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Summary 

It is known that psychostimulants including methamphetamine 

(MA) have neurotoxic effect, especially, if they are targeting CNS 

during its critical periods of development. The present study was 

aimed on evaluation of cognitive changes following scheduled 

prenatal MA exposure in combination with long-term exposure in 

adulthood of male rats. Two periods of gestation were targeted: 1st 

half – the embryonic day (ED) 1-11 and 2nd half – ED 12-22. Rat 

mothers received subcutaneously a daily injection of MA (5 mg/kg) 

or saline (SAL, 1 ml/kg) throughout scheduled periods. Male 

offspring were tested for cognitive changes in the Morris Water 

Maze (MWM) in adulthood. Each day of the experiment animals 

received an injection of MA (1 mg/kg) or SAL (1 ml/kg) during  

12 days. Our results demonstrated that in the group of animals 

exposed to the drug during ED 1-11, neither prenatal MA exposure, 

nor adult MA treatment changed the performance in the MWM test. 

Only the velocity was increased in group with long-term MA 

treatment (SAL/MA and MA/MA). In the group of animals exposed 

to the drug during ED 12-22, rats exposed to MA prenatally and 

also in adulthood (MA/MA) swam faster but learned the position of 

the platform slower in the Place Navigation Test than animals 

exposed to SAL in adulthood (MA/SAL). In the Probe Test, MA/SAL 

had decreased velocity and swam shorter distance than MA/MA or 

SAL/SAL rats suggesting increased floating of these animals. In the 

Memory Retention Test, SAL/MA rats swam shorter distance than 

SAL/SAL or MA/MA animals suggesting changes in used strategies 

in memory recall. As conclusion, our results suggest differences in 

the effect of combination of prenatal and adult exposure to MA. 

These effects further depend on the stage of CNS development 

and schedule of MA exposure affecting intrauterine development in 

male rats. 
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Introduction 
 

 Methamphetamine (MA) addiction in women 

during pregnancy is an alarming problem in developed 

countries all over the world (Williams et al. 2003). In 

general, the drugs do not only threaten women’s health 

but also normal development of their children. Most of 

the abused drugs easily cross both the placenta and the 

fetal immature blood-brain barrier and they are present in 

maternal milk during lactation period (Dattel 1990). As a 

result of the exposure in prenatal and early postnatal 

periods, serious morphological, physiological and/or 

behavioral changes of the fetus follow, and may persist 

until adulthood (Chang et al. 2004). The number of 

children prenatally exposed to addictive substances grows 

every year (Williams et al. 2003). 

The effect of MA exposure during prenatal CNS 

development depends upon many factors and the key role 

belongs to the gestational stages (Wilson et al. 1996). 

Consequences include reduction in the volume of several 

brain structures, such as hippocampus, dentate gyrus and 
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striatum (Bubeníková-Valešová et al. 2009, Chang et al. 

2004, Šlamberová et al. 2006), followed by long-term 

cognitive deficits, e.g., impairment in spatial learning and 

memory (Chang et al. 2004). A number of studies 

describe correlation between schedule and dose of MA 

administration. Acuff-Smith et al. (1996) investigated the 

effect of high and low MA doses exposure at different 

periods of gestation. High doses of MA (15 and 

20 mg/kg) administered in early days of gestation 

(embryonic day (ED); ED 7 to ED 12) impaired spatial 

learning and memory in the Morris Water Maze (MWM), 

while lower doses (5 and 10 mg/kg) had no effect on 

cognition. In contrast, exposure between ED 13 and ED 

18 in a variety of doses (5, 10, 15, 20 mg/kg) does not 

affect spatial learning and memory (Acuff-Smith et al. 

1996). Other study (Vorhees et al. 2000) showed that 

administration of MA (5, 10, 15 mg/kg) to rats during 

early postnatal period (postnatal day (PD); PD 1 to PD 

10) does not induce any cognitive changes. In contrast, 

later exposure (PD 11 to PD 20) produces long-lasting 

impairment in spatial learning abilities (Williams et al. 

2003). 

Since regions of the brain mature at different 

rates, it is possible that exposure to MA during specific 

period induces certain impairment (Rice and Barone 

2000, Williams et al. 2003). In rats, neural tube is 

complete at approximately ED 10.5-11. Interruption of 

neural developments during this early period can result in 

severe abnormalities of the brain and spinal cord 

(DeSesso et al. 1999). In the 2nd week of gestation, 

specific areas of the CNS begin to form with the 

neurogenesis and migration of cells in the forebrain, 

midbrain and hindbrain. The 2nd half of gestation is 

associated with organogenesis and development of the 

brain structures of the CNS associated with the higher 

nerve functions, such as cognition (Clancy et al. 2007, 

Rice and Barone 2000). The hippocampus, a brain 

structure important for cognitive functions, is developing 

and remodeling in rats on ED 14 and continues until PD 

19. These periods are analogous to human hippocampal 

development during the 2nd and 3rd trimester of gravidity 

(Iaria et al. 2003, Rice and Barone 2000). 

Our previous studies demonstrated increased 

sensitization to acute dose of MA (1 mg/kg) applied in 

adulthood after prenatal MA exposure (Bernášková et al. 

2011, Schutová et al. 2009, Šlamberová et al. 2008, 

Šlamberová et al. 2011). This effect was linked to the 

increased dopamine levels in the nucleus accumbens 

(Bubeníková-Valešová et al. 2009). The purpose of the 

present study was to examine the effect of MA exposure 

on spatial learning and memory in adult male rats 

prenatally exposed to the same drug throughout the first 

(ED 1-11) and the second (ED 12-22) half of gestation. In 

order to test the cognitive deficits, we have used the 

hidden platform acquisition test in the MWM, one of the 

most widely used tasks in behavioral neuroscience for 

studying the psychological processes and neural 

mechanisms of spatial learning and memory (Morris et al. 

1982). 

 

Methods 
 

The procedures of animal research used in this 

study were reviewed and approved by the Institutional 

Animal Care and Use Committee and is in agreement 

with the Czech Government Requirements under the 

Policy of Humans Care of Laboratory Animals (No. 

246/1992) and with the subsequent regulations of the 

Ministry of Agriculture of the Czech republic. 

 

Prenatal care 

Adult female albino Wistar rats (250-300 g) 

were purchased from Anlab (Czech Republic, bread by 

Charles River Laboratories International, Inc.) and were 

housed in groups (5 rats/cage) and left undisturbed for a 

week in a temperature-controlled (22-24 °C) colony room 

with food and water ad libitum on 12:12 (light : dark) 

cycle. After acclimatization period, female rats were 

smeared by vaginal lavage to determine the phase of their 

estrous cycle. At the onset of the estrous phase of the 

estrous cycle females were housed overnight with 

sexually mature males. There was always one female and 

one male per cage. Next day the females were smeared 

for the presence of sperm and returned to their previous 

home cage. The day after impregnation was counted as 

day 1 of gestation (ED 1). Females were randomly 

assigned to MA-treated (MA) and saline-treated (SAL) 

groups. Physiological saline solution (0.9 % NaCl) and  

d-Methamphetamine hydrochloride were purchased from 

Sigma-Aldrich (Czech Republic).  

The developmental differences between rats and 

humans were taken into account: birth in humans 

corresponds to the postnatal day (PD) 10-12 in rats 

(Clancy et al. 2007). In order to correspond with the first 

and the second trimester of pregnancy in humans, MA 

was administered during the first half (ED 1-11) and the 

second half of gestation (ED 12-22), respectively. MA 

was administered subcutaneously (s.c.) in a dose of 
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5 mg/kg/day. The choice of dose was based on the 

findings that fetal brain concentration of MA 

administered to pregnant female rats is comparable with 

that found in fetus of drug-abusing women (Acuff-Smith 

et al. 1996). SAL was injected at the same time and 

volume as MA (1 mg/kg/day). 

 

Postnatal care 

On ED 21 females were separated to maternity 

cages. The day of delivery was counted as PD 0. On PD 

1, number of pups in each litter was adjusted to 12. Pups 

were cross-fostered so that each mother raised 6 MA-

exposed pups (usually 3 males and 3 females) and 

6 SAL-exposed pups (usually 3 males and 3 females). In 

the same time, all prenatally MA-exposed pups were 

tattooed with black India ink into the left foot and all 

prenatally SAL-exposed pups into the right foot for future 

identification. On PD 21, pups fostered by MA-treated 

mothers were ear-punched in the left ear and pups 

fostered by SAL-treated mothers in the right ear for 

farther identification. After that pups were weaned and 

housed in groups, separated according to sex. Animals 

were left undisturbed until adulthood. 32 litters, 8 in each 

of four groups scheduled MA-exposure (ED 1-11 and ED 

12-22) and SAL-exposure (ED 1-11 and ED 12-22), were 

used in the experiment. Only adult males were further 

used in the experiment. Always only two males from 

litter were used, one MA-exposed and one SA-exposed, 

to prevent litter effect. The rest of animals were used in 

other experiments.  

According the prenatal exposure schedule and 

the adult drug administration 8 groups formed to test 

changes in cognition (Table 1). 

 
 
Table 1. Assignment of the animals to individual groups according to schedule and type of prenatal treatment versus long-term 
treatment in adulthood. 
 

 

1st half of gestation period, 

ED 1-11 

2nd half of gestation period, 

ED 12-22 

MA 

(5 mg/kg/day) 

SAL 

(1 ml/kg/day) 

MA 

(5 mg/kg/day) 

SAL 

(1 ml/kg/day) 

Adult long-

term treatment 

(12 days) 

MA 

(1 mg/kg) 
MA/MA, n=8 SAL/MA, n=8 MA/MA, n=8 SAL/MA, n=8 

SAL 

(1 ml/kg) 
MA/SAL, n=8 SAL/SAL, n=8 SAL/MA, n=8 SAL/SAL, n=8 

Total number of animals n=64 

 
Total number of male rats used in experiment was 64, individual group accounted 8 animals. Adult long-term treatment started on the 
day of the beginning of MWM tests and continues for subsequent 12 days. The MA dose of 1 mg/kg was used for long-term application 
because it does not cause stereotypies, unlike the dose of 5 mg/kg used during gestation (Šlamberová et al. 2006). 
 
 

Evaluation of cognition in the Morris Water Maze 

The male offspring (n=64, Table 1) were tested 

in adulthood (PD 60-90) for learning and memory in the 

MWM (Schutová et al. 2008). The MWM tests had three 

phases: Place Navigation Test (Learning) on Days 1-6, 

Probe Test on Day 8 and Memory Retention Test 

(Memory) on Day 12. During these subsequent 12 days 

animals received treatment with MA (1 mg/kg) or SAL 

(1 ml/kg). The low dose of MA was chosen because it 

does not induce stereotypies that could affect swimming, 

unlike the higher dose of 5 mg/kg used during gestation 

(Šlamberová et al. 2006). 

The Place Navigation Test of hidden platform 

acquisition was chosen to evaluate spatial learning. The 

platform was placed in stable position 1 cm under the 

water surface, invisible for the swimming rats. Four 

starting positions were assigned on the rim of the maze: 

north (N), south (S), east (E), west (W), dividing the 

maze into four quadrants, where platform was placed in 

N-W quadrant. Various pictures were hanging on the 

walls and could be used by rats as extra-maze cues. The 

Place Navigation Test was performed during 6 days of 

the experiment. An animal was expected to find the 

platform within the limit of 60 s. If the animal was not 

able to found platform as assigned, it was manually 

guided to the platform, where it remained until next trial. 
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Each rat performed 8 trials daily starting from 4 different 

positions with 30 s intervals in between. Rats’ 

performance was tracked automatically using a video-

tracking system EthoVision XT7 (Noldus Information 

Technology, The Netherlands). The following parameters 

were evaluated: latency to reach the hidden platform [s], 

distance traveled [cm], search error [cm] (a measure of 

proximity to the escape platform though the trial) and 

velocity of swimming [cm/s]. After finishing all trials in 

the experimental day, animal was dried by towel and 

injected either by MA (1 mg/kg) or SAL (1 ml/kg) 

according to the group assigned (Table 1). Thereafter 

animal was returned to its home cage and remained 

undisturbed till the next experiment day. 

In the Probe Test, which was conducted on the 

8th day of the experiment, the platform was removed and 

the animal was left to swim in the maze for 60 s. The start 

position was north (N), which is the nearest location to 

previous platform position. The following parameters 

were recorded: distance travelled [cm], the velocity of 

swimming [cm/s], number of crossing of the former 

position of the platform, number of crossing and the 

duration of presence in the quadrant where the platform 

was located [s], number of crossing and the duration of 

presence in the opposite quadrant [s]. 

The Memory Retention Test was performed on 

the 12th day of the experiment and the rat supposed to 

find the platform located in the same position as in the 

learning phase within 60 s. Each rat was performed to 

8 trials starting from four different positions. The 

following parameters were evaluated: latency to reach the 

hidden platform [s], distance traveled [cm], search error 

[cm] and velocity of swimming [cm/s]. 

Swim paths for each rat during the Place 

Navigation Test were manually analyzed, so that 

predominating strategy in each trial was identified and 

frequency of the following search strategies was recorded 

on Days 1, 3, 6 and 12. Study of (Janus 2004) 

demonstrated that strategies of swimming are being 

considered as important sign of animal’s ability to show 

the spatial learning and not just a random searching for 

the platform. Therefore, the following strategies were 

recognized: 1) Thigmotaxis (wall-hugging) – a persistent 

swim along the wall of the pool that could include 

sporadic swims towards the centre of the pool, 

2) Random search – swimming over the entire area of the 

pool in straight swims or in wide circular swims, 

3) Scanning – swimming over the central area of the pool, 

4) Focal search in an incorrect quadrant – direct swim to 

an incorrect quadrant of the pool followed by loops and 

turns there, 5) Focal search in the target quadrant – direct 

swim to an correct quadrant of the pool followed by loops 

and turns there, 6) Spatial search – a direct swim path to 

the platform. 

 

Statistical methods 

Two-way ANOVA (Prenatal exposure x 

Treatment in adulthood) with multilevel repeated 

measure (Days x Trials/day) was used to analyze the data 

from the Place Navigation Test and Retention Memory 

Test. Two way ANOVA (Prenatal exposure x Treatment 

in adulthood) was used to analyze the data from the 

Probe Test. Bonferroni test was used for post-hoc 

comparisons. χ² test was used to analyze the occurrence 

of the search strategies. Differences were considered 

significant, if p<0.05. 

 

Results 
 
Place Navigation Test 

In the group of adult male rats exposed in ED 1-

11, neither prenatal MA exposure nor MA treatment in 

adulthood affected the latencies [F(5, 135)=1.12; p=0.36], 

distances traveled [F(5, 140)=1.47; p=0.20] and search 

errors [F(5, 140)=0.80; p=0.55] in the Place Navigation 

Test. The only difference was found in the velocity to 

reach the hidden platform (Fig. 1). MA treatment in 

adulthood increased the velocity of swimming when 

compared to SAL-treated controls and this effect was 

independent on the prenatal drug exposure [F(1, 28)= 

8.02; p<0.01]. 

In the group of adult male rats exposed in ED 

12-22, there were no differences between groups in 

latency [F(5, 140)=2.27; p=0.07], distance traveled 

[F(5, 140)=2.72; p=0.06] or the search error [F(5, 140)= 

2.24; p=0.07]. On the other hand, the velocity of 

swimming (Fig. 2) was increased by adult MA treatment, 

but only in prenatally MA-exposed and not in prenatally 

SAL-exposed animals [F(1, 28)=4.47; p<0.05]. 

 

Probe Test 

In the group of adult male rats exposed in ED 1-

11, neither prenatal MA exposure, nor adult MA 

treatment changed the performance of the Probe Test. In 

the group of adult male rats exposed in ED 12-22, there 

was an interaction between prenatal exposure and adult
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Fig. 1. Effect of prenatal and adult MA 
exposure throughout ED 1-11 on velocity of 
swimming in the Place Navigation Test. 
Results are presented as mean ± SEM, n=8; 
** p<0.01 – main effect of long-term MA 
treatment in adulthood: MA groups swam 
faster than SAL-treated animals. 

 

 

 

 

 

 

 

 

 
Fig. 2. Effect of prenatal and adult MA 
exposure throughout ED 12-22 on velocity of 
swimming in the Place Navigation Test. 
Results are presented as mean ± SEM, n=8; 
* p<0.05 – MA/MA swam faster than 
MA/SAL. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
treatment in the velocity [F(1, 28)=4.91; p<0.05] and in 

distance traveled [F(1, 28)=4.97; p<0.05]. Animals 

prenatally exposed to MA and treated in adulthood with 

SAL swam slower and swam shorter distance than 

prenatally SAL-exposed rats treated in adulthood with 

SAL or prenatally MA-exposed rats treated in adulthood 

with MA. However, as a matter the number of crossing of 

former platform placement or swimming in correct or 

incorrect quadrant, there were no statistical differences. 

 

Memory Retention Test 

In the group of adult male rats exposed in ED 1-

11, there were no significant differences induced by 

prenatal exposure or adult treatment in the latency 

[F(7, 196)=0.68; p=0.69] (Fig. 3A), the distance traveled 

[F(7, 196)=0.62; p=0.74] (Fig. 3B), search error 

[F(7, 196)=0.47; p=0.86] or velocity [F(7, 196)=0.42; 

p=0.89]. 

In the group of adult male rats exposed in ED 

12-22, there was an interaction between prenatal 

exposure and adult treatment in the latency [F(1, 28)= 

4.47; p<0.05], the distance traveled [F(1, 28)=7.97; 

p<0.01] and search error [F(1, 28)=4.35; p<0.05]. As 

shown in Figure 4, prenatally SAL-exposed animals with 

adult MA treatment had shorter latencies (A), swam 

shorter distance (B) and did less search errors than 

prenatally SAL-exposed rats treated in adulthood with 

SAL. Moreover, prenatally MA-exposed animals treated 

in adulthood with SAL swam shorter distance than 

prenatally SAL-exposed animals with adult SAL 

treatment. The velocity of swimming was not changed in 

the Memory Retention Test [F(7, 196)=1.40; p=0.21]. 

 

Search strategies 

In the group of adult male rats exposed in ED 1-

11, the strategies of swimming to find the hidden 

platform differed based on the prenatal and adult MA 

application and changed as the time of experiment 

progressed. 

The strategies used in animals exposed to MA in 

ED 1-11 differed only in the day 6 and 12 of the MWM. 

Specifically, animals exposed in adulthood to the same 
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Fig. 3. Effect of prenatal and adult MA exposure 
throughout ED 1-11 on performance in the 
Memory Retention Test. A. Latency of platform 
acquisition. B. Distance traveled. Results are 
presented as mean ± SEM, n=8. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4. Effect of prenatal and adult MA exposure 
throughout ED 12-22 on performance in the 
Memory Retention Test. A. Latency of platform 
acquisition. B. Distance traveled. Results are 
presented as mean ± SEM, n=8; * p<0.05 – 
SAL/MA had shorter latencies than SAL/SAL; 
** p<0.01 – SAL/MA swam shorter distance than 
SAL/SAL; ++ p<0.01 – MA/SAL swam shorter 
distance than SAL/SAL. 
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treatment as prenatally {SAL/SAL = 60 %; MA/MA = 

64 %} swam on Day 6 directly to the hidden platform 

than animals that received in adulthood the opposite 

treatment as prenatally {SAL/MA = 38 %; MA/SAL = 

46 %} [χ2=12.49; p<0.01]. In addition, prenatally SAL-

exposed animals {SAL/SAL = 15 %; SAL/MA = 25 %} 

swam more often in the opposite quadrant than prenatally 

MA-exposed rats {MA/SAL = 6 %; MA/MA = 7 %} 

[χ2=11.97; p<0.01]. 

In the group of adult male rats exposed in ED 

12-22, there were more significant differences in used 

strategies in the MWM. On Day 1, while prenatally MA-

exposed rats used rather thigmotaxis {SAL/SAL = 17 %; 

SAL/MA = 11 %; MA/SAL = 38 %; MA/MA= 16 %} 

[χ2=16.41; p<0.001] or scanning {SAL/SAL = 25 %; 

SAL/MA = 22 %; MA/SAL = 9 %; MA/MA = 30 %} 

[χ2=8.59; p<0.05], prenatally SAL-exposed rats swam 

more often in the opposite quadrant {SAL/SAL = 16 %; 

SAL/MA = 23 %; MA/SAL = 6 %; MA/MA = 11 %} 

[χ2=8.53; p<0.05] on Day 1. 

On Day 3, animals treated in adulthood with 

SAL swam more often directly to the hidden platform 

than animals treated in adulthood with MA {SAL/SAL = 

17 %; SAL/MA = 9 %; MA/SAL = 34 %; MA/MA = 

14 %} [χ2=14.97; p<0.01].  

On Day 6, in the Place Navigation Test, 

significant interaction between prenatal and adult MA 

application was in animals which used rather direct 

swimming to hidden platform than other animals 

{SAL/MA = 52 %; MA/SAL = 47 %; SAL/SAL = 31 %; 

MA/MA = 25 %} [χ2=12.83; p<0.01], which swam 

significantly more often in correct quadrant {MA/MA = 

14 %; MA/SAL = 11 %; SAL/MA = 2 %; SAL/SAL = 

0 %} [χ2=14.81; p<0.01] or using scanning {MA/MA = 

22 %; SAL/SAL = 23 %; MA/SAL = 9 %; SAL/MA = 

9 %} [χ2=8.45; p<0.05]. 

On Day 12, in the Memory Retention Test, there 

were significant interactions between prenatal exposure 

and MA treatment in adulthood in used strategies, 

animals used direct swimming to hidden platform 

{SAL/MA = 61 %; MA/SAL = 47 %; MA/MA = 39 %; 

SAL/SAL = 36 %} than control animals [χ2=9.62; 

p<0.05], which used scanning to find platform 

{SAL/SAL = 27 %; MA/MA = 17 %; MA/SAL = 13 %; 

SAL/MA = 6 %} [χ2=10.67; p<0.05]. 

 

Effect of gestational period 

Because our results suggested that there might 

be differences induced by prenatal MA exposure on the 

measures between first and second half gestational 

application, we decided to run additional statistical 

analysis that would compare results between the two 

gestational periods (ED 1-11 vs. ED 12-22). Since the 

most statistical differences were present in the Memory 

Retention Test, a Three Way ANOVA (Prenatal exposure 

x Treatment in adulthood x Gestational period) with 

repeated measure (trials) was further used to analyze the 

data from the Memory Retention Test. 

As shown in Figure 5, animals exposed to the 

prenatal treatment within the 2nd half of gestation had 

longer latencies [F(1, 56)=11.99; p<0.01], swam longer 

distance [F(1, 56)=4.63; p<0.05], displayed greater search 

errors [F(1, 56)=14.67; p<0.001] and swam slower 

[F(1, 56)=7.48; p<0.01] than animals exposed to the 

prenatal treatment within the 1st half of gestation.  

As a matter of strategies used on Day 12 of the 

experiment, animals exposed to injections within 1st half 

of the gestation used less scanning strategy {ED 1-11 = 

6 %; ED 12-22 = 16 %} [χ2=12.73; p<0.001], searched 

less in the opposite quadrant {ED 1-11 = 15 %; ED 12-22 

= 33 %} [χ2=22.77; p<0.0001], and on the other hand 

used more searching in the correct quadrant {ED 1-11 = 

13 %; ED 12-22 = 5 %} [χ2=8.46; p<0.01] and used 

more often direct swimming {ED 1-11 = 66 %; ED 12-22 

= 46 %} [χ2=21.42; p<0.0001] when compared to 

animals exposed to injections within 2nd half of the 

gestation. 

 

Discussion 
 

 The aim of the present study was to determine 

the effect of long-term MA treatment in adulthood 

(1 mg/kg) on cognition in adult male rats prenatally 

exposed to the same drug (5 mg/kg) throughout the 1st 

(ED 1-11) and the 2nd half (ED 12-22) of their prenatal 

period.  

First, our results show that prenatal MA 

exposure in either of the gestation periods did not affect 

the latency, search error and length of the trajectory in the 

Place Navigation Test. These results are in accordance 

with our previous studies, in which prenatal MA 

exposure throughout the gestation at a dose of 5 mg/kg 

daily did not influence learning in the MWM 

(Macúchová et al. 2013, Schutová et al. 2008). 

The Probe test is a good way of analysis of the 

memory recall quality. Data from this type of test 

showed, that animals exposed to MA throughout ED 12-

22 swam slower and swam shorter distance, which 
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disagrees with our previous study, where no effect of 

prenatal MA exposure on performance was found in male 

rats (Schutová et al. 2009). On the other hand, our recent 

study of Macúchová et al. (2013) showed that prenatal 

MA-exposed females had changed performance on Probe 

trials in comparison with the control groups. This 

discrepancy may be assigned to sex differences. 

Therefore, our data suggest that the prenatal MA 

exposure may impair only learning of animals exposed 

throughout the 2nd half of their prenatal period.  

Second, the fact that MA treatment in adulthood 

had no significant effect on the latency in the Place 

Navigation Test, can be explained by increased 

swimming velocities in rats with adult MA-exposure. We 

found an effect of MA treatment in adulthood on the 

velocity of swimming during learning period of the 

MWM test, which seems to have the positive correlation 

to the motivation of the animals to find the platform 

(Lubbers et al. 2007). The meso-accumbens dopamine 

system, which can be mediated by the motivation, might 

be affected by MA application in adulthood (Salamone 

and Correa 2002). In this study, MA-treated rats in 

adulthood swam faster than SAL groups regardless of the 

prenatal treatment, which does correspond with our 

previous results (Schutová et al. 2009). Therefore, the 

increased swimming velocity suggests that MA/MA and 

SAL/MA groups prenatally exposed throughout ED 1-11 

and MA/MA group exposed throughout ED 12-22 had 

increased motivation caused by long-term MA 

application in adulthood. Searching trajectories of rats 

with MA application in adulthood did not change. 

Possible reason is that long-term MA treatment following 

prenatal application of the same drug increases general 

locomotor activity as we demonstrated in our previous 

study of Schutová et al. (2010). Similar effect was seen 

when experimental animals were treated by another 

psychostimulants following prenatal MA exposure 

(Hrubá et al. 2012, Perris et al. 1992). 

Third, we found that prenatal MA exposure did 

not have effect on spatial memory in animals exposed 

throughout the 1st half of their prenatal period (ED 1-11), 

which is in accordance with study of Acuff-Smith et al. 

 
 
Fig. 5. Effect of prenatal and adult MA exposure throughout ED 1-11 vs. ED 12-22 on performance in the Memory Retention Test. 
A. Latency of platform acquisition. B. Distance traveled. C. Search error. D. Velocity. Results are presented as an average of all groups 
in each of the injection schedules; mean ± SEM, n=32; # p<0.05 – animals exposed in ED 12-22 had longer distances than animals 
exposed in ED 1-11; ## p<0.01 – animals exposed in ED 12-22 had longer latencies and swam slower than animals exposed in ED 1-
11; ### p<0.001 – animals exposed in ED 12-22 displayed greater search errors than animals exposed in ED 1-11. 
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(1996), who also showed that low doses of MA (5 or 10 

mg/kg) administered prenatally did not have effect on 

spatial memory in the MWM. The animals exposed to 

MA throughout the 2nd half of their prenatal period (ED 

12-22) had shorter distances travelled than rats with 

prenatal exposure to SAL. This discrepancy between the 

present work and the work of Acuff-Smith et al. (1996) 

seems to be in the scheduling of injection.  

We found an effect of chronic MA treatment in 

the Memory Retention Test in animals exposed prenatally 

to SAL in ED 12-22. Animals had significantly shorter 

latencies, swam shorter distances and had lower search 

error. The analysis of search error may be the best to 

reflect the accuracy of spatial learning, because studies 

showed that two animals may have escape latencies 

and/or distances travelled almost identical, but their 

performance can actually differ markedly (Janus 2004, 

Schutová et al. 2009). While one of the animals searches 

for the platform relatively close to it, the other searches in 

quadrant distant to the hidden platform randomly and 

finds the platform accidentally. Results of search strategy 

analysis demonstrated that group prenatally exposed to 

SAL with the MA treatment in adulthood (SAL/MA) 

swam significantly more often directly to the hidden 

platform than other experimental groups of animals. 

These results suggest that animals with MA treatment in 

adulthood memorized the location of the platform most 

accurately. There are some studies investigating the effect 

of chronic MA applications, in which acute MA in lower 

doses (0.1-0.4 mg/kg) was shown to produce 

improvements in cognitive processing, when given to 

drug-naïve subjects (Grilly and Loveland 2001, 

Kornetsky et al. 1959). In experimental animals, acute 

treatment with MA in dose of 3 mg/kg disorders spatial 

and non-spatial memory was accompanied by loss of 

dopaminergic and serotonergic nerve terminals in the 

brain (Grilly and Loveland 2001, Schroder et al. 2003). 

Other study of Camarasa et al. (2010) demonstrated that 

repeated MA treatment in dose of 10 mg/kg induced an 

impairment of spatial and non-spatial memory in male 

rats, which persisted for at least 7 days after the 

withdrawal of MA. Our test of memory was performed 

6 days after the end of the learning trials.  

As a matter of schedule of MA exposure during 

prenatal development, our data support the statement that 

drugs administered during prenatal development affects 

those systems that are evolving at the time of application 

(Kellogg 1992). In general, regional development of the 

rodent brain proceeds on a timeline of days versus weeks 

to months in humans, although gross regional 

development of the brain of rodents and humans is 

similar (Rice and Barone 2000). On the other hand, the 

neurogenesis in rodents is different from humans because 

rodents have considerable postnatal development and 

humans have considerably more prenatal maturation of 

their nervous system (Squire 1992). Since regions of the 

brain mature at different rates it is possible that exposure 

to the drugs may produce effects during one 

developmental time period, but not another. If exposure 

occurs before or after an organ development, it is less 

vulnerable to change than if exposure occurs during the 

time of development of that organ (Atterberry et al. 1997, 

Rice and Barone 2000). It was shown that rat 

hippocampus, a brain structure responsible for spatial 

normal learning and memory, begins to develop on ED 

14 and continues until postnatal day 19 (Bayer et al. 

1993). Therefore, this period, which corresponds with the 

2nd and the 3rd trimester of human pregnancy, may be 

more critical for the effect of MA on cognitive functions. 

This is supported with the present results showing that 

animals exposed to the prenatal treatment within 2nd half 

of gestation (ED 12-22) had significantly longer 

latencies, swam longer distances, swam slower and 

displayed greater search errors than animals exposed in 

the 1st half of gestation.  

To sum up, the present study demonstrates that 

stage the prenatal development is crucial for 

determination the cognitive deficits induced by prenatal 

MA exposure. The present data help to better understand 

the neurobiological changes responsible for MA-induced 

alterations in cognitive functions. 
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