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Summary 
Psychostimulants, including methamphetamine (MA), have 
neurotoxic effect, especially, if they are targeting CNS during its 
critical periods of development. The present study was aimed to 
examine cognitive changes after prenatal and neonatal MA 
treatment in combination with chronic MA exposure in adulthood 
of male rats. Eight groups of male rats were tested in adulthood: 
males whose mothers were exposed to MA (5 mg/kg) or saline 
(SA, 1 ml/kg) during the first half of gestation period (GD 1-11), 
the second half of gestation period (GD 12-22) and neonatal 
period (PD 1-11). In addition, we compared indirect neonatal 
application via the breast milk with the group of rat pups that 
received MA or SA directly by injection (PD 1-11). Males were 
tested in adulthood for cognitive changes in the Morris Water 
Maze (MWM). MWM experiment lasted for 12 days: Learning 
(Day 1-6), Probe test (Day 8) and Retrieval Memory test 
(Day 12). Each day of the MWM animals were injected with MA 
(1 mg/kg) or SA (1 ml/kg). Prenatal MA exposure did not induce 
changes in learning abilities of male rats, but neonatal exposure 
to MA leads to an increase search errors and latencies to find the 
hidden platform. Prenatal and also neonatal MA exposure 
impaired cognitive ability to remember the position of the 
platform in Retrieval Memory test in adulthood. Animals exposed 
to the prenatal treatment within the second half of gestation 
(ED 12-22) swam longer, slower and spent more time to find the 
hidden platform in Retrieval Memory test than animals exposed 
throughout other periods. The present study demonstrated that 
stage of development is crucial for determination the cognitive 
deficits induced by prenatal or neonatal MA exposure. 
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Introduction 

Methamphetamine (MA) is a synthetic derivate 
of amphetamine, but due to the addition of a methyl 
group in the chemical structure, it has relatively higher 
lipid solubility, allowing more rapid transport across the 
blood-brain barrier (Barr et al. 2002, Rambousek et al. 
2014) and has more profound effects on the central 
nervous system (CNS). In brain, acute administration of 
MA causes increase in extracellular dopamine (DA) 
levels via the reverse transport of this monoamine and 
the displacement from vesicular stores (Sekine et al. 
2006). Application of MA may affect also the 
serotonergic, noradrenergic and glutamatergic systems 
throughout interactions with serotonin transporters 
(SERT), dopamine transporters (DAT) and N-methyl-D-
aspartate (NMDA) receptors (Davis et al. 1992, 
Šlamberová et al. 2014). Repeated administration of 
MA decreases striatal DA, 5-HT, their metabolites, 
DAT and SERT in several brain regions (Ricaurte et al. 
1984, Sekine et al. 2006, Wagner et al. 1980). These 
monoamines have important role in regulation of brain 
development influencing maturation of dendrites and 
synaptogenesis (Gaspar et al. 2003, Jablonski et al. 
2016, Volkow et al. 2001). 

MA is one of the most common drug abused by 
pregnant women addicted to drug (Marwick 2000); 
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it easily crosses a placental and also hematoencephalic 
barrier of evolving fetus which can result in 
developmental anomalies, too (Hrubá et al. 2008, Cho et 
al. 1991). Neuroimaging studies showed anatomical and 
physiological changes that correlate with functional 
differences in cognitive function among pups. The study 
of Chang et al. (2004) demonstrated smaller putamen, 
globus pallidus and hippocampal volumes in children 
exposed to MA within gestation. These regional volume 
reductions correlate with poorer performance in attention 
and verbal memory. Other study showed reduced caudate 
nucleus volumes and cortical thickness which were 
associated with reaction time and behavioral deficits 
(Derauf et al. 2012, Cho et al. 1991, Šlamberová et al. 
2005a,b,c). Developmental MA-exposure leads to 
decrease connectivity within these DA-rich areas and 
within the hippocampus, the amygdala, some parts of the 
cerebellum and medial prefrontal cortex, which are 
structures important for learning and memory (Rice and 
Barone 2000, Roussotte et al. 2011, Roussotte et al. 
2012). Children, exposed to MA in utero, exhibit 
impaired learning in a spatial memory task, requiring 
spatial navigation to a hidden target in a virtual 
environment (Piper et al. 2011). In animal models of 
developmental MA effect on cognitive function number 
studies described correlation between schedule and dose 
of MA. Acuff-Smith et al. (1996) investigated effect of 
high dose of MA (15-20 mg/kg) in early days of gestation 
(ED 7-12), after which were impaired learning and 
memory of adult rats. Lower doses (5-10 mg/kg) had no 
effect on cognition.  

Our previous studies demonstrated that prenatal 
and early neonatal MA exposure has both short- and 
long-term effects. Administration of MA throughout 
pregnancy impairs postnatal development of sensorimotor 
functions in pups during preweaning period (Malinová-
Ševčíková et al. 2014, Šlamberová et al. 2006, 
Šlamberová et al. 2005a,b,c), that lasts until adulthood 
and affects behavior (Šlamberová et al. 2013), anxiety 
(Šlamberová et al. 2015), cognitive functions 
(Macúchová et al. 2013), nociception (Yamamotová et al. 
2011) and CNS excitability (Bernášková et al. 2011, 
Matějovská et al. 2014). 

Study of Della Grotta et al. (2010) reported that 
84.3 % of drug-abusing pregnant women used MA in the 
first trimester, 56.0 % in the second trimester and 42.4 % 
continued to use MA during the third trimester. Since 
regions of the brain mature at different developmental 
periods it is possible that exposure to MA during these 

periods will induce certain morphological and functional 
impairment (Rice and Barone 2000, Williams et al. 
2003a, Williams et al. 2003b). The first half of the 
gestation in rats represents the period of embryonic 
development; the second half of gestation is the period 
of organogenesis (Rice and Barone 2000, Rice et al. 
2001, Williams et al. 2003a,b). Periods of human 
embryogenesis and fetogenesis correspond to the rats’ 
development period that is extended from implantation of 
embryo to approximately three weeks after birth.  

Based on the above, we created a rat model of 
MA exposure during certain stages of prenatal and 
neonatal development. The developmental differences 
between rats and humans were taken into account: birth 
in humans corresponds to the PD 10-12 in rats (Clancy 
et al. 2007). In order to correspond with the first and the 
second trimester of pregnancy in humans, rat mothers 
were administered to MA during the first half (ED 1-11) 
and the second half (ED 12-22) of their gestation, 
retrospectively. The third trimester in human 
corresponds to the early lactation period in rats and 
therefore MA was administrated also in the period of 
PD 1-11 (Clancy et al. 2007). Since MA is concentrated 
and secreted to milk, the sucking pups may receive MA 
in mother’s breast milk (Steiner et al. 1984). Moreover, 
MA has negative effect on maternal behavior toward 
pups, which is a major source of tactile stimulation that 
plays an important role in somatic growth and neural 
development of their pups (Malinová-Ševčíková et al. 
2014, Schanberg and Field 1987, Šlamberová et al. 
2005a,b,c). In our study we were interested also in the 
long-term effect of MA application on cognitive 
function of exposed offspring via the breast milk. We 
compared the results with the group that received MA 
directly by injection, while mothers were discontinued 
application of MA after birth.  

The purpose of the present study was to 
investigate 1) the effect of prenatal (ED 1-11; ED 12-22) 
or neonatal (PD 1-11 direct; indirect) MA exposure on 
cognition in adult male rats, 2) the effect of chronic MA 
application on spatial learning and memory in adulthood 
and 3) the effect of period of application (trimesters) on 
cognitive abilities in adult male rats. In order to test the 
cognitive deficits, we have used the hidden platform 
acquisition test in Morris Water Maze (MWM), one of 
the most widely used task in behavioral neuroscience for 
study the neural mechanism of spatial learning and 
memory (Morris et al. 1982). 
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Methods 
 

The procedures used in this study were reviewed 
and approved by the Institutional Animal Care and Use 
Committee and they are 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. 

 
Animals 

Adult female (250-300 g) Albino Wistar rats 
were delivered from Velaz (Prague, Czech Republic, 
bread by Charles River Laboratories International, Inc.) 
and housed 4-5 per one cage in temperature-controlled 
(22-24 °C) colony room with a standard 12 h light/dark 
cycle, light on at 06.00 h. After arrival animals were left 
undisturbed for 1 week with food and water ad libitum. 
After the acclimation period, the females were weighed 
and smeared by vaginal lavage to determine the phase of 
the estrous cycle. Females at the onset of the estrous 
phase of the estrous cycle were housed overnight with 
sexually mature males. There was always one female and 
one male per cage (Šlamberová et al. 2005a,b,c). If the 
sperms were present in female's vaginal smear on the 
following day, the fertilization was counted as successful 
and the day was assigned as Day 1 of gestation (ED 1). 
Females were randomly assigned to MA-treated (MA) 
and saline-treated (SA) groups. Physiological saline 
solution (0.9 % NaCl) and d-Methamphetamine 
hydrochloride were purchased from Sigma-Aldrich 
(Czech Republic). 

On the Day 21 of gestation (ED 21), the females 
were moved from group cages and placed into maternity 
cages (1 female/cage).  

A total of 80 litters were used in the present 
experiment. The number of pups in each litter was 
adjusted to 12. Whenever possible, the same number of 
male and female pups was kept in each litter. To avoid 
litter bias pups were cross-fostered on postnatal day 
(PD) 1. One mother usually raised three male and three 
female pups of her own and three male and three female 
pups from another mother with the different treatment. In 
the same time, all prenatally MA-exposed pups were 
tattooed with black India ink into the left foot and all 
prenatally SA-exposed pups into the right foot for future 
identification. Two animals (each with a different 
prenatal and neonatal exposure) from each litter were 
used in this study to avoid litter effect (Holson and Pearce 

1992). The rest of the animals were used in other studies. 
On PD 21, pups fostered by MA-treated mothers were 
ear-punched in the left ear and pups fostered by  
SA-treated mothers in the right ear for farther 
identification. After then pups were weaned and housed 
in groups separated by sex. The light/dark cycle of the 
animals was reversed with lights on at 06:00. Animals 
were left undisturbed until adulthood. Only males were 
tested in the present experiment, females were used in 
other studies. 

 
Drug administration and experimental groups 

Eight groups of male rats were tested in 
adulthood: males whose mothers were exposed to MA or 
saline during the first half of gestation period (GD 1-11), 
the second half of gestation period (GD 12-22) and 
neonatal period (PD 1-11). In addition, we compared 
indirect neonatal application via the breast milk with the 
group of rat pups that received MA or SA directly by 
injection (PD 1-11). The dose of MA was 5 mg/kg/day 
throughout each period and was administered 
subcutaneously (s.c.). The dose was chosen based on the 
findings that this dose of MA administered to pregnant 
female rats can be transferred across placental 
membranes as well as into breast milk and corresponds to 
the levels found in plasma and brain of the fetuses of 
drug-abusing women (Acuff-Smith et al. 1996, 
Rambousek et al. 2014, Šlamberová et al. 2005a,b,c). 
The females from the control groups were administered 
saline (SA, 1 ml/kg) at the same time and in the same 
volume as MA (Table 1). The dose was chosen based on 
the findings that this dose of MA administered to 
pregnant female rats corresponds to the levels found in 
the fetuses of drug-abusing women (Acuff-Smith et al. 
1996, Šlamberová et al. 2006). Based on the prenatal/ 
neonatal exposure and adult treatment there were 
four testing groups for each injection period: 
SA/SA = prenatal/neonatal saline exposure and adult 
saline treatment; SA/MA = prenatal/neonatal saline 
exposure and adult methamphetamine treatment; 
MA/SA = prenatal/neonatal methamphetamine exposure 
and adult saline treatment; MA/MA = prenatal/neonatal 
methamphetamine exposure and adult methamphetamine 
treatment. 
 
Morris Water Maze test 

The male offspring (n=8, 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 
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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 chronic treatment with MA (1 mg/kg) or 
SA (1 ml/kg); each day of testing in the swimming pool 
were treated immediately after swimming, in other days 

of the MWM test were treated in the same time as in days 
of swimming. The low dose of MA was chosen because it 
does not lead to stereotypes that could affect swimming, 
unlike the higher dose of 5 mg/kg used during gestation 
(Šlamberová et al. 2006). 

 
 
Table 1. Assignment of the animals to individual groups according to the schedule and the type of prenatal (ED 1-11 or ED 12-22) and 
neonatal (PD 1-11 direct and indirect) treatment versus acute application in adulthood.  
 

 
 
Total number of male rats used in experiment was 128; individual group accounted: 8 animals. Adult long-term treatment started on 
the day of beginning of MWM tests and continues for subsequent 12 days. The MA dose of 5 mg/kg was used during gestation and 
early lactation period and 1 mg/kg was used for chronic application in adulthood (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-E 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 for 30 s. 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 SA (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]. 

 
Statistical analyses 
Effect of MA treatment 

Two-way ANOVA (Prenatal exposure x 
Treatment in adulthood) with multilevel repeated 
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measure (Days x Trials/day) was used to analyze the data 
from the Place Navigation test. Two-way ANOVA 
(Prenatal exposure x Treatment in adulthood) was used 
to analyze the data from the Probe test. Two-way 
ANOVA (Prenatal exposure x Treatment in adulthood) 
with repeated measure (Trials) was used to analyze the 
data from the Retention Memory test. 

 
Effect of application period (Trimester)  

Because our results suggested that there might 
be differences induced by application of MA in different 

periods that correspond to human trimesters, we decided 
to run additional statistical analysis that would compare 
results between the individual testing periods (ED 1-11, 
ED 12-22, PD 1-11 – mothers exposed; indirect effect 
and PD 1-11 – pups exposed; direct effect). A Three-way 
ANOVA (Prenatal or Neonatal exposure x Treatment in 
adulthood x Trimester) with repeated measure (Trials) 
was further used to analyze the data from the MWM test. 
Differences were considered significant in all statistical 
analyses if p<0.05. 

 
 

  
Fig. 1. Effect of prenatal, neonatal and adult MA exposure on velocity of swimming in the Place Navigation test. Results are presented 
as mean ± SEM, n=8. A. ED 1-11. ** p<0.01 – main effect of chronic MA treatment in adulthood: MA groups swam faster than  
SA-treated animals. B. ED 12-22. * p<0.05 – MA/MA>MA/SA. C. PD 1-11 indirect. * p<0.05 – main effect of chronic MA application in 
adulthood: MA group vs. SA group. D. PD 1-11 direct. 

 
 

Results 
 
Place Navigation test 

ED 1-11: 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], the distances traveled 
[F(5, 140)=1.47; p=0.20] and the search errors 
[F(5, 140)=0.80; p=0.55] in Place Navigation test. The 
only difference was found in the velocity to reach the 
hidden platform (Fig. 1A). MA treatment in adulthood 
increased the velocity of swimming when compared to 

SA-treated controls and this effect was independent on 
the prenatal drug exposure [F(1, 28)=8.02; p<0.01]. 

ED 12-22: In the group of adult male rats 
exposed in ED 12-22, there were no differences between 
groups in the latency [F(5, 140)=2.27; p=0.07], the 
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. 1B) was increased by adult 
MA treatment, but only in prenatally MA-exposed and 
not in prenatally SA-exposed animals [F(1, 28)=4.47; 
p<0.05]. 

PD 1-11 (indirect): Neither MA exposure via the 
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breast milk nor chronic MA application in adulthood 
induce changes in the latency [F(1, 28)=4.31; p=0.53] 
and in the search error [F(1, 28)=3.65; p=0.06]. In the 
distance traveled there was an effect of neonatal MA 
exposure, where rats exposed to MA with SA treatment 
in adulthood (MA/SA) swam longer distance than rats 
exposed to neonatal SA (SA/SA) [F(1, 28)=9.08; 
p<0.01]. Chronic MA application in adulthood increased 
the velocity of swimming in both, SA and MA neonatally 
exposed groups [F(1, 28)=5.09; p<0.05] (Fig. 1C). 

PD 1-11 (direct): Rats exposed to MA by direct 
injection to pups displayed higher latency [F(1, 28)=4.41; 
p<0.05] and higher search error [F(1, 28)=4.21; p<0.05] 
than rats exposed to SA regardless of chronic treatment in 
adulthood. Neither neonatal, nor chronic application of 
drug affected the distance traveled [F(1, 28)=1.06; 
p=0.31] and the velocity of swimming [F(1, 28)=1.95; 
p=0.17] (Fig. 1D). 

 
Probe test 

ED 1-11: 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. 

ED 12-22: In the group of adult male rats 
exposed in ED 12-22, there was an interaction between 
prenatal exposure and adult 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 SA (MA/SA) swam 
slower and swam shorter distance than prenatally  
SA-exposed rats treated in adulthood with SA (SA/SA) or 
prenatally MA-exposed rats treated in adulthood with 
MA (MA/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. 

PD 1-11 (indirect): MA treatment in adulthood 
increased the velocity of swimming [F(1, 28)=13.82; 
p<0.001] regardless of indirect neonatal exposure via the 
breast milk. Neonatal or chronic application in adulthood 
did not affect the other tested parameters in Probe test. 

PD 1-11 (direct): Males treated neonatally with 
direct exposure and in adulthood with MA (MA/MA) 
spent less time to find the hidden platform in zone 
quadrant opposite to the location of platform 
[F(1, 28)=4.37; p<0.05], but there were no changes in the 
latency in zone quadrant, where the platform was placed 
[F(1, 28)=6.40; p=0.34].  
 

Retention Memory test 
ED 1-11: 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. 2A), the distance traveled 
[F(7, 196)=0.62; p=0.74] (Fig. 3A), the search error 
[F(7, 196)=0.47; p=0.86] or the velocity [F(7, 196)=0.42; 
p=0.89]. 

ED 12-22: 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] (Fig. 2B), the distance traveled 
[F(1, 28)=7.97; p<0.01] (Fig. 3B) and the search error 
[F(1, 28)=4.35; p<0.05]. Prenatally SA-exposed animals 
with adult MA treatment (SA/MA) had shorter latencies, 
swam shorter distance and did less search errors than 
prenatally SA-exposed rats treated in adulthood with SA 
(SA/SA). Moreover, prenatally MA-exposed animals 
treated in adulthood with SA (MA/SA) swam shorter 
distance than prenatally SA-exposed animals with adult 
SA treatment (SA/SA) [F(1, 28)=7.97; p<0.05]. The 
velocity of swimming was not changed in the Retention 
Memory test [F(7, 196)=1.40; p=0.21]. 

PD 1-11 (indirect): In the group of adult male rats 
exposed in PD 1-11 indirectly via the breast milk, neither 
neonatal MA exposure, nor MA application in adulthood 
changed the latency [F(1, 28)=0.75; p=0.40] (Fig. 2C), the 
distance traveled [F(1, 28)=3.50; p=0.07] (Fig. 3C), the 
search error [F(1, 28)=0.47; p=0.50], and velocity 
[F(1, 28)=0.23; p=0.64] in the Retention Memory test. 

PD 1-11 (direct): In the group of adult male rats 
with direct injections in PD 1-11, neither neonatal MA 
exposure, nor adult MA treatment changed the 
performance of the Retention Memory test: the latency 
[F(1, 28)=2.16; p=0.15] (Fig. 2D), the distance traveled 
[F(1, 28)=5.60; p=0.25] (Fig. 3D), the search error 
[F(1, 28)=4.04; p=0.60], and velocity [F(1, 28)=1.27; 
p=0.27]. 

 
Effect of application period (Trimester) 

As shown in Figure 4, animals exposed to the 
prenatal treatment within the second half of gestation had 
longer latencies [F(1, 56)=11.99; p<0.01] (A), swam longer 
distances [F(1, 56)=4.63; p<0.05] (B), displayed worse 
search errors [F(1, 56)=14.67; p<0.01] (C) and swam slower 
[F(1, 56)=7.48; p<0.01] (D) than animals exposed to the 
prenatal treatment within the first half of gestation and 
within early neonatal period exposed indirectly via the breast 
milk or directly by application of injection. 
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Fig. 2. Effect of prenatal, neonatal and adult MA exposure on the latency of platform acquisition in the Retention Memory test. Results 
are presented as mean ± SEM, n=8. A. ED 1-11. B. ED 12-22. * p<0.05 – main effect of chronic MA application in groups prenatally 
exposed to SA (SA/SA vs. SA/MA). C. PD 1-11 indirect. D. PD 1-11 direct. 
 
 

 
 

Fig. 3. Effect of prenatal, neonatal and adult MA exposure on the distance traveled in Retention Memory test. Results are presented as 
mean ± SEM, n=8. A. ED 1-11. B. ED 12-22. ** p<0.01 – main effect of chronic MA application in groups prenatally exposed to SA 
(SA/SA<SA/MA). + p<0.05 effect of prenatal MA exposure in compare to prenatal SA after acute SA treatment in adulthood 
(MA/SA<SA/SA). C. PD 1-11 indirect. D. PD 1-11 direct. 
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Fig. 4. Effect of prenatal, neonatal and chronic exposure on performance in the Memory Retention test. Results are presented as an 
average of all groups in each of the injection schedules, mean ± SEM, n=32. A. Latency of platform acquisition. ++ p<0.01 – rats 
exposed in ED 12-22 spent more time to find the hidden platform than rats exposed in other periods. B. Distance traveled. * p<0.05 – 
rats exposed in ED 12-22 swam longer distances than rats exposed in ED 1-11. C. Search error. ** p<0.01 – rats exposed within 
ED 12-22 displayed worse search errors than rats exposed in other periods. D. Velocity of swimming. # p<0.05 – rats exposed in 
ED 12-22 swam slower than rats exposed in other periods. 

 
 

Discussion 
 

The aim of the present study was to examine the 
effect of MA treatment in adulthood (1 mg/kg) on 
cognitive function of adult male rats exposed to the same 
drug (5 mg/kg) throughout different stages of the CNS 
development. 

First, this study indicates that prenatal MA 
exposure within both gestational periods (ED 1-11, 
ED 12-22) that correspond to the first and the second 
human trimester did not affect the latency, the search 
error and the length of the trajectory in the Place 
Navigation test (test of learning). These results are in 
agreements with our previous studies (Macúchová et al. 
2013, Macúchová et al. 2014, Schutová et al. 2008, 
Schutová et al. 2009, Šlamberová et al. 2014), in which 
prenatal MA exposure throughout the entire gestation at 
a dose 5 mg/kg did not influence the learning ability in 
both males and females in the MWM. Also other studies 
showed, that prenatal MA exposure did not alter changes 

in spatial navigation following longer exposure periods 
(one week prior to mating and throughout gestation) 
(McDonnell-Dowling et al. 2014) or using lower or 
higher doses of MA (0.625-10 mg/kg/day) (Weissman 
and Caldecott-Hazard 1995). 

On the other hand, rats exposed to MA within 
the third human trimester (PD 1-11) by application of 
injection (direct exposure) displayed longer latencies and 
did more search errors to find the hidden platform than 
rats exposed to neonatal SA. Also indirect neonatal MA 
exposure via the breast milk resulted in learning 
impairment, where adult rats swam longer distances to 
the hidden platform than control animals. Our data 
correspond with results of other (Schaefer et al. 2008) 
showing that MA in dose 10 mg/kg administered 4 times 
per day between PD 11-20 produces spatial learning 
deficits in the MWM. On the other hand, Vorhees (1997) 
reported that higher doses of MA (30 mg/kg 2 times per 
day) administered to rats from PD 11-20 showed 
increased latencies to find the hidden and moved 
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platform, but when the same dose of MA was 
administered between PD 1-10 it did not induce such 
differences. Thus, our results and the results of others 
(Schaefer et al. 2008, Vorhees 1997) suggest that the 
effect of MA administered during the early postnatal 
period depends on the dose and the timing of exposure. 

The Probe test is a good way of analysis of the 
memory recall quality during which is the escape 
platform removed. In the present study only animals 
prenatally exposed to MA throughout ED 12-22 
displayed better performance in the Probe test, the way 
that MA-exposed males swam shorter distances than 
males exposed to prenatal SA. Similarly, to the present 
results our previous study of Schutová et al. (2009) 
showed that prenatal MA exposure improves 
performance in the Retention Memory test in the MWM. 
The difference of our present and previous effects might 
be in the length of prenatal MA exposure or in the fact 
that Schutová et al. (2009) tested the Probe test in the 
6th day of the experiment, while in the present study it 
was on day 8. 

Second, the effect of MA application in 
adulthood showed increased velocity of swimming in all 
animals regardless of prenatal or neonatal exposure 
during the Place Navigation test. In the Probe test and 
Retention Memory test, there was no effect on velocity of 
swimming of rats treated with MA in adulthood. These 
results suggest that MA application in adulthood 
increased the motivation of the animals to find the hidden 
platform during the first phase of MWM test (the Place 
Navigation test), when the hidden platform is a new, 
interesting object for rats, while during the Probe test and 
Retention Memory test, the rats might be already less 
interested for searching the hidden platform (Lubbers et 
al. 2007). This hypothesis is supported by finding that the 
differences in velocity between MA and SA groups 
decreases as the 6-day learning progress (data not 
shown).  

Other possibility how to explain increased speed 
of swimming of rats treated with MA in adulthood might 
be MA-induced locomotion per se. There are studies that 
would support this hypothesis (Bisagno et al. 2003, 
Gentry et al. 2004). However, it should be noted that 
animals were tested daily not earlier than 23 h after MA 
application (MA was injected always at the end of each 
trial), thus the acute effect of MA at the time of next-day 
swimming already disappeared. Moreover, the finding 
that the increase of swimming velocity was seen only 
during the Place Navigation test, but not during the Probe 

test and Retention Memory test seems to be unreasonable 
and thus it does not support this hypothesis. Therefore, 
the above mentioned increased motivation seems to better 
explanation for the differences in the velocity. Motivation 
is assumed to be mediated by meso-accumbens dopamine 
system (Nocjar and Panksepp 2002, Robinson and Becker 
1986, Robinson and Kolb 2004, Salamone and Correa 
2002) and this system had been shown to be altered by 
adult MA application.  

In the Retention Memory test the effect of 
chronic MA application in adulthood in rats exposed to 
prenatal SA during the second trimester (ED 12-22) was 
found. This group (SA/MA) had significantly shorter 
latencies, swam shorter distances and had lower search 
errors. These results suggest that animals with MA 
treatment in adulthood memorized the location of the 
platform most accurately (Hrebíčková et al. 2014). Thus, 
the second trimester (ED 12-22) seems to be the most 
sensitive period of neurogenesis for the effect of MA 
application. 

Third, MA exposure during different stages of 
gravidity leads to a range of physiological and anatomical 
abnormalities in brain structures (Rice and Barone 2000, 
Williams et al. 2003a,b). Our previous studies examined 
the effect of MA exposure throughout the entire prenatal 
period on learning and memory in the MWM 
(Macúchová et al. 2013, Schutová et al. 2009). 

This period of brain development (ED 1-22) 
corresponds to the first (ED 1-11) and the second  
(ED 12-22) human trimester equivalents, during which 
organogenesis, neurulation and histogenesis in brain had 
occurred rapidly on ED 9 (Fentress 1988, Kelley and 
Berridge 2002). Neuronal proliferation, migration, cell 
differentiation, synaptogenesis and gliogenesis begin 
expand rapidly from ED 10 (Nocjar and Panksepp 2002, 
Rice and Barone 2000). MA exposure during this periods 
leads to a range of anatomical abnormalities (Acuff-
Smith et al. 1996, Cho et al. 1991, Melo et al. 2006, 
Melo et al. 2008). Regional neurogenesis starts to 
develop in medulla, pons, thalamus, hypothalamus, 
hippocampal sub-region and some part of cerebellum 
between ED 12 to the first days of postnatal period of rats 
(Bayer et al. 1993, Jablonski et al. 2016, Rice and Barone 
2000). Targeting one or more of these developing brain 
regions can cause cognitive deficits based on 
abnormalities in these structures (Jablonski et al. 2016, 
Won et al. 2001).  

The neonatal period of rat brain development 
(PD 1-12) is analogous to human brain development 
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during the end of the second trimester and during the 
third trimester, depending upon the region (Rice and 
Barone 2000). Brain regions that mediate higher 
cognitive function are developing during this sensitive 
period (Jablonski et al. 2016). There is a substantial 
increase in the proliferation of glial cells, hippocampal 
neurogenesis, synaptogenesis and dendritic arborization, 
rapid increases in neurotransmitter system and associated 
receptor expression (DAT, SERT) (Bayer et al. 1993, 
Herlenius and Lagercrantz 2004, Jablonski et al. 2016). 
MA exposure within these periods disrupts neuronal 
populations and leads to functional changes in disabled 
structures which can results in impairments in spatial 
learning and memory (Bayer et al. 1993, Jablonski et al. 
2016). 

Since regions of the brain mature in different 
rates it is possible that exposure to the drugs may produce 
effects during one developmental time period, but not 
another. Rat hippocampus, a brain structure responsible 
for spatial learning and memory, begins to develop on 
ED 14 and continues until PD 19 (Bayer et al. 1993). Our 
results demonstrated that animals exposed to the prenatal 
treatment during the second trimester (ED 12-22) had 
significantly longer latencies, swam longer distances, 
swam slower and displayed more search errors than 
animals exposed within others trimesters. Based on our 

results, this period (ED 12-22) seems to be a more 
sensitive for effect of MA than other periods of 
neurogenesis. 

In conclusion, the present study demonstrates 
that the stage of the prenatal or early neonatal 
development seems to be crucial for drug administration 
and its effects on cognitive functions. Our data suggest 
that neonatal MA exposure (PD 1-11) that corresponds to 
human third trimester is the only period affecting spatial 
learning in the MWM, while the second trimester 
(ED 12-22) is crucial to induce sensitization for drug 
administration in adulthood. Based on our data, it seems 
that MA exposure affects development of hippocampal 
monoaminergic nerve terminals that mostly develop 
during late gestation and early neonatal period of rat 
neurogenesis.  
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