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Summary 

Since close relationship was shown between drug addiction and 

memory formation, the aim of the present study was to 

investigate the effects of interaction between prenatal 

methamphetamine (MA) exposure and MA treatment in 

adulthood on spatial and non-spatial memory and on the 

structure of the N-methyl-D-aspartate (NMDA) receptors in the 

hippocampus. Adult male rats prenatally exposed to MA 

(5 mg/kg) or saline were tested in adulthood. Non-spatial 

memory was examined in the Object Recognition Test (ORT) and 

spatial memory in the Object Location Test (OLT) and in the 

Memory Retention Test (MRT) conducted in the Morris Water 

Maze (MWM), respectively. Based on the type of the memory test 

animals were injected either acutely (ORT, OLT) or long-term 

(MWM) with MA (1 mg/kg). After each testing, animals were 

sacrificed and brains were removed. The hippocampus was then 

examined in Western Blot analysis for occurrence of different 

NMDA receptors’ subtypes. Our results demonstrated that 

prenatal MA exposure affects the development of the NMDA 

receptors in the hippocampus that might correspond with 

improvement of spatial memory tested in adulthood in the MWM. 

On the other hand, the effect of prenatal MA exposure on non-

spatial memory examined in the ORT was the opposite. In 

addition, we showed that the effect of MA administration in 

adulthood on NMDA receptors is influenced by prenatal MA 

exposure, which seems to correlate with the spatial memory 

examined in the OLT. 
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Introduction 

Methamphetamine (MA) is a psychostimulant 

drug the abuse of which has become a serious problem 

during recent years (Griffiths et al. 2008, Hanson et al. 

2004). Moreover, it is one of the most common drugs 

abused by pregnant women addicted to drugs (Marwick 

2000). Since MA was shown to cross both, placental and 

hematoencephalic barrier easily (Dattel 1990, Nordahl et 

al. 2003), prenatal exposure to MA can result in 

developmental anomalies of the central nervous system 

(CNS) of exposed fetuses (Hrubá et al. 2009, Cho et al. 

1991, Martin et al. 1976). In human studies, decreased 

volumes of hippocampus correlating with poorer 

performance on delayed verbal memory task were found 

in children prenatally exposed to MA (Chang et al. 2004). 

Impairment of cognitive functions caused by prenatal MA 

exposure was shown also in study demonstrating lower 

scores in visual recognition memory task in infants of 

MA abusing mothers (Struthers and Hansen 1992).  

Interestingly, close relationship was shown 

between drug addiction and memory formation, such that 

brain engages similar molecular and cellular mechanisms 

https://doi.org/10.33549/physiolres.932926
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to form addiction related memories as it does to form 

normal memories (Berke and Hyman 2000). As a result, 

prenatal MA exposure could affect the sensitivity to 

drugs when an individual encounters them again in 

adulthood, due to its effects on systems underlying 

memory formation. In our previous studies (Bubeníková-

Valešová et al. 2009, Schutová et al. 2010) we showed 

that prenatal exposure to MA is able to change the 

responsiveness to acute MA dose in adulthood. However, 

rather than one single dose of MA, long-term 

administration of MA is more expectable in young people 

experimenting with drugs of abuse (Griffiths et al. 2008). 

In addition, there may be differences between the effect 

of MA treatment (prenatal or adult) on spatial memory 

that is mostly associated with the hippocampus, and non-

spatial memory in which the hippocampus does not seem 

to play a crucial role. Therefore, the first aim of the 

present study was to investigate the effects of interaction 

between prenatal MA exposure and acute or long-term 

MA treatment in adulthood on the spatial and non-spatial 

memory in adult male rats. 

Since N-methyl-D-aspartate (NMDA) receptors 

are known for their essential role in mediating memory 

and learning consolidation in the hippocampus (Davis et 

al. 1992), protein analysis of NMDA receptors subunits 

in rats’ hippocampi was performed. Multiple subunits of 

NMDA receptors were identified depending on their 

localization in the brain. Functional NMDA receptors 

require the presence of the NR1 subunits in addition to 

variable combinations of the NR2 subunits (Lynch et al. 

1994). In the adult hippocampus, predominantly NR2A 

and NR2B subunits appear (Ishii et al. 1993, Le Greves et 

al. 2006). While NR2B is strongly expressed at birth, the 

NR2A subunit increases from second postnatal week and 

replaces the NR2B subunits (Laurie et al. 1997). This 

seems to be connected with increased synaptic plasticity 

(Constantine-Paton and Cline 1998). 

In addition to the subunits, postsynaptic density 

protein 95 (PSD-95) seems to be central in organizing the 

NMDA receptor signaling complex. This protein was 

shown to regulate long-term potentiation (LTP) – a 

process necessary for memory formation (Sheng 2001, 

Schnell et al. 2002). Thus, the second objective of the 

present study was to investigate the impact of prenatal 

MA exposure and long-term MA challenge in adulthood 

on the levels of NR1, NR2A, NR2B and PSD-95 in the 

hippocampi of adult male rats. 

To sum up, the aim of the present study was to 

investigate the effect of prenatal MA exposure and adult 

MA treatment (acute or chronic) on spatial and non-

spatial memory and on expression of the NMDA receptor 

subunits in the hippocampus of adult male rats. 

 

Methods 
 

The procedures for animal experimentation 

utilized in this study were reviewed and approved by the 

Institutional Animal Care and Use Committee and are in 

agreement with the Czech Government Requirements 

under the Policy of Humans Care of Laboratory Animals 

(No. 246/1992) and with subsequent regulations of the 

Ministry of Agriculture of the Czech Republic. 

 

Animals and housing 

Adult male (300-400 g) and female (250-300 g) 

Albino Wistar rats from Charles River Laboratories 

International, Inc. were purchased in ANLAB (Prague, 

the Czech Republic), bred and fertilized as described in 

Šlamberová et al. (2005). The day of the delivery was 

counted as postnatal day (PD) 0. 

A total of 24 litters were used in the 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 PD 1, so that one mother usually 

raised 6 pups of her own and 6 pups from mother with 

different treatment (see below). Two animals (each with 

different prenatal exposure) from each litter were used to 

avoid litter bias. The rest of the animals were used in 

other studies. On PD 21, animals were weaned and 

housed in groups, separated by sex and left undisturbed 

under standard conditions until adulthood. 

 

Drug administration 

For Prenatal exposure, the pregnant dams were 

divided into two groups: MA group and saline (SAL) 

group. The females from MA group were administered 

D-methamphetamine HCl (Sigma-Aldrich) at a dose of 

5 mg/kg and volume of 1 ml/kg subcutaneously (s.c.) 

through the entire gestation period (i.e. from the first to 

the last day of gestation) (Šlamberová et al. 2005). This 

MA dose was chosen because it results in similar fetal 

brain drug concentrations to those found in human infants 

of MA abusing women (Acuff-Smith et al. 1996). This is 

also a standard dose used in our experiments (Šlamberová 

et al. 2005). The females from SAL group were 

administered 0.9 % NaCl solution s.c. at the same time 

and volume as MA. On PD 1, the offspring were marked 
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according to the prenatal exposure by using the 

intradermal application of black India ink; offspring of 

MA mothers in the left foot pad, offspring of SAL 

mothers in the right foot pad. 

In adulthood, prenatally exposed males (both 

MA and SAL) were administered s.c. either with MA 

(1 mg/kg) or SAL (1 ml/kg). In adulthood the animals 

were treated with lower dose than prenatally, because the 

lower dose is usually used in studies testing 

responsiveness to repeated drug exposure (Crozatier et al. 

2003, Glatt et al. 2000) and because this dose does not 

induce stereotypy behavior that might affect the test 

performance (Schutová et al. 2013, Šlamberová et al. 

2011). 

To summarize, rats were divided into four 

experimental groups (Prenatal exposure/Adult 

treatment): SAL/SAL; SAL/MA; MA/SAL; MA/MA. 

Different groups of animals (n=8-12) were tested in two 

types of memory tests (non-spatial and spatial (O'Keefe 

1999)). Non-spatial memory was examined in the Object 

Recognition Test (ORT) and spatial memory in the 

Object Location Test (OLT) and in the Memory 

Retention Test (MRT) conducted in the Morris Water 

Maze (MWM), respectively. Based on the type of the 

memory test animals were injected either acutely (ORT, 

OLT) or chronically (MWM) as described below. After 

each testing, animals were sacrificed and brains were 

removed. The hippocampus was then examined in 

Western Blot analysis for occurrence of different NMDA 

receptors’ subtypes. 

 

Evaluation of memory after acute MA treatment 

in adulthood 

 

Object Recognition Test 

The ORT measures the exploration of novel 

versus familiar objects, which is a component of 

recognition memory and concentration (Ennaceur et al. 

1997). The test consists of three parts: habituation, 

training and testing. Animals  (n=10-12, PD 60-90) were 

habituated to the empty square opaque arena 

(70x70x60cm) for three days, each day for 20 min. On 

the fourth day the animal was trained by placing the rat 

into the arena for 5 min to explore two identical objects 

placed in the arena (plastic cylinder). After 5 min the rat 

was returned into the home-cage. The testing box and the 

objects were then cleaned to eliminate odors by 70 % 

alcohol. In the testing phase, animals were injected with 

single dose of MA (1 mg/kg) or SAL (1 ml/kg) 30 min 

prior to placing to the box with one of the original object 

and one new object of similar size (pot turned upside 

down) on the same places. In 1 min after exercise the rat 

was placed again into the arena for a period of 5 min to 

explore both objects (one new object and one familiar 

object). The following elements of behavior were 

considered as the exploration of the subject: sniffing to 

the object, close circumvention of the object with the 

sniffing or observation, rearing to the object, with or 

without sniffing. Calculation of the interest in a new 

object in the testing phase, which is called the 

Investigation Ratio (IR) was calculated as the ratio 

between the time spent by exploration of a new object 

(Tnew) to the total time spent by exploration of both 

objects (Ttotal) (IR = Tnew/Ttotal) (Ennaceur et al. 1997). 

 

Object Location Test 

 Another group of adult male rats (n=10-12, PD 

60-90) was examined in the OLT. The OLT follows on 

the same rules as the ORT and it consists of the same 

three parts (habituation, training, testing). The difference 

is that OLT measures the exploration time of two same 

objects but one is in a novel location. It assesses 

especially spatial memory and discrimination. In the 

testing phase, animals were injected with single dose of 

MA (1 mg/kg) or SAL (1 ml/kg) 30 min prior to placing 

to the box with objects, one in the original location and 

one in the new location, the time spent by explorations 

were measured. The IR, calculation of the interest in an 

object placed in a new location in the testing phase, was 

calculated as the ratio between the time spent by 

exploration of the object in a new place (Tnew) to the total 

time spent by exploration of both objects (Ttotal) (IR = 

Tnew/Ttotal) (Ennaceur et al. 1997). 

 

Evaluation of memory after long-term MA treatment 

in adulthood 

 

Memory Retention Test in Morris Water Maze 

The male offspring (n=12, PD 60-90) were 

tested for spatial memory in the MWM. The MRT was 

performed on the 12th day of the experiment after 6 days 

of training (learning procedure) followed by 5 days of a 

break. MA (1 mg/ml/kg/day) or saline (1 ml/kg/day) was 

administered during the entire time of the experiment 

(11 days). During the learning period MA was 

administered always after the training session, thus it 

would affect the memory formation process, but not the 

swimming performance of the animal {for detailed 
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explanation see our spatial learning study of Schutová et 

al. (2009)}.  

Within the spatial memory test animals were 

supposed to find the hidden platform within 60 s as they 

were trained during the learning sessions. The platform 

was located 1 cm under the water line at the same 

position as during the learning test. Each animal was 

subjected to 8 trials. The trials were tracked using a 

video-tracking system EthoVision XT7 (Noldus 

Information Technology, Netherlands). The following 

parameters were analyzed: latency of platform acquisition 

[s], distance traveled [cm], search error [cm], and the 

velocity of swimming [cm/s].  

In addition, search strategies (swimming 

pathways) of individual animal were manually analyzed 

after track acquisition on the day of spatial memory 

testing. Note 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 (Janus 2004). The following search 

strategies were assigned as in our previous spatial 

learning study (Schutová et al. 2009): (1) Thigmotaxis 

(wall-hugging) – a persistent swim along the wall of the 

pool that could include sporadic swims towards the center 

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) Chaining – circular swimming at a 

fixed distance from the wall, in which the platform was 

located, (5) Focal search in an incorrect quadrant – direct 

swim to an incorrect quadrant of the pool followed by 

loops and turns there, (6) Focal search in the target 

quadrant – direct swim to the correct quadrant of the pool 

followed by loops and turns there, (7) Spatial search – a 

direct swim path to the platform.  

 

Western Blotting 

Rats were decapitated immediately after the 

memory testing. The brains were rapidly removed, placed 

on ice and the hippocampi were dissected and stored at 

−70 °C until Western blot analysis. 

Dissected hippocampi were homogenized in 

1.0 ml of lysis buffer (320 mM sucrose; 10 mM Tris, 

pH 7.4; 0.2 mM EDTA; 2 mM PMSF; 1 mM  

2-mercaptoethanol and a cocktail of protease inhibitors, 

Sigma, Germany). Crude synaptosomal (P2) fractions 

were isolated from hippocampal homogenates and re-

suspended in a loading buffer (63 mM Tris; 

10 % glycerol; 2 % SDS; 5 % 2-mercaptoethanol and 

0.01 % bromophenol blue). The protein concentration 

was determined by the Bradford method using bovine 

serum albumin (BSA) as a standard (Bio-Rad, USA). The 

re-suspended material was used for the electrophoresis in 

the 7.5 % polyacrylamide gel (Criterion Cell, Bio-Rad, 

USA) followed by electroblotting in the Criterion blotter 

(Bio-Rad, USA). Nonspecific binding was blocked with 

3 % BSA or 5 % non-fat dry milk dissolved in PBS-T 

buffer. Blots were incubated overnight with anti-

NMDAR1 as primary antibody (1:1000; Millipore, USA), 

anti-PSD-95 (1:500, SantaCruz, USA), and 2 h with anti-

NR2A and anti-NR2B (1:500; Millipore, USA) and the 

loading control with an anti-α-tubulin antibody (1:1000; 

Exbio, CZ) for 1 h. Then, the blots were washed in PBS-

T buffer and incubated for 1 h with a horseradish 

peroxidase-conjugated secondary antibody (1:3000; 

Dako, Denmark). Detections were performed with a 

chemiluminescent substrate (Pierce, USA) and evaluated 

by the Gel Doc Analysis system (Bio-Rad, USA). 

 

Statistical methods 

As there were no differences in the animals of 

the same prenatal exposure that were raised by mothers of 

different drug treatment, the raising mother (biological 

vs. foster) was not taken as a factor for statistical 

analyses. 

 
 

 

 
 
Fig. 1. Memory after acute MA treatment 
in adulthood. The effect of prenatal MA 
exposure and acute MA treatment in 
adulthood tested in the Object Recognition 
Test (A) and the Object Location Test (B). 
Values are mean ± SEM (n=8-12). 
* p<0.05 = main effect of Prenatal 
exposure; prenatal saline > prenatal MA, 
+ p<0.01 = MA/MA<MA/SAL 
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In the ORT and OLT tests, a Two-way ANOVA 

(Prenatal exposure x Adult treatment) was used. In the 

MRT examined in the MWM, a Two-way ANOVA 

(Prenatal exposure x Adult treatment) with Repeated 

measure (Trials) was applied. Chi2 test was used to 

analyze the frequency of the search strategies. In the 

Western Blot analysis, a Two-way ANOVA (Prenatal 

exposure x Adult treatment) was used. Moreover, because 

the ratio of NR2A and NR2B receptor subunits have been 

shown to be important for synaptic plasticity and 

cognition (Constantine-Paton and Cline 1998, Loftis and 

Janowsky 2003) an additional Three-way ANOVA 

(Prenatal exposure x Adult treatment x NR2 subunit) was 

conducted to analyze differences in NR2A and NR2B 

occurrence in all groups. Bonferroni test was used for 

post-hoc comparisons. Differences were always 

considered significant if p<0.05. 

 

 
 
Fig. 2. Memory after chronic MA treatment in adulthood. The effect of prenatal MA exposure and long-term MA treatment in adulthood 
on performance in the MRT examined in the Morris Water Maze. Figures show: Latency of platform acquisition (A); Distance traveled 
(B); Search error (C); Velocity of swimming (D). Values are mean ± SEM (n=12). * p<0.05 = main effect of Prenatal exposure; 
prenatal saline > prenatal MA, + p<0.001 = main effect of Adult treatment; Adult MA > Adult SAL 
 
 

Results 
 
Evaluation of memory after acute MA treatment 

in adulthood 

In the ORT (Fig. 1A), prenatally MA-exposed 

rats, regardless of the drug treatment in adulthood, 

displayed lower IR [F(1, 40)=5.26; p<0.05] than 

prenatally SAL-exposed rats. In the OLT (Fig. 1B), there 

was a main effect of Adult treatment [F(1, 40)=7.37; 

p<0.01] and an interaction between Prenatal exposure 

and Adult treatment [F(1, 40)=6.54; p<0.05]. Specifically 

the results showed that prenatally MA-exposed rats 

treated with MA in adulthood (MA/MA) had lower IR in 

the OLT than prenatally MA-exposed rats treated in 

adulthood with SAL (MA/SAL) (p<0.01). 

 

Evaluation of memory after long-term MA treatment 

in adulthood 

 

Morris Water Maze 

As shown in our previous study (Schutová et al. 

2009), there were no effects of the Prenatal exposure and 
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Adult treatment on the learning abilities: all animals were 

able to learn to find the platform efficiently.  

In the MRT, animals prenatally exposed to MA 

(MA/SAL, MA/MA) had shorter latencies [F(1, 44)= 

6.22, p<0.05] and search errors [F(1, 44)=6.21, p<0.05] 

than animals prenatally exposed to SAL (SAL/SAL, 

SAL/MA) (Fig. 2A, B). In addition, prenatally MA-

exposed rats swam less in the incorrect quadrants and 

searched the pool by using direct swim more than 

prenatally SAL-exposed rats [χ2=24.14; p<0.001], 

regardless of Adult treatment (Table 1). 

 
 
Table 1. The effect of Prenatal MA exposure and Adult challenge on the strategies used in the MWM. 
 

Strategies SAL / no MA SAL / Adult MA MA / no MA MA / Adult MA 

Thigmotaxis 2.1 0 0 0 

Random 7.3 9.5 4.2 6.3 

Scanning 0 0 0 0 

Chaining 1.0 3.1 1.0 2.1 

Incorrect quadrant 

search 
36.5 45.8+ 29.2* 27.0* 

Correct quadrant search 3.1 9.3 10.4 6.3 

Direct swim 50.0 32.3+ 55.2* 58.3* 

 
Values are percentages, n=12, * p<0.001 vs. prenatal SAL, + p<0.001 vs. SAL/no MA. 
 
 

 
 
Fig. 3. Western blotting. The effect of prenatal MA exposure and long-term MA treatment in adulthood on expression of the NMDA 
receptor subunits in the hippocampus: NR1 (A); NR2A (B); NR2B (C); PSD-95 protein (D). Values are mean ± SEM (n=12). 
(A) * p<0.001 = main effect of Prenatal exposure; prenatal saline < prenatal MA, (B) * p<0.001 = MA/MA > SAL/MA; + p<0.01 
SAL/MA < SAL/SAL, (C) * p<0.001 = MA/SAL > SAL/SAL; ++ p<0.001 MA/MA < MA/SAL, (D) * p<0.001 = main effect of Prenatal 
exposure; prenatal saline > prenatal MA 
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In contrast, no effects of Adult treatment was 

found for any of the spatial search measures {latency 

[F(1, 44)=0.17, p=0.68], distance traveled [F(1, 44)=0.21, 

p=0.65], search error [F(1, 44)=0.32, p=0.58]} (Fig. 2A, 

B, C). However, Chi-square analysis of the frequency of 

search strategies revealed significant differences between 

groups of rats prenatally exposed to SAL, so that SAL 

group administered MA in adulthood (SAL/MA) 

searched the platform more in the incorrect quadrants of 

the MWM and swam directly to the platform less than 

SAL rats administered SAL in adulthood (SAL/SAL), 

[χ2=26.91; p<0.001] (Table 1). 

Further, significant main effect of Adult 

treatment for the velocity of swimming was demonstrated 

[F(1, 44)=18.01, p<0.001], such that all animals 

administered MA in adulthood, regardless of prenatal 

exposure, swam faster than the animals without MA 

application (Fig. 2D). 

 

Western Blotting 

 

 NR1 subunit protein 

Western Blot analyses of the hippocampi 

showed a significant main effect of Prenatal exposure 

[F(1, 28)=15.26, p<0.001] for semi-quantification of the 

NR1 subunit protein, expressed as a protein ratio of NR1 

and α-tubulin as a loading control, so that rats prenatally 

exposed to MA had increased NR1 expression in the 

hippocampi relative to SAL exposed rats (Fig. 3A).  

 

 NR2A subunit protein 

For the expression of NR2A subunit in the 

hippocampus (calculated as a ratio of NR2A / α-tubulin) 

a main effect of Prenatal exposure [F(1, 28)=7.54, 

p<0.05] as well as an interaction between Prenatal 

exposure and Adult treatment [F(1, 28)=6.28, p<0.05] 

were found. Post-hoc tests showed a significant decrease 

of NR2A expression in SAL/MA group relative to 

SAL/SAL and MA/MA groups (p<0.01 and p<0.001, 

respectively) (Fig. 3B). 

 

 NR2B subunit protein 

A main effect of Prenatal exposure [F(1, 

28)=12.00, p<0.01] and an interaction between Prenatal 

exposure and Adult treatment [F(1, 28)=11.80, p<0.01] 

were found also for NR2B subunit (calculated as a ratio 

of NR2B / α-tubulin). Post-hoc test showed that NR2B 

subunit was increased in MA/SAL group relative to 

SAL/SAL and MA/MA groups (p<0.001) (Fig. 3C).  

 

 PSD-95 

Expression of  PSD-95 protein in the 

hippocampus calculated as a ratio of PSD-95 and  

α-tubulin was decreased by prenatal MA exposure as a 

significant main effect of Prenatal exposure [F(1, 28)= 

5.29, p<0.05] was shown (Fig. 3D).  

 

 NR2 receptor subunit occurrence 

 When compared the occurrence of NR2A and 

NR2B receptor in the experimental groups, the data (see 

Fig. 4) showed significant difference in animals 

prenatally exposed to SAL and treated in adulthood with 

MA (SAL/MA) and in prenatally MA-exposed animals 

treated in adulthood with SAL (MA/SAL) [F(1, 56)= 

17.95; p<0.0001]. 

 
 

 
 
 
 

 
 
Fig. 4. Western blotting – comparison 
of NR2A and NR2B occurrence. The 
effect of prenatal MA exposure and 
long-term MA treatment in adulthood 
on the occurrence of two types of NR2 
subunits. Values are mean ± SEM 
(n=12). # p<0.001 = difference in the 
occurrence of NR2A and NR2B 
subunits 
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Discussion 
 

 The goal of the present study was to determine 

changes in the expression of the NMDA receptor subunits 

after the long-term impact of prenatal MA exposure and 

the effect of MA exposure in adulthood, with respect of 

its influence on spatial and non-spatial memory in 

laboratory rats. 

To examine the differences between the effect of 

MA treatment (prenatal or adult) on spatial memory and 

non-spatial memory the ORT and OLT were conducted. 

The present data demonstrate decrease of interest in the 

new object induced by prenatal MA exposure in the ORT 

and decrease of interest in the newly located familiar 

object that was apparent in prenatally MA-exposed rats 

treated in adulthood with MA (MA/MA) in the OLT. 

These results demonstrate poorer memory of old object or 

worse determination new from old object or their position 

by animals with MA treatment (prenatal or adult). 

Because ORT test was shown to examine declarative, 

non-spatial memory, while the OLT test rather spatial 

memory (Winters et al. 2008), our data suggest that 

prenatal MA exposure impairs non-spatial memory more 

than the spatial memory and that only MA/MA animals 

displayed impairment in the spatial memory. However 

note, that both of these test used only single acute MA 

injection (1 mg/kg) administered 30 min prior to testing 

in adulthood unlike in our MWM experiment in which 

long-term MA treatment in adulthood was used and in 

which totally different results were obtained (as discussed 

below).  

When the spatial memory of adult male rats with 

long-term MA application (1 mg/kg) was tested in the 

MWM, the data showed that rats prenatally exposed to 

MA found the platform faster (had shorter latency) and 

had smaller search errors than rats prenatally exposed to 

SAL. Since both of these measures are used as measures 

of spatial orientation (Gallagher et al. 1993), prenatal MA 

exposure obviously improved spatial navigation in the 

MWM. This is further supported by the fact that rats 

prenatally exposed to MA used direct swim to find the 

platform more and swam in the incorrect quadrants less 

than rats prenatally exposed to SAL. These data are in 

agreement with our previous study (Schutová et al. 2009) 

showing similar effect of MA exposure in utero on 

memory. On the other hand, Acuff-Smith et al. (1996) 

demonstrated that prenatal MA exposure at the dose of 

5 or 10 mg/kg did not affect memory in the MWM. 

However, they tested the memory on the other day after 

finishing the learning test, while in our study the MRT 

was done 7 days after the last acquisition trial. Thus, our 

results indicate that prenatal MA exposure of 5 mg/kg 

improved consolidation of the long-term memory in the 

MWM tested in adulthood. 

In contrast, chronic MA administration was 

shown to induce memory impairments in drug abusers 

(Meredith et al. 2005). In the present study MA 

(1 mg/kg) or SAL were administered for eleven days 

before doing the MRT in adulthood. The data analysis 

revealed that MA administration in adulthood affected 

pattern of search strategies in prenatally SAL-exposed 

rats: rats from SAL/MA group used searching in the 

incorrect quadrants more and direct swim less than rats 

from all the other groups. However, this difference did 

not prevent SAL/MA rats from finding the platform as 

effectively as the other groups, since neither of the 

quantitative measures of spatial orientation (latency, 

distance, search error) differed between groups with and 

without MA administration in adulthood. Therefore, we 

cannot conclude that long-term MA administration in 

adulthood affected long-term memory in the MWM. The 

lack of memory impairment following MA in adulthood 

could be caused by the previous training in the 

acquisition trials despite the fact that MA was 

administered every day after finishing the trials. This 

hypothesis is supported by our previous study showing 

that MA in adulthood impaired learning in the MWM 

while it did not cause any changes in probe trial 

following the learning trials (Schutová et al. 2009). 

Furthermore, there are studies demonstrating that rats 

with hippocampal lesions can perform the MWM at the 

level of controls when they are over-trained (Whishaw 

and Tomie 1997). On the other hand, there are also 

studies demonstrating consistently with us that chronic 

MA administration did not induce changes in cognitive 

functions tested in Y maze or in object recognition task in 

adult animals (Belcher et al. 2008, Simoes et al. 2007). 

As a matter of the expression of NMDA receptor 

subunits in the hippocampus, our results demonstrate that 

prenatal MA exposure, regardless of administration in 

adulthood increased NR1 expression levels, which is 

supported by studies showing that the abundance of NR1 

correlates positively with performance in spatial memory 

tasks (Cammarota et al. 2000, Le Greves et al. 2006). 

Note that the NR1 subunit is an essential subunit for 

functional NMDA receptor (Lynch et al. 1994). As far as 

NR2 subunits are concerned, we found that their 

expression was affected differently by both prenatal 
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exposure and application in adulthood. NR2A subunit 

levels were decreased by MA administered in adulthood 

only in rats prenatally exposed to SAL (SAL/MA), which 

might be associated with use of poor spatial strategies for 

searching the platform in the MWM relative to the other 

groups, since NMDA mediated LTP depends on the 

presence of NR2A (Grosshans et al. 2002). Although 

there are other studies showing that acute excitotoxic 

dose of MA increased NR2A subunit levels in the 

hippocampus (Grosshans et al. 2002, Simoes et al. 2007, 

2008), in our study long-term administration of low MA 

dose (1 mg/kg) was used and therefore could have 

opposite effects to those of MA at high dosing regimen. 

In contrast, NR2B subunit expression levels 

were not affected by MA challenge in adulthood in 

prenatally saline-exposed rats, which is in accordance 

with other study, where protein expression of NR2B in 

hippocampi of adult rats chronically treated with 

amphetamine, MA metabolite, was not changed (Mao et 

al. 2009). Likewise chronic cocaine treatment in 

adulthood did not cause significant changes in NR2B 

expression in rat hippocampus (Loftis and Janowsky 

2003). Interestingly, NR2B subunit levels were increased 

by prenatal exposure to MA in rats that were 

administered SAL in adulthood, and this increase was 

suppressed with MA administration in adulthood. Thus, 

unlike NR2A, NR2B subunit expression was affected by 

prenatal exposure to MA, probably due to the fact that 

NR2B was shown to be abundant in immature brain 

playing an important role during development and 

synaptogenesis (McDonald and Johnston 1990). Further 

during development the NR2B is gradually replaced by 

the NR2A, expression of which therefore increases into 

adulthood (Haberny et al. 2002). In the present study, 

prenatal MA exposure seemed to delay the development 

of NMDA receptors resulting in change of NR2A/NR2B 

ratio. Overexpression of NR2B was shown to be 

associated with enhanced activation of NMDA receptors 

and facilitation of the LTP, corresponding with superior 

performance in various tests of learning and memory 

(Tang et al. 1999). Although it is only a speculation, 

increase in NR2B subunit levels could also contribute to 

better performance in MWM in rats prenatally exposed to 

MA. 

In addition, rats prenatally exposed to MA, 

regardless of application in adulthood had decreased 

expression of PSD-95. Since MA was shown to increase 

extracellular glutamate in the hippocampus (Rocher and 

Gardier 2001), decrease in PSD-95 in the present study 

might work as a compensatory mechanism, protecting the 

developing brain against the over-activation of the 

NMDA receptors. This hypothesis is also supported by 

the fact that PSD-95 lacking neurons were shown to 

exhibit reduced neurotoxic vulnerability (Cui et al. 2007). 

On the other hand there are studies showing that PSD-95 

acts as a negative regulator of LTP, with decreases in 

PSD-95 expression correlating with enhanced plasticity 

(Yao et al. 2004), which is in agreement with positive 

effect of prenatal MA exposure on memory in our study. 

However, it should be noted that increase in 

NMDA activation and facilitation of memory formation 

need not necessarily result in positive consequences, 

only. Indeed, very close association was shown between 

drug addiction and memory formation, such that brain 

utilizes similar molecular and cellular mechanisms to 

form addiction-related memories as it does to form 

normal memories. Moreover, addiction-related memories 

develop faster and last longer than most other types of 

memories (Berke and Hyman 2000). Therefore, the 

increase of NR1 and NR2B subunits and decrease of 

PSD-95 by prenatal MA exposure could also promote the 

formation of addiction-related memories and thus, change 

the reactivity to drugs later in life. 

The fact that we did not observe any changes in 

the locomotor response following long-term MA 

challenge between groups with different prenatal 

exposure was probably caused by the dosing regimen 

used – MA in adulthood was administered at least 24 h 

before performing the MRT. However, in other studies of 

ours, in which the same dose of MA was administered 

30 min before behavioral testing, increased sensitivity of 

prenatally MA-exposed rats to acute dose of the same 

drug in adulthood was demonstrated (Bubeníková-

Valešová et al. 2009, Schutová et al. 2010).  

In conclusion, the present study demonstrates 

that prenatal MA exposure affects the development of 

NMDA receptors in the hippocampus that might 

correspond with improvement of long-term memory 

tested in adulthood. On the other hand, the effect of 

prenatal MA exposure on non-spatial memory is the 

opposite. It should be noted that non-spatial memory is 

not so closely associated with the hippocampus, but 

rather with the perirhinal or prefrontal cortex (Warburton 

and Brown 2010). Therefore, future studies will examine 

the structures of the NMDA receptors also in these brain 

areas. In addition, we show that the effect of MA 

administration in adulthood on NMDA receptors is 

influenced by prenatal MA exposure, which seems to 
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correlate with the spatial memory examined in the OLT. 

To the best of our knowledge, there are not any other 

studies examining the effect of prenatal MA exposure on 

the long-term memory and NMDA receptors in 

adulthood, thus our study further extends the facts about 

the effects of MA abuse in pregnancy. 
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