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Symptoms  of METH  withdrawal  include  depression,  anxiety  and  drug  craving.
The  environmental  enrichment  alleviates  behavioral  deficits  induced  by METH  withdrawal.
The  environmental  enrichment  reduces  voluntary  consumption  of METH  in  withdrawn  rats.
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a  b  s  t  r  a  c  t

Previously  results  have  been  shown  that chronic  methamphetamine  causes  dependence,  withdrawal
syndrome  and  drug  craving.  Also,  environmental  enrichment  (EE)  has  been  shown  protective  effects  in
several  animal  models  of addiction.  This  study  evaluated  effect  of the  EE on  the  anxiety-depression  profile
and voluntary  METH  consumption  in  METH-dependent  rats  after  abstinence.  The rats  were  chronically
treated  with  bi-daily  doses  (2 mg/kg,  at 12  h intervals)  of METH  over  a period  of  14 days.  METH  dependent
rats  reared  in  standard  environment  (SE)  or EE  during  spontaneous  METH  withdrawal  which  lasted  30
days.  Then,  the  rats  were  tested  for anxiety  (the  elevated  plus  maze-EPM)  and  depression  (forced  swim
test-FST)  and  also  voluntary  consumption  of  METH  using  a two-bottle  choice  paradigm  (TBC).  The  results
nxiety
epression
wo-bottle choice

showed that  the  EE  rats  exhibited  an  increase  in EPM  open  arm  time  and  entries  (P  <  0.05),  lower  levels  of
immobility  (P < 0.001)  as  compared  with  the  SE  groups.  Preference  ratio  of  METH  was  less  in the METH/EE
rats  than  the  SE group during  2 periods  of  the  intake  of  drug  (P <  0.05).  Environmental  enrichment  seems
to  be  one  of the  strategies  in  reduction  of behavioral  deficits  and  the  risk  of  relapse  induced  by  METH
withdrawal.
. Introduction

Methamphetamine (METH) is an addictive psychostimulant

hat dramatically affects the central nervous system (CNS) [7].
ecent findings have shown that chronic METH use alters synap-
ic plasticity in the brain, which may  contribute to its adverse

Abbreviations: METH, methamphetamine; EE, environmental enrichment; SE,
tandard environments.
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effects [35], include dependence, withdrawal syndrome and drug
craving [9,17,34]. The METH use causes neurotoxicity in multiple
neurotransmitter systems [13,18,41]. METH-induced alterations
in dopamine levels in mesolimbic, nigrostriatal systems and pre-
frontal cortex involve in craving and rewarding effects of drug
[16,28]. Two  common withdrawal symptoms of METH include
depression and anxiety [20] that could contribute to drug depend-
ence and craving [25,38]. Thus, reversal or prevention of the
synaptic modifications induced by METH use could be a useful
method for the treatment of relapse to METH seeking. It seems
that the environmental enrichment (EE) models could impact on

brain’s reward system and vulnerability to drug abuse [37]. In Envi-
ronmental Enrichment (EE) models, laboratory animals take place
in large cages with physical stimuli include small toys and running
wheel, which is much richer than the standard housing, and allow
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Fig. 1. Timeline of experim

nimals to explore, play and exercise; in this condition the animal
ould have more control over the environment [32,33]. It is recog-
ized that EE models in rodents produce a range of plastic responses

n the brain including neurogenesis [22], ameliorate some of the
eurodegenerative and psychiatric disorders [26], reduce anxiety,
epressive-like behaviors and endocrine-behavioral reactivity to
tress [32], and enhance brain-derived neurotrophic factor (BDNF)
evels [15].

There are controversial reports about the effects of EE on
he behavioral responses to cocaine and amphetamines. Some
vidence indicates that EE reduces amphetamine and cocaine
elf-administration and seeking behaviors [11,12], and MDMA
Ecstasy)-induced conditioned place preference (CPP) [1], or
nhances amphetamine-induced CPP [3].

Thus, a more important question would be whether EE could
lunt the deleterious effects of chronic methamphetamine expo-
ure after abstinence. Therefore, in present study, we  assessed
ffect of EE on the anxiety and depressive like-behaviors and
lso, voluntary consumption of METH in animal models of METH
ntake in METH-dependent rats during a 30-day withdrawal
eriod.

. Materials and method

Male Wistar rats (200 ± 10 g) were housed at a 12-h light/dark
ycle at 22–24 ◦C temperature, with food and water ad libitum.

All of the experimental procedures were conducted in accor-
ance with the National Institutes of Health’s Guide for the Care
nd Use of Laboratory Animals (were approved by University Ethics
ommittee). All efforts were made to minimize the number of
nimals and their suffering. The Methamphetamine hydrochloride
Sigma–Aldrich, M 8750) was dissolved in 0.9% saline. The rats
ere chronically treated with subcutaneous injections of METH

2 mg/kg), twice per day at 12 h intervals, for 14 days, as described
reviously [24,36] with slight modifications. Normal saline solu-
ion was similarly injected into control rats. All rats were placed in
tandard cages over injection period.

Standard environments (SE) consisted standard plastic
ages (42 cm × 34 cm × 15 cm), while enriched environment
EE) consisted larger cages (96 cm × 49 cm × 38 cm)  containing
lastic tunnels, rope, swing, balls, ramp, ladder, shelters, step, cube
nd a running wheel, which were cleaned and changed every 2–3
ays to maintain its novelty, with food and water ad libitum [5].
he rats were housed 8 per cages in both of EE and SE housing, and
andled during cage cleaning every 2–3 days.

The 32 rats were divided randomly into four groups (n = 8 rats
er group): saline-standard environment (Sal/SE), saline-enriched
nvironment (Sal/EE), METH-standard environment (METH/SE)
nd METH-enriched environment (METH/EE). In each of the four
roups, saline or METH injection was performed for 14 days. On
ay 15, rats were placed in their home cages (SE or EE) with no

njection, for 30 days (drug abstinence). From day 46, all rats were

ested in standard cages. On days 47–49, all animals were tested
n the elevated plus maze (EPM) and followed by the forced swim
est (FST). On day 50, METH-withdrawn rats were housed individ-
ally in standard cages with two bottles for 8 days to evaluate the
(see Section 2 for details).

voluntary consumption of METH (on days 50–57), with food and
water access (see Fig. 1).

In the test of anxiety, the rats were individually placed
in the center of the EPM with two  open (50 cm × 10 cm) and
closed (50 cm × 10 cm × 40 cm)  arms, and a central platform
(10 cm × 10 cm), and allowed to explore the apparatus for 5 min, as
described previously [21]. Time spent in, and entries into open and
closed arms were measured during each 5 min  test. The apparatus
was cleaned after each trial with water.

The FST was used to assess the depressive-like activity. The test
was carried out in a Plexiglas cylinder of 45 cm height and 20 cm
diameter filled with 25 ◦C water up to a height of 30 cm.  The rats
were forced to swim in two  trials. The first trial lasts 15 min, and
followed 24 h later by a 5 min  test. The following parameters were
measured: swimming time, escaping time (toward the cylinder
wall), immobility time (floating in the water, do only necessary
movements to keep its head above water) [27]. On  the test day,
swimming sessions were videotaped from a lateral angle using a
Nikon Camcorder, and above parameters were accomplished by
experimenters blind. The water was  exchanged for each rat. After
each session, the rats were immediately removed from water, dried
with a towel and were kept in a heated room until completely dry
before being returned to their home cages.

Voluntary METH consumption and preference were quantified
using a two-bottle choice paradigm over an 8-day period, as a model
of METH intake [30], slightly modified in the rats after 4 weeks of
withdrawal. One day before the test, all METH-withdrawn rats were
kept in individual cages. The concentration of METH was 20 mg/l on
days 1–4 and 40 mg/l on days 5–8 in one bottle, water was in con-
trol bottle. The rats had access to both bottles for 18 h to prevent
from anorexia associated with METH consumption. To minimize
effects related to learning, the position of the bottles was  changed
at the time of daily bottle weighing. The contents of both bottles
were measured between 8:00 and 9:00 am daily. Body weights
of the rats were measured every day. The daily consumption of
METH measured based on mg/kg/18 h. Preference ratios (ml  METH
solution consumed/total ml  consumed from both bottles) and also,
the average of water consumption were evaluated during a 4-day
period. The oral METH at relatively low doses causes arousing and
rewarding effects in the rats and humans [8,31].

The data expressed as the mean ± standard error of the mean
(S.E.M.). These data were analyzed by using two-way analyses of
variance (ANOVA) with the fixed factors treatment (saline and
METH) and groups (SE and EE), and with repeated measures as
required. Post hoc analyses included Tukey’s test. Preference ratios
and water consumption during a 4-day period were analyzed by
Student’s t-test. The statistical differences were considered signif-
icant at P < 0.05.

3. Results

The results of the elevated plus maze (EPM) are illustrated

in Fig. 2. Two-way ANOVA revealed a significant effect of group
(F1, 28 = 29.7, P < 0.0001), (F1, 28 = 48.7, P < 0.0001) and treatment
(F1, 28 = 13.2, P < 0.0001), (F1, 28 = 14.7, P < 0.001) for open arm
time and entries, respectively. Also, two-way ANOVA revealed
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ig. 2. Effect of environmental enrichment on the anxiety profile in METH withdraw
pent  significantly more time in the open arms and made significantly more entrie
**P  < 0.002, vs Sal/SE, #P < 0.035 vs Sal/SE group.

ignificant interactions between treatment and group on closed
rm time (F1, 28 = 11, P < 0.003) and entries (F1, 28 = 5.63, P < 0.025).
etween group comparisons showed that the number of open
rm entries in EE groups was more than their controls (P < 0.017,

 < 0.0001, respectively) (Fig. 2A). The Fig. 2B shows that the per-
entage of time spent in the open arms were significantly higher
n the Sal/EE and METH/EE groups than the Sal/SE and METH/SE
roups (P < 0.002, P < 0.0001, respectively). The percentage of time
pent in closed arms in the METH/EE group was less than the
ETH/SE group (P < 0.0001), also it was higher in the METH/SE

roup than the Sal/SE group (P < 0.035).
The results of the FST using a two-way ANOVA revealed a sig-

ificant effect of group (F1, 28 = 37.33, P < 0.0001), and treatment
F1, 28 = 12.2, P < 0.002), and a significant interaction between both
actors (F1, 28 = 4.42, P < 0.045) (Fig. 3). Between group comparisons
howed less immobility time in the Sal/EE (P < 0.05) and METH/EE
P < 0.0001) and also displayed significantly more immobility time

n METH/SE group (P < 0.001) than their controls. There were no
ignificant difference in swimming and escaping times between
roups, (P > 0.05) (data not shown).

ig. 3. Effect of environmental enrichment on the immobility time in the FST in
ETH withdrawn rats. The METH/SE group has shown higher immobility time than

al/SE, while immobility time was less in METH/EE group than the METH/SE group.
P  < 0.05 vs Sal/SE, ##P < 0.001 vs Sal/SE, ˆˆˆP < 0.0001 vs METH/SE.
. (A) The number of entries and (B) time spent into open and closed arms. EE groups
 the open arms than the SE groups. *P < 0.017, vs Sal/SE, ˆˆˆP < 0.0001 vs METH/SE,

The results of the voluntary METH consumption during 4 days
of intake (days 1, 4, 5 and 8) using a two-way ANOVA with repeated
measures revealed a significant effect of days (F3, 42 = 2.4, P < 0.047),
groups (F1, 14 = 9.56, P < 0.022) and a significant interaction between
day × group (F3, 42 = 4.7, P < 0.044) (Fig. 4). Between group compar-
isons showed that the intake of METH on fourth (P < 0.015), fifth
(P < 0.041) and eighth (P < 0.002) days is decreased significantly in
METH/EE group than METH/SE group (Fig. 4A). In general, METH/SE
rats exhibited a larger preference ratio compared to METH/EE group
in the first and second periods (T14 = 2.49, P < 0.026; T14 = 2.03,
P < 0.05, respectively) (Fig. 4B). There were no significant differ-
ences in voluntary water intake between groups in both periods
(P > 0.05), (Fig. 4C).

4. Discussion

This study provides novel evidence that enriched environments
for 30 days during spontaneous METH withdrawal after chronic
administration, reduces the voluntary consumption of METH and
also anxiety and depressive-like behaviors in METH withdrawn
rats, two main symptoms of METH withdrawal, as vulnerability
factors to relapse. Our finding is consistent with previous results
showing that the enriched environments decreased the response
to amphetamine-induced stress-related behaviors such as anxiety
[12,29], and depressive-like behaviors [4]. Presently, the neurobio-
logical mechanisms underlying the reduced anxiety and depression
following enriched environment are still not known. It may be
due to direct and indirect involvement of a variety of neurotrans-
mitter system including serotonin [4], norepinephrine [10], BDNF
[15] and D2 receptor availability [23] in the various regions of
brain following enriched environment. Therefore, the enriched

environment was  able to promote functional recovery in neuro-
transmitter systems involved in anxiety and depression. In present
study, spontaneous METH withdrawal after chronic administration
enhanced depressive and anxiety-related behaviors in novel and
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Fig. 4. Effect of environmental enrichment on the voluntary consumption of METH in withdrawn rats using a TBC paradigm. (A) The average of METH consumption during
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ays  1, 4, 5 and 8 of intake. (B) Preference ratios and (C) the average of water intake
nd  8 and also in both periods than METH/SE rats. In A; ˆˆP < 0.015, ˆP < 0.041, and ˆˆ

tressful conditions, while the enriched environment resulted in
n improved coping with novel and stressful situations; which in
urn lead to a reduced anxiety and depression levels in the Sal/EE
nd METH/EE groups in comparison with the Sal/SE and METH/SE
roups.

Our findings have also shown that the enriched environment
ecreased the voluntary consumption of METH in withdrawn
ats. No study has been conducted with the same nature thus
ar. Although, previous studies have shown that EE reduced self-
dministration and seeking behaviors of amphetamine and cocaine
11,12], MDMA  (Ecstasy)-induced CPP [1].

Therefore, relatively low doses of oral METH in our study
auses rewarding effects in the METH/SE rats, similar to human
nd animal studies [8,19]. In this study, the rats had free access
o water and METH which preferred METH to water, reflect-
ng an incentive demand for the drug in TBC model. Also, in
resent study, no significant difference between groups was
bserved in water intake using a two-bottle choice paradigm.
hus, we conclude that exposure to EE decreases the reward-
ng effects of METH which can reduce the risk of sensitivity and
rug seeking after withdrawal [40]. The dopaminergic dysfunc-
ion [39], the low level of glutamate [2], and reduction of BDNF
6,14] may  play a significant role in relapse of METH-seeking
fter protracted abstinence. In this regard, it has been shown
hat EE prevents methamphetamine-induced decrease of BDNF
evel after cessation of treatment with METH [6,14,15]. Also, it
eems that antidepressant and antianxiety effects of enriched envi-
onment decreased voluntary METH consumption in withdrawn
ats. Future studies need to examine the neurobiological mecha-
isms.

. Conclusion

Our results have been shown that access to enriched envi-
onment during protracted abstinence from METH can decrease
he anxiety and depressive-like behaviors and the voluntary con-

umption of drug in METH-withdrawn rats. Our findings may
ave a potential therapeutic application in the prevention of
ETH-induced behavioral sensitization and the risk of relapse in
ETH-dependent and withdrawn rats.

[

th periods. The METH/EE group showed a lower consumption of METH on days 4, 5
02 vs METH/SE. In B; ˆˆP < 0.026, ˆP < 0.05 vs METH/SE.
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