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Introduction

Adolescent depression is a common and serious mental ill-
ness in adolescence, with a prevalence of about 4-8% [1]. It is
reported that the suicide rate in adolescents with depression is
higher than that in adulthood [2], while it is increasing in recent
years [3]. However, most of antidepressants are not effective

Abstract

Background: Adverse events in early life can induce depression
in adolescents. Environmental Enrichment (EE) has anti-depression
effects in adulthood animals and humans. However, whether EE
has effects on adolescent depression and the underlying mecha-
nisms has not been documented.

Aim: To explore the effects of EE on Maternal Deprivation (MD)-
induced adolescent depression and associated molecular and cel-
lular mechanisms.

Methods: The animal model of adolescent depression was es-
tablished with MD in newborn rats. Depressive-like behaviors were
evaluated by sucrose preference test, forced swimming test, and
invasion test. VEGF and Flk-1 mRNA and protein expression were
measured by Real-time PCR and Western blot, respectively. Hip-
pocampal cell proliferation was assessed by Bromodeoxyuridine
(BrdU) incorporation and immunohistochemical staining of BrdU
and neuronal nuclear protein (NeuN).

Results: MD significantly lowered sucrose preference rate,
shortened the attack latency in invasion test, and increased the
time of motionless while shortened the climbing time in the forced
swimming test in rats compared to the control and control-EE rats.
MD significantly decreased VEGF and Flk-1 mRNA and protein ex-
pression, and the number of positive BrdU and NeuN staining cells
in the hippocampus of rats compared to the control and control-EE
rats. EE decreased depressive-like behaviors, normalized VEGF and
Flk-1 mRNA and protein expression, as well as increased positive
BrdU and NeuN staining in the MD rats.

Conclusion: Maternal deprivation induced depressive-like be-
haviors in adolescent rats through negatively regulating VEGF
and Flk-1 signaling and reducing hippocampal neurogenesis. En-
vironmental enrichment can reduce the depressive-like behaviors
through positive regulation of VEGF/FIk-1 signaling and subsequent
neuron regeneration in the hippocampus.
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increase the risk of suicide in adolescent patients [4]. Psycho-
logical interventions have become the first-line treatment of
adolescent depression because of its small side effects. How-
ever, the involved neurobiological mechanisms of psychological
interventions are still unclear.

on adolescent depression. In contrast, antidepressants may
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Numerous studies have verified the impacts of Environmen-
tal Enrichment (EE) (a non-pharmaceutical intervention) on the
neuron system of adulthood animals and humans [5-7]. Studies
in SD rats have found that EE has anti-anxiety and anti-depres-
sion effects through regulating the inflammatory state in the
rat brain [8]. Moreover, EE interventions can improve individ-
ual cognitive function and attenuate the establishment of fear
condition [7,9]. It is also thought that EE can promote the mor-
phology, structures, and functions of the neural circuits in the
brain, and subsequently improve the cognitive functions, and
behavioral responses [4,5,10]. The EE-caused changes in the
brain include the increased neonatal neoplasia and synapses,
neurotrophic factors, and volume and thickness of the cerebral
cortex [7,11,12].

Previous studies have found that negative experiences in
early life have adverse effects on the individual's brain func-
tions and behaviors [13,14], in which negative events occurring
before the age of 12 are mainly related to depression in adoles-
cence [15]. Depression in adolescence is thought to be associ-
ated with the reduction in hippocampal volume [16] and syn-
aptic density [17]. Vascular Endothelial Growth Factor (VEGF) is
a highly conserved vasoactive growth factor with two types of
receptors, including Fetal Kiver Kinase-1 (Flk-1), which is mainly
found in the matured neurons, neural progenitor cells, and en-
dothelial cells in the hippocampus of rodents [18,19]. Previous
studies have demonstrated that VEGF-Flk-1 signaling pathway
plays an important role in the process of chronic stress-induced
depression phenotype and interventions of various antidepres-
sants on the depression in adult individuals. For example, some
studies have found that chronic stress can induce depression-
like behaviors through down-regulating of the VEGF expression
in the hippocampus of adult rats. Moreover, the increase of
VEGF can relieve the inhibition of chronic stressors on neuronal
regeneration in the hippocampus [20]. Intraventricular injec-
tion of VEGF can promote neuronal regeneration in the subcu-
taneous area of the hippocampus in adult rats [21,22], while
injection of adeno-associated virus expressing VEGF into the
hippocampus can stimulate neuronal regeneration. In contrast,
reducing VEGF levels can inhibit neuronal regeneration in the
hippocampus [23]. These above studies suggest that the activa-
tion of VEGF-Flk-1 signaling pathway in the hippocampus plays
an important role in the emergence and improvement of adult
depression phenotypes, but its role in the occurrence and de-
velopment of adolescent depression needs further evidence.

In this study, the negative events in early life were estab-
lished in rats by Maternal Deprivation (MD) and depression-like
behaviors as well as VEGF/Flk-1 expression in the hippocampus
were measured in adolescent rats. Recent studies suggest that
stress induced loss of hippocampal neurons which may contrib-
ute to the pathophysiology of depression. This study therefore
investigated the effect of EE on hippocampal neurogenesis in
the adolescent rat, using the thymidine analog bromodeoxyuri-
dine (BrdU) as a marker for dividing cells and neuronal nuclear
protein (NeuN) as a specific neuronal marker.

Table 1: Weights.

Materials and Methods
Animals

The animal use protocol listed below has been reviewed and
approved by the Animal Experimental Ethical Inspection Form
of Guizhou Medical University. Sixty newborn male Sprague-
Dawley rats (Slac Laboratory Animal Inc., Shanghai, China) were
assigned into Maternal Deprivation (MD) group (n=30) and con-
trol group (n=30). In MD group, pups were separated from their
mothers and placed in a single cell for 6 hours each day from
9:00 am to 3:00 pm and from PND 1 to PND 21. After 6 hours,
pups were returned to their respective cages with their moth-
ers. Rats in control group were housed with their mothers until
PND21. On day-22, rats in the MD group were divided into de-
pression group to receive routine housing from day-22 today-49
and depression-EE group to house under environmental enrich-
ment (EE) from day-22 today-49. The rats in the control group
were also divided into control group to receive routine hosing
and control-EE group to house under EE from day-22 today-49.
Briefly, in the control-EE and depression-EE group, every 10 rats
were housed in a large cage (60x50x70cm). The large cage was
consisted of two floors connected by inclined ladders. The cages
contained wood filings, runners, small houses, pipes and a vari-
ety of plastic toys, etc. The houses, runners and pipes remained
unchanged, and the rest of the toys are changed once a week
for 4 weeks. At 8" week, behavior tests were performed. All
experiments were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and Chinese legislation on the use and care of labora-
tory animals.

Sucrose Preference Test

The sucrose preference test spanned a total of 4 days and
rats were housed individually (Lin et al., 2005). On the first day,
rats were given free access to 2 bottles of 2% sucrose solution.
On the day 2, 3, and 4, one pre-weighed bottle of sucrose so-
lution was replaced with pre-weighed water. The positions of
the water and sucrose bottles were switched. The volume of
liquid consumed from both bottles was recorded. The sucrose
preference rate was calculated to assess the degree of anhe-
donia in rats using the following formula: sucrose preference
rate=sucrose consumption (g)/[water consumption (g) +sucrose
consumption (g)]x100%.

Forced Swimming Test

The experiment was divided into pre-experiment (15 min-
utes) and formal experiment (5 minutes) (Weaver et al., 2005).
On the first day, the rats were placed separately in a transparent
tempered glass cylinder (a diameter of 20cm and a height of
40cm) with a water depth of 30cm. The water temperature was
25+1°C. After 15 minutes of pre-experiment, the rats were re-
moved, dried at 32°C, and returned to the cage. On the second
day, the rats were again placed in the forced swimming cylinder,
and the rats were observed to be stationary for 5 minutes (the
rats were passively floating, only the tail and four paws were

Stress Stimulation

Enriched Environment Stimulation

Group /Time (days)
1 7 14 21 28 35 42 49
Control (n=15) 6.05+1.04 15.96+1.31 29.70+3.02 50.74+5.32 82.61+7.39 121.73+10.32 172.17+7.69 220.02+14.02
Control-EE (n=15) 6.26+1.12 15.21+1.11 30.90+2.02 51.04+5.95 83.58+7.21 127.82+15.01 179.38+13.45 236.79+17.58
Depression (n=16) 6.10+0.99 13.42+1.31ab | 26.12+2.78ab ' 43.25+5.18ab | 73.95+6.48ab  104.59+8.31ab = 158.22+11.52ab  202.71+17.90ab
Depression-EE (n=16) 6.16+0.71 13.72+1.23ab | 26.67+2.22ab | 43.98+5.26ab  76.33%6.92b | 116.82+11.62c & 171.046+11.93c | 221.08+17.53c

+a, mean P<0.05, compared with Control group; b, mean P<0.05, compared with Control-EE group; c, mean P<0.05, compared with Depression group.
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slightly swayed to maintain body balance and keep the head out
of the water), swimming time (coordinated treading, paddling
time) and struggling time (time of drowning, climbing and tur-
bulence) as indicators. The water in the cylinders was emptied
and refilled after each experiment to avoid affecting the next
test rat.

Aboriginal/Invasion Test

This experiment is to reflect the irritability and aggression
of depressed individuals. Each experimental rat was fed in a
single cage for 24 hours (free diet) before the experiment. At
the beginning of the experiment, the invading rats (another
4-week-old male SD rat not participating in other steps of the
experiment) was placed in the cage of experimental rats (on the
end of the diagonal with the experimental rat), and then began
recording the time that the experimental rat took to attack the
invading rat within six minutes (called the attack latency). The
shorter attack latency means higher irritability in the experi-
mental rats.

Real-Time Reverse Transcription Quantitative PCR

After behavioral tests, eight rats from each group were eu-
thanized, and the hippocampus was immediately dissected (left
for QPCR while right for Western blot). Total RNA was isolated
using TRIzol reagent (Life Technologies). Reverse transcription
was performed using Bestar gPCR RT Kit (DBI Bioscience). Real-
time quantitative PCR was performed using Bestar® SybrGreen
gPCR master Mix (DBI Bioscience). Relative quantification of
gene expression was conducted using the Stratagene Mx3000P
Real time PCR system (). VEGF gene was amplified using for-
ward primer: 5’-GTCCTGTGTGCCCCTAATG-3’ and reverse prim-
er: 5’GGCTTTGGTGAGGTTTGAT-3". Flk-1 was amplified using
forward primer: 5’- ACGGGGCAAGAGAAATGAAT-3’ and reverse
primer: 5’- ACAGATGAGATGCTCCAAGGTC -3’. GAPDH was am-
plified using forward primer: 5’- CCTCGTCTCATAGACAAGATGGT
-3’ and reverse primer: 5'-GGGTAGAGTCATACTGGAACATG-3’ as
an internal control. Data analysis was performed using the com-
parative 244 method.

Western Blot

The rabbit polyclonal anti-VEGF (1:500 dilution), anti-Flk-1
(1:1000 dilution), and anti-GAPDH (1:10000 dilution) antibody
was purchased from abcam (San Diego, CA). The horseradish
peroxidase-conjugated anti-rabbit IgG was purchased from
Sigma-Aldrich (St. Louis, MO). Total protein was extracted, and
Western blot was conducted as previously described (Zhang et
al., 2006). Twenty micrograms of total protein were loaded onto
a 10% sodium dodecyl sulfate—polyacrylamide gel. The same
blot was reprobed for GAPDH to serve as a loading control. The
intensity of each band was quantified with Bio-Rad Quantity
One software (Bio-Rad, Hercules, CA).

Immunohistochemical Staining of BrdU and NeuN Protein
Expression

After behavioral tests, seven rats from each group were in-
traperitoneally injected with BrdU (5-Bromo-2’-Deoxyuridine:
50 mg/kg/day) for three consecutive days. 24 hours after the
last injection, the whole brain tissue was immediately dissect-
ed and fixed with 4% paraformaldehyde after euthanasia. The
embedded whole brain was sectioned serially at 40-uM using
a freezing microtome from rostro-caudal coordinates covering
the whole hippocampal formation (-2.12 to -6.3 mm relative to
bregma). After dehydrated and antigen retrieve, slices were in-

cubated with primary Anti-BrdU and Anti-NeuN antibody (Invi-
trogen: Cat. No. MA3-071 and PA5-37407) for overnight at 4°C,
and then HRP-labeled secondary antibody for 30 min at room
temperature. After washing, the slices were stained using the
chromogenic substrate DAB (3,3'-Diaminobenzidine). The num-
ber of positive stained cells and the number of total cells were
analyzed using Image-Pro Plus 6.0 analysis software. The posi-
tive rate was calculated: Positive rate (%) = positive cell number
/ total cell number *100.

Statistics

Data were analyzed using SPSS (SPSS Inc., Chicago, IL, USA)
and reported as meanstSD. Differences between experimental
groups were determined by ANOVA and Student's t-test with
subsequent Bonferroni correction. A P<0.05 was considered
significant.

Results

The Effects of Environmental Enrichment on weights and
behaviors in MD rats

The weight in the Depression group was significantly lower
than that in the Control and Control-EE group from day 7 to
day 49. The weight in the Depression-EE group was significantly
lower than that in the Control and/or Control-EE group from
day 7 to day 28 without significant difference from Depression
group, but it was significantly higher than Depression group
from day 35 to day 49 (Table 1).

The sucrose preference rate was significantly lower in the
MD group than the Control and Control-EE group. The sucrose
preference rate in the MD-EE group was significantly higher
than that of the MD group, but it was still significantly lower
than the Control group (Figure 1A). EE treatment had no effect
on the control rats. These results suggested that EE reduced an-
hedonia behavior in MD rats.

Invasion test showed that the attack latency in the MD group
was significantly shorter than that in the Control and Control-EE
group. The attack latency in the MD-EE group was significantly
longer than that in the MD group, but it was still significantly
different from the Control group (Figure 1B). EE treatment had
no effect on the control rats. These results suggested that EE
decreased irritability in MD rats.
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Figure 1: Behavioral tests. A) The sucrose preference rate. MD:
maternal deprivation; EE: Environmental enrichment. 2P<0.05 vs.
Control group; ®P<0.05 vs. Control-EE group; ¢ P<0.05 vs. MD group.
B) Invasion test.  P<0.05 vs. Control group; ® P<0.05 vs. Control-EE
group; ¢ P<0.05 vs. MD group. C) Forced swimming test. ® P<0.05
vs. Control group; ® P<0.05 vs. Control-EE group; ¢ P<0.05 vs. MD

group.
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Forced swimming test showed that the time of motionless
was significantly longer in the MD rats than control rats, where-
as the climbing time in the MD rats was significantly shorter
than Control rats. The time of motionless in the MD-EE rats was
significantly decreased compared to the control rats, but no sig-
nificant difference in the climbing time was observed between
the MD-EE and other groups (Figure 1C). These results suggest-
ed that EE reduced behavioral despair in MD rats.

Environmental Enrichment Affected VEGF and Flk-1 Expres-
sion in MD Rats

Real-time PCR showed that VEGF (Figure 2A) and Flk-1 (Fig-
ure 2B) mRNA expression in the hippocampus was significantly
decreased in the MD group compared to the Control and Con-
trol-EE group. VEGF and Flk-1 mRNA expression in the MD-EE
group was significantly higher than that of the MD group. Envi-
ronmental enrichment treatment had no effect on the control
rats in VEGF and Flk-1 mRNA expression.

Western blot showed that VEGF (Figure 2C) and Flk-1 (Figure
2D) protein expression was significantly decreased in the hip-
pocampus of MD rats compared to the Control and Control-EE
group. VEGF and Flk-1 protein expression in the MD-EE group
was significantly higher than that of the MD group. EE treat-
ment had no significant effect on VEGF protein expression, but
decreased Flk-1 protein expression.

Environmental Enrichment Affected Hippocampal Neuro-
genesis

Immunohistochemical staining showed that positive BrdU
and NeuN staining cells were significantly decreased in the hip-
pocampus of MD rats compared to the Control and Control-
EE group. Positive BrdU and NeuN staining cells in the MD-EE
group were significantly higher than that of the MD group. EE
treatment had significant effect on BrdU and NeuN protein ex-
pression in the hippocampus of MD rats (Figure 3).
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Figure 2: VEGF and Flk-1 expression in the hippocampus. A) Rela-
tive VEGF mRNA expression measured by real-time PCR. B) Relative
FIk-1 mRNA expression measured by real-time PCR. C) Western blot
of VEGF protein expression. D) Western blot of Flk-1 protein ex-
pression. # P<0.05 vs. Control group; ® P<0.05 vs. Control-EE group;
¢ P<0.05 vs. MD group.
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Figure 3: Immunohistochemical staining. BrdU (A,B) and NeuN
(C,D) protein expression in the hippocampus of rats were measured
using immunohistochemistry.

Discussion

In this study, an animal model of adolescent depression was
established with maternal deprivation for 21 days with starting
in newborn rats. The lower rate in sucrose preference test, the
shorter attack latency in aboriginal/invasion test, and the lon-
ger time of motionless / shorter climbing time in forced swim-
ming test in MD rats reflect a status a like depression in human
beings. Environmental Enrichment (EE) can partially or entirely
reduce these depression-like behaviors in MD rats. Both the
VEGF and Flk-1 mRNA and protein expression were significantly
decreased in the hippocampus of the MD rats, but their expres-
sions can be recovered by the EE treatment. In addition, EE can
improve the proliferation of hippocampal neurons which were
decreased in the MD rats. Thus, this study suggests that 1) ado-
lescent depression can be induced by negative experiences in
the early life; 2) EE is effective in treating adolescent depression
through regulating VEGF/Flk-1signaling; and 3) subsequently in-
creasing the hippocampal neurogenesis.

Although the protocols of environmental enrichment vary
between different laboratories, the most common procedure
in rats should provide three basic components: novelty, social
contact, and exercise [24]. In this study, rats were housed in a
large cage with two floors to provide a social contact; the lad-
der, wood filings, runners, small houses, pipes, and a variety of
plastic toys changed once a week to provide a novelty and exer-
cise. Our EE protocol showed no effects on depression-like be-
haviors in native rats. In contrast, EE given after MD can partially
or entirely reduce depression-like behaviors in MD rats. These
findings suggest that the antidepressant effects of EE are differ-
ent in native rats and the rats pre-exposed to the stress, but the
mechanisms need further studies. Our EE protocol can be used
as a treatment for adolescent depression.

A previous study demonstrated that EE can reduce learned
helpless behavior in 14 weeks old, but not 28 weeks old con-
genital helpless rats. Also, EE had no effect on anhedonic-like
behavior [25]. Mileva and Bielajew studied the impact of im-
mediate environment on depression- and anxiety-like behaviors
in Wistar Kyoto (validated animal model of depression) and na-
tive Wistar rats receiving standard, enriched, and isolated hous-
ing. In contrast, they found that enriched housing significantly
increased sucrose preference (anhedonic behavior) in both
strains of rats compared with isolated housing, but there were
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no significant effects on the measures of open arm duration
in the EPM (anxiety-like behaviors) and immobility in the FST
(depressive-like behaviors) in two strains, suggesting that en-
richment appears to reduce anhedonia [26]. Seong et al study
revealed that EE can decrease hopelessness and anxiety in a de-
pressive rat model established by chronic stress [27]. Gong et
al study demonstrated that EE can reduce adolescent anxiety-
and depression-like behaviors in rats that received infant spared
nerve injury through normalizing the inflammation balance in
the brain [28]. Moreover, Doreste-Mendez et al study showed
no rescue on the majority of the anxiety and depressive-like be-
haviors in adulthood of rats received maternal separation for 21
days [29]. In this study, our EE protocol affected anhedonic- and
depressive-like behaviors, as well as irritability of depressed in-
dividuals in MD rats. Thus, our and others findings suggest that
1) the differential environmental factors may mediate the dif-
ferent depression-related symptoms; 2) environmental enrich-
ment is complex and different protocols for enriching rats may
produce conflicting results, and 3) it is important to establish a
universal standard of environmental enrichment for the treat-
ment of depression.

Previous studies have demonstrated that EE can increase
neonatal neoplasia and synapses, as well as the volume and
thickness of the cerebral cortex [11,12]. Inconsistent with previ-
ous studies, our EE protocol had no effects on the number of
hippocampal neurons in native rats, but significantly increased
the proliferation of neurons in the hippocampus of MD rats. Pre-
vious studies have revealed that VEGF-Flk-1 signaling is involved
in the chronic stress-induced depression and the interventions
of various antidepressants on the depression [20-22] through
regulating the neuronal regeneration in the hippocampus [23].
Our study demonstrated that maternal deprivation starting in
newborn rats induced adolescent depression through downreg-
ulation of VEGF-Flk-1 expression in the hippocampus, however,
our EE protocol increased VEGF-Flk-1 expression in the hippo-
campus of MD rats. The changes of VEGF-Flk-1 expression par-
alleled to the changes in the BrdU and NeuN expression in the
hippocampal neurons. The incorporation of BrdU and subse-
quent examination of BrdU protein expression is a classic assay
of cell proliferation, while NeuN is a neuronal nuclear protein
and neuron differentiation marker [30]. Thus, our EE protocol
can reverse the MD-induced depression in adolescents through
activating VEGF-FlIk-1 signaling and subsequent neuron regen-
eration in the hippocampus.

In conclusion, early maternal deprivation starting in new-
born rats induced depressive-like behaviors through negatively
regulating VEGF and Flk-1 signaling and reducing hippocampal
neurogenesis. Our Environmental Enrichment (EE) protocol can
reduce the depressive-like behaviors through positive regula-
tion of VEGF/Flk-1 signaling and subsequent neuron regenera-
tion in the hippocampus.
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