of inhibited Ng synthesis during the chronic stress period.
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Figure 12. The Ng level in the hippocampus and the prefrontal cortex of the
C1 group and CS group. H, hippocampus; PFC, prefrontal cortex. All data
were presented as mean = S.E.M. N = 10 per group. **p < 0.01.

P-Ng could not be detected in our CS animals. Qi and colleagues [9] found that phosphorylated extracellular
signal-regulated kinase (ERK) 1 was too weak to be detected in the hippocampus and prefrontal cortex follow-
ing exposure to chronic swim stress. Chen [31] interpreted a reduction in stress-induced P-Ng as a sign of defi-
cient Ng utilization. Therefore, it is possible that the lack of P-Ng detection in our CS animals resulted from sig-
nificantly decreased Ng phosphorylation.

Interestingly, AS produced the opposite effect of CS on Ng levels. Compared to stress-naive animals, AS in-
creased Ng and P-Ng levels in the hippocampus and prefrontal cortex. These findings are in accordance with a

)
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study by Shen et al. [44], in which a single 15-min forced swim session increased P-ERK2 in the prefrontal cor-
tex and neocortex. AS-induced increases in Ng and P-Ng, however, are in contrast to findings with other acute
stressors. As previously mentioned, acute sleep deprivation decreased Ng levels in the cerebral cortex, but did
not change Ng levels in the hippocampus [30]. Chen [31] reported that acute electroconvulsive seizure de-
creased Ng protein levels and phosphorylation in the hippocampus. These discrepancies could be explained by
differences in the type and/or intensity of the stressors. Importantly, P-Ng and Ng levels were not significantly
different between the C2 and C3 groups, suggesting that the behavioral testing did not affect Ng levels. Our
findings suggest that a single swim stress may have short-term benefits for Ng synthesis and utilization in the
brain.

The exact reasons for differences in Ng levels between CS and AS animals are unclear. Interestingly, differ-
ences between the effects of acute and chronic stress also have been reported for physiological responses [9] [37]
[44]. Chronic, but not acute stress, causes shortening and debranching of dendrites in the CA3 region of the
hippocampus and suppresses neurogenesis of dentate gyrus granule neurons [35]. Previous studies have found
marked reductions in CA3 apical dendrites following a number of chronic stressors including foot shock stress,
restraint stress, cold stress, swim stress, and social stress [1] [34] [45].

These forms of structural remodeling are mediated by glucocorticoid mechanisms working in concert with
excitatory amino acids [1] [34] [45]. Several studies have found an association between Ng and dendritic mor-
phology. Ng was localized in dendritic spines of pyramidal neurons in the hippocampus and prefrontal cortex
[17] [18], and Ng immunostaining is an alternative method for investigating dendritic pathology [46]. However,
we did not determine dendritic morphology in the hippocampus or prefrontal cortex following either repeated or
acute swim stress in the present study. Thus, to test the hypothesis that the decreased Ng levels observed in our
CS animals result from dendritic alterations, it will be important for future studies to directly examine dendritic
morphology with immunohistochemical methods.

4.3. Ng Involvement in Stress-Induced Depression and Anxiety

Chronic exposure to swim stress in rats induced depression-like behaviors and decreased Ng levels. Deceased
Ng levels in the hippocampus were positively correlated with saccharine intake, suggesting a relationship be-
tween Ng with this depression-like behavior. We believe that inhibition of Ng synthesis might be one of the
mechanisms underlying stress-related depression. The cascade of signaling events triggered by cAMP has been
suggested to play a pivotal role in depression pathogenesis [47] [48]. Chronic treatment with antidepressants or
electroconvulsive shock therapy potentiates the downstream effects of cCAMP signaling, including specific tran-
scription factors (e.g., CREB and BDNF) that regulate neuroprotection and neuroplasticity [48]. Recently, Ng-
null mice were found to show decreased CREB phosphorylation [29]. Downregulation of Ng in the hippocam-
pus decreased PKC activation and altered Ca**/CaM-signaling pathways [27]. Given the crucial role of Ng and
P-Ng in regulation of numerous signal transduction pathways, stress-induced Ng reductions in selected brain ar-
eas may contribute to depression by altering signaling, impairing synaptic plasticity, and/or enhancing cognitive
decline [49].

Decreased Ng levels were inversely correlated with grooming behavior, also suggesting a relationship be-
tween Ng and anxiety-like behavior. Previous studies support decreased Ng levels in anxiety-like behavior: Ng
knockout mice exhibit anxiety-like tendencies in the light-dark exploration test and in time spent in center of an
open field [26]. Clinical studies have found that depression is the most common psychiatric illness associated
with anxiety and common mechanisms are involved in anxiety and depression [4]. Our findings that decreased
Ng is correlated with both depression- and anxiety-like behaviors suggest that Ng may be the common neuro-
biological substrate in anxiety and depression pathogenesis.

Acute stress (i.e., single forced swim stress) increased immobility and P-Ng and Ng levels. Further, P-Ng in
the prefrontal cortex was positively correlated with immobility. Acute foot shock stress was found to increase
immobility in open field and this effect could be attenuated by anxiolytic administration [50]. Pijlman et al. [42]
interpreted immobility as a coping strategy in response to acute stress. Although the swim stress and open field
environments were not identical in the present study, they may be similar enough to induce an immobility “cop-
ing” response in AS animals.

In animals, several behavioral parameters are considered signs of anxiety: increased immobility, increased
grooming, and decreased ambulation [40] [41]. However, more horizontal ambulation and less grooming caused
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by large open field could also be considered as fear-like behaviors [51]; thus, the physiological bases of these
behavioral responses may be different. The correlation between P-Ng and immobility suggests that increased
phosphorylation of Ng could mediate increased anxiety in AS animals; however, this finding was not observed
in CS animals. Interestingly, this finding suggests that acute stress enhanced several neurobiological responses
associated with increased anxiety.

Here we show that Ng may be the neurobiological substrate mediating the effects of stress on mood. To our
knowledge, this is the first report demonstrating a relationship between Ng and stress-induced behavioral disor-
ders. Although a targeted therapy might be difficult to apply clinically, our findings suggest that induction of Ng
could play a pivotal role in depression therapy. The role of Ng in depression and anxiety symptomatology, how-
ever, remains to be elucidated.

Similar to previous studies, rats in our study were individually housed [9] [38]; thus, possible effects of social
isolation on behavior and Ng levels need to be considered. Differences between group-housed and isolated ani-
mals have been found in the social interaction test [52]. Niesink and Van Ree [53] described increased social in-
teraction in rats following a short isolation. Wilson [54] reported that the presence of another animal altered the
perception of an aversive situation and reduced stress. It is possible that the behavioral responses and altered Ng
levels in our study were caused by the combination of swim and social isolation stress; however, no differences
were found between baseline behavior and behavior after 14 days of isolation housing in control animals. Social
isolation may have increased vulnerability to swim stress-induced behavioral disorders. Future studies should
include group-housed animals to control for the potential effects of social isolation on behavior and Ng levels.

5. Conclusion

In summary, CS produced depression- and anxiety-like behaviors and decreased Ng levels in the hippocampus
and prefrontal cortex. Ng levels in the hippocampus were correlated with both depression- and anxiety-like be-
haviors. AS induced anxiety-like behavior and increased P-Ng and Ng levels in the hippocampus and prefrontal
cortex. P-Ng in the prefrontal cortex was correlated with anxiety-like behavior. Our data suggest that CS and AS
differentially affect depression- and anxiety-like behaviors and Ng levels in rats. Ng dysfunction might contrib-
ute to the neural mechanisms underlying stress-induced depression and anxiety.
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