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ethamphetamine  on  anxiety  vary  depending  on  the  animal  model

sed?
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leš  Stuchlík b,  Karel  Valeš b

Charles University in Prague, Third Faculty of Medicine, Department of Normal, Pathological and Clinical Physiology, Prague, Czech Republic
Academy of Sciences of the Czech Republic, Institute of Physiology, Prague, Czech Republic

 i g  h  l  i g  h  t  s

Prenatal  methamphetamine  exposure  has complex  effects  on  development  of  anxiety.
The  effect  of  prenatal  methamphetamine  exposure  on  anxiety  is modified  by  drug  treatment  in adulthood.
The  approach-avoid  conflict  seems  to be the  most  prominent  parameter  describing  fear  that  is affected  by  methamphetamine  treatment.
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a  b  s  t  r  a  c  t

The  aim  of the present  study  was  an  evaluation  of  prenatal  exposure  to acute  methamphetamine  (MA)
treatment  on  manifestations  of  anxiety.  Anxiety  was  evaluated  in  adult  animals  in three  different  exper-
imental  models:  the  Elevated  plus-maze  (EPM),  Social  interaction  test  (SIT)  and  Ultrasound  vocalization
(USV).  Female  rats  were  administered  saline  (S)  or  MA  (5 mg/kg)  daily  throughout  their  entire  gestation
period.  The  male  progeny,  in adulthood,  were  administered  with  challenge  dose  of S or  MA  (1  mg/kg)
prior  to evaluation  of anxiety.  The  study  demonstrated  that  prenatal  MA  exposure  increased  the  anxio-
genic  effect  on evaluated  behaviour  patterns  in  the  USV  model  and  to a lesser  degree  in  the  EPM  model.
In  addition,  the acute  MA  challenge  in  adulthood  decreased  the  time  spent  during  social  interaction  sug-
gesting  an  anxiogenic  effect  in  the  SIT model  as well.  On  the other  hand,  some  of  the  evaluated  parameters
(e.g.  the  number  of head-dipping  in  the  EPM  and  number  of  dropped  boluses  in  the  SIT)  also  suggest  MA-
levated plus-maze
ocial interaction text
ltrasound vocalization

induced  anxiolytic  effects.  Sensitization  to a MA  challenge  was  apparent  in  several  parameters  of  the  EPM
(e.g.  increased  number  of entries  to the closed  arms,  increased  stretched  attend  postures  and  increased
approach-avoid  conflicts)  and  SIT  (total  social  interaction  and  following).  The  present  data  demonstrate
that  prenatal  MA  exposure  and  adult  challenge  of  the  same  drug  have  diverse  effects  on  animal  behaviour
that  depends  on  the  type  of  anxiety  model  used.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

In general, stress and drug addiction are closely connected.

ither acute or chronic stress can be a reason for drug abuse
nd drug abuse can act as a chronic stressor [57]. Psychos-
imulants have been shown to affect a variety of behaviour
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166-4328/© 2015 Elsevier B.V. All rights reserved.
patterns in humans [58,59] as well as in behaviour pat-
terns in laboratory animal models of psychostimulant abuse
[23,25]. Long-lasting alterations in emotional states such as
fear, anxiety, social receptivity, depressive symptoms, as well
as memory deficits have been demonstrated in laboratory rats
repeatedly given psychostimulants [24,33,40,43,53,65,71]. These
results match long-term changes reported in human studies
[10].
Methamphetamine (MA) is one of the most addictive psychos-
timulant drugs, which is linked to a high potential for abuse.
It is also one of the most frequently used “hard” drugs in
the Czech Republic [68] and due to its anorectic effects, it is
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ne of the most commonly abused drugs among women, even
uring pregnancy [32]. Previous studies [1,53,54,64,70] demon-
trated that prenatal MA  (5 mg/kg) exposure changes behaviour
n animals and reduces adaptability to new environments in
dulthood. In addition, it has been shown that prenatal MA expo-
ure increases sensitivity to the same drug in adulthood [53,54].
pecifically, prenatally MA-exposed animals that received chal-
enge doses of MA  in adulthood displayed higher locomotion and
xploratory rearing activity relative to control animals; this was
ound to correspond with dopamine levels in the nucleus accum-
ens [8]. These findings may  be considered as prenatally induced

ong-term sensitization similar to that described in adulthood
49].

Experimental models of anxiety as well as animal models of
ther psychiatric disorders have been classified into five categories,
y Gerlai et al. [21], based on induced changes in CNS functions: (1)
odels of anxiety induced by the presence of anxiogenic stimulus

rom the surroundings, e.g. presence of a predator (or a stimu-
us resembling a predator), pain stimuli or stimuli linked to an
nknown environment; (2) models of anxiety induced by chemi-
als or hormones; (3) models created by genetic manipulations; (4)
odels of anxiety resulting from spontaneous mutations – inbred

nimals strains; and (5) models that use invasive techniques, e.g.
lectric stimulations of certain brain structures or other surgical
echniques.

The most widely used category is the first, in which
nxiety is induced by external stimuli from the surround-
ngs. Three of the models from this category were used in
he present study: (1) Geller-Seifter conflict – Elevated plus

aze test (EPM) [44,50]; (2) Conditioned emotional response
 Social interaction test (SIT) [19]; and (3) Fear potenti-
ted startle reaction – Ultrasound vocalization test (USV)
20,51].

Psychostimulant drugs have been previously tested in these
nimal models of anxiety, with inconsistent findings. In the EPM
est, acute and chronic exposure to psychostimulants has been
hown to have both anxiogenic [4,15,17,24,39] as well as anxi-
lytic effects [13,54]. In the SIT, psychostimulant drugs usually
isplayed anxiogenic effect in the form of decreased social inter-
ction (SI) indicating increased anxiety [11,19,36,66], which was
lso observed in our previous studies [62,63] showing that MA
dministration impairs SI in dose-, stress condition-, and sex-
pecific manners. As far as the USV test is concerned, there are
umber of studies showing anxiolytic effects of psychostimu-

ants on USVs in young animals [2,3,35,41], while withdrawal
rom the drug intake has the opposite, anxiogenic effect [12].
pecifically, a recent study by Manduca et al. [31] demonstrated
ecreased social play and increased USVs in young rats, suggesting
hat amphetamine treatment has anxiogenic effects. In adult rats,
sychostimulants have been also shown to increase vocalization,
hereby to have anxiogenic effects [56]. Based on all mentioned
ndings, the effect of psychostimulants on anxiety is suggested

o be drug-, dose-, timing of administration-, and animal model-
pecific.

Most of the above cited studies have demonstrated the effect
f acute as well as chronic psychostimulant drugs exposure in
ostnatal life. To the best of our knowledge, ours is the only
tudy examining the long-term effects of prenatal MA expo-
ure on the manifestation of anxiety in adulthood. Therefore,
he aim of this study was to investigate the effect of pre-
atal MA  exposure on anxiety in adult offspring (following
n acute MA  challenge) using three different models of anxi-

ty, the EPM, SIT, and USV. The novelty of the present study
s its investigation of prenatal MA  exposure on anxiety man-
festations in adulthood using three different animal anxiety

odels.
n Research 292 (2015) 361–369

2. Methods

The procedures for animal experimentation in this study were
reviewed and approved by the Institutional Animal Care and Use
Committee and were in agreement with the Czech Government
Requirements under the Policy of Human Care of Laboratory Ani-
mals (No. 246/1992) and with subsequent regulations from the
Ministry of Agriculture of the Czech Republic.

2.1. Animals and drug injections

Adult female and male albino Wistar rats (375–400 g) provided
by Charles River Laboratories International, Inc. were delivered by
AnLab (Prague, the Czech Republic). Animals were housed four per
cage by sex and left undisturbed for a week in a temperature-
controlled (22–24 ◦C) colony room with free access to food and
water on a 12 h (light):12 h (dark) cycle with lights on at 06:00 h.
Females were impregnated as described in our previous study
[60]. In total, 24 dams were randomly assigned to either the MA-
treated or saline-treated group. On gestational day (GD) 1 the daily
injections of MA  or saline started and continued until the day of
delivery, which usually occurred on GD 22. d-methamphetamine
HCl (Sigma–Aldrich, the Czech Republic) was  diluted in distilled
water in concentration of 5 mg/ml  and injected subcutaneously
(s.c.) in a volume of 1 ml/kg; saline was  injected s.c. at the same
time and volume as MA.

The day of the delivery was  indexed as postnatal day (PD)
0. On PD 1, pups were weighed, tattooed for identification, and
cross-fostered (for detailed information see [30,60]). The pups were
cross-fostered in such a way that each of the 24 mothers received
and raised 12 pups – 6 of which had been prenatally exposed to MA
and 6 to saline. Whenever possible, the number of male and female
pups raised by a dam was  equal. On PD 21, pups were weaned and
group-housed by sex (4 males per a cage and 5 females per a cage).
Animals were left undisturbed until adulthood. In total 144 male
rats were used in the present study (n = 8–12 per individual exper-
iment). In order to avoid litter effects, one male rat from the MA-  or
saline-exposed group from each litter was used in individual exper-
iments (EPM, SIT, and USV). The rest of the animals were used in
experiments that were a part of another study.

Individual animals were subjected to only one of the three anxi-
ety tests. Forty-five minutes prior to testing, animals were injected
with either a challenge dose of MA (1 mg/ml/kg) or saline (1 ml/kg).
The dose of MA  was chosen based on our previous studies [55,62]
because this dose does not induce stereotypical behaviours. The
timing of the drug application was  also chosen based on our previ-
ous study [48] that showed that peak MA level in the brain (not in
the blood) occurred between the 45th and 60th minute after admin-
istration. Thus, based on prenatal drug exposure and the challenge
treatment, the animals were divided to 4 experimental groups: Pre-
natally MA-exposed rats treated with saline (MA/S) or MA  (MA/MA)
in adulthood and prenatally saline-exposed rats treated with saline
(S/S) or MA  (S/MA) in adulthood.

2.2. Elevated plus maze (EPM)

In total, 32 adult male rats were tested in the EPM (n = 8
rats/group). The same method was used as in our previous study
[46], which was a modified protocol of Fernández Espejo [16]. All
animals were habituated to the laboratory environment and the
experimenter during the 3 days prior to the experiment [22]. The
EPM test was  performed 45 min  after the acute MA  (1 mg/kg) or

saline injection. At the beginning of the test an animal was posi-
tioned on the centre square of plus maze with the animal’s nose
pointing toward one of the closed arms. Animal behaviour in the
EPM was video-recorded for five minutes.
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Acquired video records were evaluated using the ODLog pro-
ram (Macropod SoftwareTM). Animal behaviour was  divided into
our categories as follows.

The first category included behaviour related to anxiety. The
nxiolytic effect on animal behaviour was described as activities
n open arms: the number of entries to the open arms and total
ime spent there. Anxiogenic effect on animal behaviour involved
ctivities in the closed arms and the centre: the number of entries
o the closed arms and total time spent there, the number of
rotected head-dipping (pDIP) and protected stretched attend pos-
ures (pSAP) [16]. pDIP was defined as head-dipping below surface
f the maze that occurred on the centre square, while the body of
n animal remained in the closed arm or central platform. pSAP
as defined as forward elongation of head and shoulders followed

y retraction to initial position. In this study it was  recorded when
t occurred on the central platform, while the body and all paws of
n animal remained in the closed arm.

The second category described approach-avoid conflict and also
epicted types of behaviour with respect to open and closed arms,

.e. positioning of an animal with all four paws in the centre of the
aze followed by retrieval (meaning moving backwards) to the

losed arm.
The third behavioural category in the EPM was used to describe

otor activity. Evaluated activities included the total number of
ntrances into all arms and sniffing in the centre of EPM (mobile or
uiet olfactory exploration of the environment).

The last category included displacement behaviour as a measure
f anxiety, i.e. self-grooming, etc. This category was  not evaluated
ecause at a dose of 1 mg/kg it did not occur.

Frequency of specific behaviours as well as time spent engaged
n specific behaviours were used for statistical analyses.

.3. Social interaction test (SIT)

Next group of animals (n = 64) was tested using the SIT (n = 8
airs/group). The same method was used as described in our previ-
us study [62]. Pairs of unfamiliar animals, of the same treatment
nd having similar weight, were tested for SIT in a familiar non-
tressful environment of an open field [19]. Both tested animals
eceived the same adult treatment, i.e. MA  (1 mg/kg) or saline,
5 min  prior to SIT testing. Their mutual behaviour was video
ecorded for 5 min. Video records were analysed using ODLog soft-
are (Macropod SoftwareTM).

Mutual interaction between paired animals and behaviour of
ndividual animals were observed and divided into two categories
37] as follows: The first category depicted active SI: mutual sniff-
ng (sniffing the other rat), genital investigation (sniffing around
enitals of the other rat), following (moving in the direction of or
ursuing the partner that is moving away), walking over, crawl-

ng under and allogrooming (grooming the other animal). Increases
n time and frequency of SI is considered as anxiolytic signs,

hile decreases are considered anxiogenic signs [19]. The second
ategory included non-social activities: locomotion (activity) and
earing (exploration). Frequency of and a time spent in specific
ehaviours were used for statistical analyses.

.4. Ultrasound vocalization (USV)

A group of adult male rats (n = 48) were tested using 22-kHz USV
n = 12 rats/group). USV was measured with a Mini-3 Bat Detector
nd monitored using UltraVox 2.0 software (Noldus Information
echnology, The Netherlands). UltraVox software automatically

onitored the number and duration of ultrasonic and audible

ocalizations of each rat. An audio filter received direct output from
he bat detector and forwarded it to a PC. A shock device delivered
-mA shocks. The experimental arena consisted of a shock chamber
n Research 292 (2015) 361–369 363

(32.2 cm × 25.5 cm × 25.5 cm)  with the floor made of stainless steel
rods (4.8 mm in diameter) spaced 10.75 mm  apart. The detector was
set to register ultrasonic vocalizations at 22 kHz. This frequency has
been found useful for differentiating fear and anxiety in rats [28,67].

The experiment was conducted on two consecutive days. On  the
first day USV of each animal was  monitored for 10 min, as sponta-
neous vocalization in a novel environment. Later each animal was
exposed to 10 electric inescapable foot-shocks (0.6 mA;  10 s with
50 s interval between shocks). On the second day, each animal ini-
tially was  exposed to one electric foot-shock (0.6 mA;  10 s) to recall
the stressful stimuli from the previous day. Immediately after the
foot-shock the animal was  retrieved from the chamber and an acute
dose of MA  or saline was  administered; 45 min after the injection
the USV was tested (induced vocalization). The animal was  placed
to the same chamber, but without any further foot-shocks.

The differences in the number and duration between induced
and spontaneous USVs were recorded and compared between
groups. The vocalizations that lasted less than 300 ms  and 600 ms,
respectively, were analysed.

2.5. Statistical analyses

The two-way ANOVA (factors: prenatal exposure, adult treat-
ment) was used for statistical analyses of the results from individual
anxiety tests. The Bonferroni test was used for post-hoc compar-
isons. Differences were considered significant if p < 0.05.

3. Results

3.1. Elevated plus maze (EPM)

3.1.1. Anxiety
The evaluation of time spent in the open and closed arms (data

not shown) showed no statistically significant differences. Simi-
larly, there were no differences in the number of entries into the
open arms (Fig. 1A). On the other hand, the number of entries into
the closed arms (Fig. 1B) was  higher in prenatally MA-exposed
rats, regardless of the adult challenge treatment [F(1, 28) = 63.23;
p < 0.0001]. Moreover, prenatally MA-exposed rats treated in adult-
hood with MA  (MA/MA) had even more entries to the closed arms
than prenatally MA-exposed rats treated in adulthood with saline
(MA/S) [F(1, 28) = 5.73; p < 0.05].

More detailed analysis of the anxiety behaviour in the cen-
tre area of the EPM showed that the number of pDIP was  lower
in prenatally MA-exposed rats, regardless of the adult challenge
treatment [F(1, 28) = 5.58; p < 0.05] (Fig. 1C), while pSAP was
increased in prenatally MA-exposed rats treated in adulthood with
MA (MA/MA) relative to all other groups [F(1, 28) = 7.38; p < 0.05]
(Fig. 1D).

3.1.2. Approach-avoid conflict
The data demonstrated that prenatally MA-exposed rats showed

an increased number of returns to closed arms than prena-
tally saline-exposed rats, regardless of the acute treatment [F(1,
28) = 43.35; p < 0.0001]. Moreover, there was a greater number of
returns to the closed arms in prenatally MA-exposed rats treated
in adulthood with MA  (MA/MA) relative to prenatally MA-exposed
rats treated in adulthood with saline (MA/S) [F(1, 28) = 13.99;
p < 0.001] (see Fig. 2).

3.1.3. Motor activity
The total number of entries into the open and closed arms
(Fig. 3A) was  higher in prenatally MA-exposed rats than in pre-
natally saline-exposed rats, regardless of the acute treatment [F(1,
28) = 25.53; p < 0.0001]. On the other hand, time spent sniffing
(Fig. 3B) was reduced in prenatally MA-exposed, compared to
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Fig. 1. The effect of prenatal MA  exposure and MA challenge dose in adulthood on anxio
presented as (A) Number of entries into open arms; (B) Number of entries into closed a
*p  < 0.05, **p  < 0.01, ***p < 0.0001 vs prenatally saline exposed animals of the same adult t

Fig. 2. The effect of prenatal MA  exposure and MA challenge dose in adulthood on
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pproach-avoid conflict. Graph is presented as the number of returns to closed arms.
alues are mean ± SEM (n = 8); ***p < 0.0001 = main effect of prenatal MA exposure;
p  < 0.01 MA/MA > all other groups.

renatally saline-exposed rats, regardless of the acute treatment
F(1, 28) = 29.29; p < 0.0001]. Regarding sniffing (Fig. 3C), prenatally
aline-exposed animals treated in adulthood with MA  (S/MA) dis-
layed a higher frequency of sniffing than all other groups [F(1,
8) = 4.88; p < 0.05].

.2. Social interaction test (SIT)

Social activities are presented in Table 1 and non-social activities
n Fig. 4.

.2.1. Social interactions in total
Statistical analysis showed that challenge dose of MA  decreased
verall time spent in SI [F(1, 28) = 8.05; p < 0.01], regardless of pre-
atal drug exposure. In addition, there was a relationship between
renatal drug exposure and the adulthood challenge dose, relative
o the frequency of overall SI [F(1, 28) = 5.15; p < 0.05]. Specifi-
lytic (A) and anxiogenic (B–D) effects on a given behaviour in the EPM. Graphs are
rms; (C) Number of pDIP and (D) Number of pSAP. Values are mean ± SEM (n = 8);
reatment; +p < 0.05, ++p < 0.001 MA/MA  > all other groups.

cally, MA  treatment in adulthood decreased time spent in overall
SI (p < S/S > S/MA); however, in prenatally saline-exposed rats there
was an increase in the frequency of SI (p < 0.05; S/S < S/MA). On the
other hand, both, duration as well as frequency of SI was  decreased
by acute MA treatment in adulthood in prenatally MA-exposed
rats (p < 0.05; MA/S > MA/MA). Moreover, when compared to prena-
tal saline-exposed controls, prenatally MA-exposed rats treated in
adulthood with saline displayed a higher frequency of SI (p < 0.05;
MA/S > S/S), while prenatally MA-exposed rats treated in adulthood
with MA  had a lower frequency of SI (MA/MA < S/MA).

3.2.2. Specific patterns in the SI repertoire.
Focused on specific patterns in the SI repertoire, the data

demonstrated that a challenge dose of MA  decreased time spent in
mutual sniffing [F(1, 28) = 17.26; p < 0.001], but not the frequency
of mutual sniffing in both, prenatally saline- and MA-exposed
rats. Regarding genital investigation, prenatally MA  exposed rats
with adult MA  treatment (MA/MA) spent the shortest time [F(1,
28) = 11.61; p < 0.05] and displayed the lowest frequency [F(1,
28) = 4.86; p < 0.05]. There was relationship between prenatal drug
exposure and adult challenge treatment with regard to the fre-
quency of the following [F(1, 28) = 12.23; p < 0.01]: While acute
MA treatment increased the frequency in prenatally saline-exposed
rats (p < 0.01), in prenatally MA-exposed rats the effect of the MA
challenge dose was opposite (p < 0.05). Moreover, the frequency
was increased by prenatal MA  exposure in rats treated in adulthood
with saline (MA/S > S/S), while it declined in prenatal MA  exposed
rats treated in adulthood with MA  (S/MA > MA/MA). The frequency
of other SI patterns, such as crawling over, crawling under and
allogrooming, were very low (zero incidence in most of the ani-
mals), therefore, it was not possible to calculate the statistical

differences and this data was  not included in the analysis.

In contrast, an additional measure of anxiety, number of
dropped boluses, which is a particular reaction to acute stress
conditions, showed that prenatally saline-exposed rats with acute
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Table  1
The effect of prenatal MA  exposure and challenge dose in adulthood on social activity tested in SIT.

Social interaction pattern Prenatal saline Prenatal MA

Adult saline Adult MA Adult saline Adult MA

Total SI Duration (s) 48.38 ± 8.3 35.50 ± 7.9 + 55.75 ± 8.4 21.00 ± 8.1 +
Number 42.88 ± 5.4 55.38 ± 5.6 + 54.63 ± 5.3 * 41.75 ± 4.5 * +

Mutual sniffing Duration (s) 26.12 ± 4.3 15.50 ± 4.1 ++ 37.25 ± 4.7 9.13 ± 2.4 ++
Number 29.13 ± 3.1 28.25 ± 2.5 30.75 ± 3.1 26.75 ± 2.8

Genital  investigation Duration (s) 9.63 ± 2.1 5.25 ± 1.5 14.00 ± 2.7 0.25 ± 0.1 #
Number 8.5 ± 1.2 9.00 ± 1.5 9.88 ± 1.9 3.00 ± 0.8 #

Following Duration (s) 22.00 ± 5.2 19.75 ± 4.8 17.50 ± 4.5 11.88 ± 4.2
Number 11.50 ± 2.3 25.88 ± 3.2 ++ 21.38 ± 2.9 * 13.25 ± 2.1 * +

Boluses Number 3.38 ± 0.7 # 1.13 ± 0.5 0.50 ± 0.3 0.50 ± 0.3

Values are mean ± SEM (n = 8 pairs). *p < 0.05 vs prenatally saline-exposed rats of the same adult treatment; +p < 0.05, ++p  < 0.001 vs rats of the same prenatal exposure treated
in  adulthood with saline; #p < 0.05 vs all the other groups.

Fig. 3. The effect of prenatal MA  exposure and MA challenge dose in adulthood on
activity tested in the EPM. Graphs are presented as (A) Number of entries into all
arms; (B) Time spent sniffing in the central arena; (C) Frequency of sniffing episodes
in the central arena. Values are mean ± SEM; (A) **p < 0.0001 main effect of prenatal
drug exposure (prenatal S < prenatal MA); (B) **p < 0.0001 main effect of prenatal
d
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Fig. 4. The effect of prenatal MA  exposure and MA challenge dose in adulthood
on non-social activity tested using the SIT. Graphs are presented as (A) Time
rug exposure (prenatal S > prenatal MA); (C) *p < 0.01 vs prenatally saline-exposed
ats treated in adulthood with the same adult treatment; ++p < 0.001 vs prenatally
aline- and MA-exposed rats with adult saline treatment.

aline treatment (S/S) defecated more than all groups [F(1,
8) = 5.59; p < 0.05] as shown in Table 1.

.2.3. Non-social activities
As shown in Fig. 4A, both prenatal MA  exposure [F(1, 28) = 5.32;
 < 0.05] and MA challenge dose [F(1, 28) = 14.96; p < 0.001]
ncreased locomotion time in the SIT. In addition, adult MA
reatment increased the frequency of locomotion episodes [F(1,
8) = 5.78; p < 0.05] (data not shown). Regarding exploratory
spent in locomotion; (B) Time spent rearing; (C) Frequency of rearing. Values are
mean ± SEM; *p < 0.05 = main effect of prenatal drug exposure; +++p < 0.0001 = main
effect of adult drug treatment.

behaviour, there were no significant differences in time spent rear-
ing (Fig. 4B). The frequency of rearing was increased in rats treated
in adulthood with MA [F(1, 28) = 36.89; p < 0.0001], regardless of
the prenatal exposure (Fig. 4C).

3.3. Ultrasound vocalization (USV)
As shown in Fig. 5, prenatally MA-exposed rats vocalized more
often {300 ms  [F(1, 45) = 11.5; p < 0.01]; 600 ms  [F(1, 45) = 12.3;
p < 0.01]} and had longer durations of their emitted sounds {300 ms
[F(1, 45) = 7.47; p < 0.01]; 600 ms  [F(1, 45) = 8.65; p < 0.01]} than pre-
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Fig. 5. The effect of prenatal MA  exposure and MA  challenge dose in adulthood on anxiety tested using USV. Graphs are presented as differences between induced and
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pontaneous USV. (A) difference in the number of USV emitted sounds lasting less 

ifference in number of USVs lasting less than 600 ms;  (D) difference in the average 

ffect  of prenatal drug exposure.

atally saline-exposed rats. This effect was independent of adult
rug treatment.

. Discussion

The results from this study offers insight into the effects of MA-
nduced anxiety from two perspectives. The first was  evaluation of
renatal MA  exposure relative to changes in behaviour in adult-
ood. The second was a comparison of the effects of such exposure

n combination with reactions to an acute challenge with the same
rug in adulthood using three experimental models of anxiety.
herefore, the results can be divided as follows: (1) the effect of
renatal and acute MA  treatment on anxiety in different animal
nxiety models; (2) the effect of prenatal and acute MA treatment
n locomotor and exploratory behaviour; (3) the effect of sensiti-
ation induced by prenatal MA  exposure; and (4) a comparison and
alidation of the three anxiety models used in our study.

First, with regard to prenatal and acute MA  treatment on anxi-
ty, our results show that both, prenatal and acute MA  treatments
ave mostly anxiogenic effects. However, the extent of the impact
f prenatal and acute MA  treatment differed depending on the test
sed to assess anxiety behaviour. Moreover, some results, such as
he number of dropped boluses in the SIT and the number of pDIP in
he EPM might be interpreted as anxiolytic and should be therefore,
iscussed in regard to their specific aspects.

In the EPM, our results demonstrate that prenatal MA  exposure
ncreases anxiety. This conclusion was based on the increased num-
er of entries to the closed arms of the EPM regardless of the acute
reatment (saline or MA)  and an increased in pSAP in prenatally

A-exposed rats with the acute MA  challenge (MA/MA). Similar
esults were shown in the study of Hayase et al. [24] i.e. why acute

nd chronic exposure to MA  having anxiogenic effects in the EPM.
dditionally, other drugs, such as MDMA  and amphetamine, which
ave similar mechanisms of actions as MA,  were also shown to have
nxiogenic effect on specific behaviours in the EPM [4,39].
00 ms;  (B) difference in the average duration of USVs lasting less than 300 ms;  (C)
on of USVs lasting less than 600 ms. Values are mean ± SEM (n = 12), *p < 0.01 = main

On the other hand, these results contradict those of Schutová
et al. [54], who  showed that acute MA treatment has anxiolytic
effects in rats prenatally exposed to MA;  however this effect was
diminished in rats prenatally exposed to saline. Such a discrepancy
with present study might be explained by the 3 days habituation
to the experimenter, used to reduce stress from an unknown envi-
ronment, which we  incorporated into our study. A second reason
might be the scheduling of the challenge dose of MA  (1 mg/kg). In
the study by Schutová et al. [54], MA was administered 30 min prior
to EPM testing and in the present study it was  45 min  prior to the
test. The choice of the time of injection was based on our recent
results showing that MA  levels in the brain of an adult male rat
peaks from 45 min  to 1 h after MA administration [48]. One might
therefore, speculate that there was  some crucial period between
the 30th and 45th minute after MA  administration that changed
the effect of MA from anxiolytic to anxiogenic. This speculation,
however, would need to be further verified in future studies.

More detailed analyses of behaviour in the central open area
of the EPM, which included parameters pDIP, pSAP and returns
to the closed arms of the EPM, suggest that MA has dual effects
on behaviour and also increases approach-avoid conflict in pre-
natally MA exposed animals. Because our study showed that the
pDIP, as a parameter of anxiogenic effect on behaviour [16], is
decreased in prenatally MA-exposed animals, this would suggest
an anxiolytic effect of prenatal MA  exposure. This is however in
disagreement with the other anxiogenic effects seen in specific
measurements. This contradiction was  further emphasized by the
increased frequency of entries (especially into the closed arms)
without changing the time spent there.

In the SIT, our results demonstrated that a single adult MA
dose decreases overall SI as well as mutual sniffing, which sug-

gests increased anxiety in the animals (see [19]). Moreover, another
paradigm of SI, genital investigation, was decreased in prenatally
MA-exposed rats treated with a challenge dose of MA in adulthood
(MA/MA) relative to all other tested groups. These results are in
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greement with our previous studies [11,36,62,63] that showed
ecreased social behaviour after MA  treatment, which is associated
ith dopamine depletion. Interestingly, the effect of prenatal MA

xposure on the SIT differed based on the acute treatment. While
renatal MA  exposure decreased the overall number of SIs and
he number of “followings” in animals treated in adulthood with

A (suggesting increased anxiety), these measures were increased
y prenatal MA  exposure in animals treated in adulthood with
aline, i.e. decreased anxiety (see Table 1 for details). Moreover, the
umber of boluses was decreased in prenatally MA-exposed ani-
als regardless of adult treatment. Decreased defecation suggests

ecreased stress, which does not necessarily have to correspond to
ecreased anxiety. It seems that prenatal MA  exposure makes the
nimals more resistant to acute stress in adulthood relative to pre-
atal saline exposure, which could be thought of as chronic prenatal
tress. This finding corresponds with the decreased corticosterone
evels seen in prenatally MA-exposed male rats in one of our recent
tudies [61].

The results of the USV confirmed increased anxiety induced by
renatal MA  exposure similar to that seen in the EPM and SIT. To
he best of our knowledge, there are no studies that analyze the
ffect of prenatal MA  exposure using the USV model of anxiety.
owever, our results correspond with findings showing that acute
mphetamine treatment increase USV, which seems to be asso-
iated with dopaminergic transmission [52,72]. It should be noted
hat rodents use vocalizations to communicate information regard-
ng mother-offspring interactions as well as information about

ood state (fear, anxiety, pain, distress, aggression, joy etc.). Adult
ats primarily emit two types of USVs that can be distinguished on
he basis of their frequency. Vocalizations typically, referred to as
22-kHz vocalizations,” have frequencies between 18 and 32 kHz.
nimals emit 22-kHz vocalizations during a number of aversive
ehavioural situations when distressing events occur. It is assumed
hat these sounds reflect a negative affective state. The anxiety

odel based on induced vocalization does not depend on motor
ctivity in comparison to the EPM model of anxiety. A USV anxiety
odel based on foot-shocks can be designed with different proto-

ols. The procedures, which were used in our study, were adapted
rom previous USV studies [29,38,47].

Second, our results showed changes in locomotor and
xploratory behaviours induced by MA  exposure. Amphetamine
erivatives have been repeatedly shown to increase locomotor
ctivity of experimental animals [6,34,54]. It is worth noting that
he extent of the effect of prenatal MA  exposure and adult MA
reatment in our study differed between the EPM and SIT anxi-
ty models. While only prenatal MA  exposure, regardless of acute
reatment, increased locomotion in the EPM, locomotor activity in
he SIT was increased by both prenatal MA  exposure and acute

A treatment. The differences may  be due to the different setups
or the two tests. The EPM test evaluated behaviour in the nar-
ow arms of the maze, which were elevated 50 cm above the floor.
his environment might have been more stressful for animals than
he SIT environment, and as a result the effect of the acute MA
reatment was not evident. SIT, on the other hand, was  tested
fter habituation and therefore, in a relatively safe and known
pen field. Even in the presence of an unknown animal, which
as not aggressive, increased locomotion resulting from acute MA

pplication was observed. As a matter of exploration, prenatal MA
xposure decreased exploration in the EPM, while acute MA expo-
ure increased exploration in the SIT. This is in agreement with
revious studies [5,8,40] and may  be associated with changes in
opamine release [7]. It should be pointed out, that exploration in

he EPM was measured as time and frequency of sniffing, which
s horizontal exploratory behaviour, while exploration in the SIT

as measured as time and frequency of rearing, which is vertical
xploratory behaviour.
n Research 292 (2015) 361–369 367

Third, regarding the sensitizing effect of prenatal MA  exposure,
our data showed increased sensitivity to the acute challenge dose
of the same drug in adulthood in the EPM. Regarding the num-
ber of entries into the closed arms (see Fig. 1B), in pSAP (see
Fig. 1D) and in approach-avoid conflict (see Fig. 2), prenatally MA-
exposed rats had a more pronounced reaction to the acute dose
of MA  (MA/MA) than prenatally saline-exposed rats (S/MA). Simi-
lar effects of increased anxiety in MA/MA  relative to S/MA animals
were also observed in the SIT, specifically in regard to genital
investigation and following behaviour (see Table 1). USV showed
changes associated with prenatal MA  exposure, but there were no
changes associated with the challenge dose in adulthood. Thus, USV
appears unsuitable for evaluating the effect of sensitization to acute
treatment in adulthood induced by prenatal MA exposure.

Fourth, if we compare our results from the three anxiety mod-
els (EPM, SIT, USV) used in the present study we observe different
results. These differences can be explained the following way.

Test EPM in its basis is ethological model for unconditioned aver-
sion [9], which measures the basal level of anxiety [14]. That is
why it might be influenced by many variables. They include (1) the
organismic (species, strain, gender, age) variables and (2) procedu-
ral ones, such as pre-test manipulations, condition and construction
of the EPM and eventually scoring of behaviour [9,26,69]. Those fac-
tors most probably affect the reliability and variability of our results
[45].

Different results as a matter of the effect of MA  in the EPM
and SIT raises question about the validity of the SIT as anxiety
test. Based on the study of File and Hyde [19] decrease of active
SI tested under different environmental stress condition is con-
sidered as anxiogenic behaviour, while increase of active SI as
anxiolytic behaviour. The same conclusion was made in our previ-
ous study [62] showing that MA  administration impairs SI in dose-
and stress condition-specific manner suggesting anxiogenic effect
of MA.  However, because other our results (previous as well as
present) indicate that acute administration of MA  in adulthood has
anxiolytic effect when tested in the EPM [54], we  suggest being
more careful with such a conclusions. Moreover, number of studies
showed contradictory findings when examining anxiety: from anx-
iolytic action, through no effect, to anxiogenic action [24,36,40,42].
Such results suggest that SIT and non-social tests of anxiety prob-
ably measure different states of fear [18,27].

As a third model of anxiety, the USV test was used in the present
study. This test is based on painful stimulation (direct electri-
cal shocks to the paws) and subsequent observation of animal’s
behaviour relative to expectations of further stimulus (anticipatory
stress). Thus, conditioning plays role in the rat response in the test
of USV. On the other hand, in the EPM and SIT no pain stimuli were
present and the type of stress was  situational.

Even though all the models were previously repeatedly used
as valid models for testing anxiety-like behaviour in animals
[19,20,44,50,51], nowadays questions about the validity rise in
some cases. As part of the evaluation of our results we  took the
following items into account with regard to the specificities asso-
ciated with each of the individual models of anxiety. (A) Animals
were habituated and handled prior to the EPM and SIT in an effort
to reduce the effect of acute stress while testing anxiety [26]. (B)
The animals had to walk on the narrow arms of the EPM appa-
ratus, which was  raised 50 cm above the floor, which induced a
stress condition different from the presence of an unknown ani-
mal  in the open field of the SIT [45,50]. (C) Even though the SIT has
been shown to be a valid test of anxiety [19] it seems that the effect
of MA was more prominent with regard to decreased sociability

per se than the presence of an anxiety-like behaviour. (D) Changes
in USV observed in our study involved a fear conditioning compo-
nent and therefore, cognition could have potentially influenced the
results.
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In conclusion, prenatal MA  exposure has complex effects on
evelopment of anxiety that is further modified by drug treat-
ent in adulthood. Although these differences are not robust

nd they are not recognizable at first sight, a detailed analy-
is reveals increased fear of unknown environments or unknown
ndividuals. The approach-avoid conflict seems to be the most
rominent parameter describing fear that is affected by MA treat-
ent. The sensitizing effect of prenatal MA  exposure took the form

f increased sensitivity to an acute challenge dose of the same drug.
his study highlights the influence of prenatal MA  exposure on
tress- and anxiety-related behaviour in various, unique and spe-
ific, animal anxiety models. Thus, our study shows that the effect
f the drug depends on many factors and that each method of anx-

ety has its pros and cons. In humans, confirmation MA prenatal
xposure with regard to vulnerability or susceptibility to psychi-
tric disorders in adulthood will need confirmation with clinical
tudies.
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functions and drug sensitivity in adult male rats prenatally exposed to
methamphetamine, Physiol. Res. 58 (5) (2009) 741–750.

54] B. Schutová, L. Hrubá, M.  Pometlová, R. Rokyta, R. Šlamberová,
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