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Methamphetamine (MA) is the most abused “hard” illicit drug in the Czech Republic.
Drugs abused during pregnancy are not hazardous merely to the mother, but also to
developing fetuses. The offspring of drug-addicted mothers are also often exposed to
perinatal stressors that may impair brain development of affected progeny. The present
study examines the effect of perinatal stressors and drug exposure on cognitive function
in male progeny. In the present study, rat mothers were divided into three groups
according to drug treatment during pregnancy: controls (C); saline (SA, s.c., 1 ml/kg);
MA (s.c., 5 mg/ml/kg). Litters were divided into two groups according to postnatal
stressors: non-stressed controls (N); Maternal separation (MS). For evaluation of learning
and memory, adult male progeny were tested in the Morris Water Maze (MWM).
Our results revealed no significant effects caused by prenatal drug or prenatal stress
exposure. On the other hand, chronic postnatal stress, mediated by MS, significantly
impaired learning on the Place Navigation test. In addition, MS was associated with
changes in search strategies on the Place Navigation, Probe, and Memory Recall tests.
Specifically, postnatal stress increased thigmotaxis, indicating less awareness of the
hidden platform. In conclusion, the present study provides evidence that exposure to
early postnatal stress significantly impairs cognitive functions of male rats, which persists
into adulthood.
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INTRODUCTION

Methamphetamine (MA) is a highly addictive, illicit, psychomotor stimulant drug. MA, like
other amphetamines, is a lipophilic molecule that distributes widely in an organism, including
the CNS (Courtney and Ray, 2014). MA enhances monoamine release (especially dopamine,
noradrenaline and serotonin) in the CNS and partially blocks their reuptake from synapses
(Cho and Melega, 2002). Noradrenergic areas of interest include basal forebrain structures, the
hippocampus and the prefrontal cortex. This is where behavioral changes such as excitation,
memory consolidation and cognitive processes have been observed (Berridge and Waterhouse,
2003). Drug abuse during pregnancy is a growing, world-wide problem. Approximately 66%
of drug addicts in Czech Republic abuse MA as their first drug of choice (Vavrinková et al.,
2001). Moreover, statistical data from the US show that a considerable number of drug
addicted women switch from other hard drugs to MA during their pregnancy (Marwick, 2000).

Frontiers in Behavioral Neuroscience | www.frontiersin.org 1 August 2018 | Volume 12 | Article 176

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://www.frontiersin.org/journals/behavioral-neuroscience#editorial-board
https://doi.org/10.3389/fnbeh.2018.00176
http://crossmark.crossref.org/dialog/?doi=10.3389/fnbeh.2018.00176&domain=pdf&date_stamp=2018-08-17
https://www.frontiersin.org/articles/10.3389/fnbeh.2018.00176/full
https://www.frontiersin.org/articles/10.3389/fnbeh.2018.00176/full
https://www.frontiersin.org/articles/10.3389/fnbeh.2018.00176/full
https://loop.frontiersin.org/people/597360/overview
https://loop.frontiersin.org/people/181563/overview
https://creativecommons.org/licenses/by/4.0/
mailto:romana.slamberova@lf3.cuni.cz
https://doi.org/10.3389/fnbeh.2018.00176
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Holubová et al. The Impact of Maternal Separation on Cognition

The reason is assumed to be that MA reduces pregnancy-
related weight gain and pregnancy-related fatigue. Drugs abused
during pregnancy are not hazardous only to the mother; many
drugs easily cross the placental membrane and cause changes
in the developing fetus that can have long-lasting consequences
(Šlamberová, 2012).

Experimental studies have shown that high doses of MA
during gestation can have teratogenic effects and lead to
malformations (Yamamoto et al., 1992; Acuff-Smith et al., 1996;
Cho and Melega, 2002). Clinical studies have demonstrated
that newborns of MA-addicted mothers are born with lower
birth weights, smaller head circumferences, and postnatal
functional development is impaired (Oro and Dixon, 1987;
Little et al., 1988; Wouldes et al., 2004). Studies have
also shown that prenatal MA exposure leads to subcortical
brain structures with smaller volumes (i.e., putamen, globus
pallidus, hippocampus and caudate nucleus) as well as an
increase in related neurocognitive deficits, compared to controls.
Reduction in the size of these brain structures correlates
with reduced attention, delayed verbal memory (Chang et al.,
2004), and altered adaptability to stress (Wouldes et al.,
2004). Effects on behavior and cognitive function appear
to be long-lasting (Hansen et al., 1993). Changes of the
development and activity of the hippocampus have been
shown in the offspring prenatally exposed to MA as well
as to prenatal stress (Lemaire et al., 2000; Anacker et al.,
2013; Bernaskova et al., 2017). Chronic prenatal exposure
to MA changes the stress response by increasing secretion
of glucocorticoids that activate glucocorticoid receptors (GR)
through negative feedback earlier than normal (Williams et al.,
2006; Anacker et al., 2013; Bernaskova et al., 2017). High
concentrations of cortisol then through GR reduce proliferation
and neuronal differentiation (Anacker et al., 2013). Moreover,
MA administration enhances release of some neuromodulators
(such as dopamine, norepinephrine and serotonin) into the
synaptic cleft; this may significantly change the functional states
of hippocampus (Thompson et al., 2009; Swant et al., 2010).
Study Hori et al. (2015) suggested that chronic prenatal MA
exposure changes the NMDA responses secondary to genetic
changes of NMDA receptor. These modifications decrease
the long-term potentiation and activity of CA1 hippocampal
region that may further decrease cognition and learning ability
(Bernaskova et al., 2017).

Apart from the direct effects on the child’s health, indirect
effects must also be considered. Research has shown that
drug addicted mothers often provide inadequate care for their
newborns. Ninety percent of cases involve young, single mothers
who are often unemployed and live in unsettled social conditions
(Vavrinková et al., 2001). Combined with inadequate parental
care, these conditions can cause psychic deprivation and mental
retardation of affected children (Šlamberová and Charousová,
2008). Preclinical trials have shown the harmful effects of
prenatal stress on physical development and development of
cognitive functions. Women have naturally increased levels of
cortisol during pregnancy, therefore, maternal stress during
pregnancy can further increase the level of circulating cortisol as
well as lower the expression and activity of protective enzymes

in placenta, which can lead to less protected fetuses (Antonelli
et al., 2017). An increased rate of anxiety and depression, learning
difficulties and heightened reactivity to drugs are all possible
behavioral repercussions in affected children.

Barrot et al. (2005) found that prenatal stress influences
specific nuclei in the amygdala resulting in anxiogenic effects
during testing in an elevated plus maze. The HPA axis is closely
connected with the limbic system, which can modulate changes
in emotions, cognition and personality. More specifically,
prenatal stress in children has been associated with changes
in learning and memory, behavior, physical and emotional
problems, autism, and ADHD (attention deficit hyperactivity
disorder; Charil et al., 2010; Antonelli et al., 2017). Project Ice
Storm (Laplante et al., 2008) documented 89 young children
that were prenatally exposed to a natural catastrophe (Ice
Storm, Jan., 1998, Quebec, Canada). It confirmed that prenatal
stress significantly and negatively affects cognitive functions
(evaluated using Storm 32 questionnaires, Impact of Events
Scale-Revised) and language abilities (Wechsler Preschool and
Primary Scale of Intelligence-Revised and Peabody Picture
Vocabulary Test-Revised) in five and half-year-old children
(Laplante et al., 2008). Clinical studies by Lin et al. (2017)
and Zhou et al. (2017) reported that prenatal stress negatively
influences development of cognitive functions in toddlers.
Furthermore, preclinical studies have shown that maternal
injections during pregnancy, regardless of injected substance
(drug or saline (SA)), induces long-lasting impairment on
stress responsiveness in adult progeny (Peters, 1986; Šlamberová
et al., 2002; Bernaskova et al., 2017). Therefore, drug injections,
administered during pregnancy, can be used as a prenatal
stressor.

MA used during pregnancy is also associated with poor
maternal care during the lactation period (Šlamberová et al.,
2005; Malinová-Šev̌cíková et al., 2014). Recent clinical studies
have shown that maternal MA abuse increases maternal
symptoms of depression and parenting stress (Liles et al.,
2012). The affected progeny is therefore often ignored and
exposed to postnatal stressors (Larsson et al., 1979). Maternal
separation (MS) is a model that has been used in preclinical
trials for over 50 years. This social stressor is based on repeated
postnatal disruption of mother-pup interactions, which can lead
to poor maternal care (Huot et al., 2004). MS can influence
the HPA axis even during periods of low responsiveness,
which occurs during the first 2 weeks of the postnatal period
(Sapolsky and Meaney, 1986; Pryce and Feldon, 2003; Marais
et al., 2008; Lajud et al., 2012). It is assumed that chronic
increases in glucocorticoid levels, following long-term MS, could
affect the hippocampus, which contains high concentrations of
mineralocorticoids and GR. This may lead to a modification
in the number of receptors and abnormalities of the HPA axis
(Sapolsky, 1985; Huot et al., 2002) leading to maladaptive brain
development and consequent cognitive impairment in adulthood
(Andersen and Teicher, 2004; Aisa et al., 2009). It has been
shown that early postnatal stress in rats induces changes in
the hippocampus by increasing proliferation and differentiation
of dentate gyrus cells and increasing the number of immature
cells migrating postnatally from the dentate gyrus. In males,
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these changes manifest as a reduced score on learning and
memory tests (Naninck et al., 2015). The early postnatal period
is thus a very sensitive time for the developing brain, in both
humans and rodents. Stressors during this period can lead to a
decline in cognitive function and an impairment of emotional
development (Krugers et al., 2017). Moreover, since maternal
chronic stress during the lactation period can impair maternal
nursing, affected progeny may lose the benefit of adequate
breastfeeding, which has been shown to negatively affect general
cognitive development and behavior (Nephew and Murgatroyd,
2013).

However, in our previous study, the group exposed to MS
gained significantly more weight than non-stressed offspring,
regardless of prenatal treatment (Holubová et al., 2017). One
possible explanation could be decreased plasma leptin levels
in rats following MS compared to controls (Salzmann et al.,
2004; Walker et al., 2004; Schmidt et al., 2006; Friedman, 2011;
Holubová et al., 2016), which stimulates the appetite (Friedman,
2011). This is further supported by behavior of pups affected MS
that spend more time by feeding themselves from their mothers,
i.e., stressed mothers breast-fed more in the passive position
compared to controls. Meaning that, overall, the pups with MS
fed more often than controls (non-stressed pups; Holubová et al.,
2017). This is in agreement with a study by Mesquita et al.
(2007) where feeding time of pups was significantly increased in
MS groups, probably to compensate for long maternal absences
(Mesquita et al., 2007). Additionally, food and water intake were
monitored during the 2 days prior to analyses in our other study
(Holubová et al., 2018) with adult male rats previously exposed
to maternal stress or not (non-stressed controls). There were no
significant differences in food intake among any of the groups of
adult rats before the experiment (Holubová et al., 2018).

Our previous study suggests that a combination of maternal
postnatal stressors with prenatal stress and drug exposure
has detrimental effects on maternal behavior as well as on
the sensorimotor development of their pups. MA exposure
during pregnancy seemed to be the decisive factor for those
impairments (Holubová et al., 2017). The present study examines
the effect of long-term perinatal maternal stressors combined
with prenatal drug exposure on cognitive functions such as
learning and memory in adult male rats. We worked from
the hypotheses that combination of prenatal MA and perinatal
stress impairs learning ability and long-term memory retrieval,
and that these effects can persist into adulthood. Testing
used modified methods from our previous studies (Schutová
et al., 2009; Holubová et al., 2016, 2017; Macúchová et al.,
2017).

MATERIALS AND METHODS

The procedures for animal experimentation utilized in this study
were reviewed and approved by the Institutional Animal Care
and Use Committee of Charles University and were in agreement
with the Requirements of the Czech Government under the
Policy of Human Care of Laboratory Animals (No. 246/1992),
with subsequent regulations of the Ministry of Agriculture of the
Czech Republic (No. 311/1997).

Animals and Prenatal Care
Forty-eight nulliparous adult, female, albino Wistar rats
(250–300 g) were delivered by Velaz (Prague, Czechia) from
Charles River Laboratories International, Inc. Females were
housed in groups (4 per cage) and left undisturbed for 1 week
in a temperature-controlled (22–24◦C) room, with food and
water ad libitum, on a 12 h light cycle (lights on at 6:00 am)
to acclimatize. After 1 week, females were housed overnight
with mature males. Females were then randomly divided into
three groups according to daily treatments during gravidity;
group (1) MA (5 mg/kg s.c.), group (2) SA (1 ml/kg s.c.) or
group (3) C controls without injections. A dose of 5 mg/kg was
chosen deliberately because it leads to the same concentration
of MA in rat brains as that found in the fetal brains of
drug addicted women (Acuff-Smith et al., 1996). On day
20 of gestation, females were placed in maternity cages (1 per
cage). The day of delivery was counted as postnatal day
(PD) 0.

Postnatal Care
On PD 1 litter size was adjusted to 12 pups. Whenever possible,
equal numbers of males and females were raised by each mother.
The pups were divided so that one mother raised four pups
from MA, four pups from SA, and four pups from control
mothers. For recognition, prenatally MA-exposed pups were
intradermally injected with India ink in the left hind paw,
SA-exposed pups in right hind paw, and controls were not
tattooed. Pups were then divided into two groups: controls (N)
and maternal separation (S).

Social Stressor
MS, as a social stressor, was conducted daily (PD 1–21) for
3 h per day, between 8:00 am and 11:00 am (Plotsky et al.,
2005; Lajud et al., 2012; Holubová et al., 2016, 2018). Pups from
group (S) were gently removed from their maternity cage and
placed in a separate cage in another room; the mothers were left
undisturbed in their home cages. The separate cage with pups
was always placed on a heating pad to prevent chilling. After
3 h of separation, the pups were returned to their home cages.
The non-stressed controls (N) were left undisturbed during the
lactation period.

The Morris Water Maze Test
Only male progeny was used to evaluate cognitive function
(Morris Water Maze test, MWM); each group with combination
of prenatal and postnatal treatments involved eight subjects.
Adult male progeny, 60–80 days of age, were tested over a 12-day
period. Based on results from previous studies, this study used
three specific tests (Schutová et al., 2009; Macúchová et al., 2017):
(1) the Place Navigation test; (2) the Probe test; and (3) the
Memory Retention test, all of which used a MWM. The water
maze consisted of a circular tank (diameter = 2 meters) with
water at 22◦C ± 2.5◦C. A transparent platform was hidden in
the tank, 1.5 cm below the water surface, making it invisible to
the rats during testing. Trials were recorded using the EthoVision
XT 10 video-tracking system.
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The Place Navigation Test
During the first 6 days of the experiment, animals were trained
to find the hidden platform starting from four different positions
located around the perimeter of the MMW tank (i.e., North,
South, East and West). If the animal did not find the platform
with the 60 s limit, it was gently guided to the platform
by the experimenter. The position of platform was the same
throughout this part of the experiment. Eight trials, i.e., two
rounds from the North, South, East and West starting positions,
were performed per day. At the end of each trial, the animal
left undisturbed on the platform for 30 s prior to starting the
next trial. This was done to facilitate learning the platform’s
position as well as the platform’s position relative to external
cues in the room. After the eighth trial on an experimental
day, animals were dried and returned to their home cages. The
measured parameters during the trials were: (1) search error (the
cumulative distance from the hidden platform) [cm]; (2) distance
traveled (the cumulative length of the swim-path in the tank)
[cm]; (3) latency of platform acquisition [s]; and (4) swimming
velocity [cm/s]. A fifth parameter, search strategy, was also
evaluated. Two search strategies were analyzed: thigmotaxis
and scanning. Evaluation of search strategies was modified
from our previous studies (Schutová et al., 2009; Macúchová
et al., 2017) to allow digital analysis using the EthoVision XT
10 system. Thigmotaxis was defined as swimming along the
perimeter of the tank, i.e., within 30 cm of the wall of the
tank; while scanning was defined as swimming in the area
1 m in the diameter with the platform in the center. Both
strategies were counted as the amount of time spent in the
given areas and the percentage of total time spent using the
strategy.

The Probe Test
The Probe test was run on the 8th day. The platform was removed
from the tank and the animal was placed in the ‘‘North’’ position
and allowed to swim for 60 s. The followed parameters were
measured: distance traveled [cm]; velocity of swimming [cm/s];
and both search strategies (thigmotaxis and scanning).

The Retention Memory Test
The Retention Memory test was conducted on the 12th day
(final day). Each animal had to find the hidden platform
located in the same position it occupied during the Place
Navigation test. Each animal completed eight trials, with each
trial lasting 60 s, just as in the Place Navigation test. All the
same parameters and strategies were analyzed as in the Place
Navigation test.

Statistical Analysis
Two-way ANOVA (Prenatal exposure × Postnatal stress) with
repeated measure (days × trials/day) was used to analyze the
data from the Place Navigation test. Similarly, two-way ANOVA
(Prenatal exposure × Postnatal stress) was used to analyze
the data from the Retention Memory test. The Probe test
data was analyzed by ANOVA where between factors were:
Prenatal exposure × Postnatal stress. Bonferroni’s test was

used for post hoc test comparisons. Differences were considered
significant if p < 0.05.

RESULTS

Effect of the Prenatal Drug (MA) and Stress
(SA) Exposure
There were no significant differences among the tested groups
in any of the analyzed parameters or on any of the tests
(i.e., Place Navigation, Probe, or Memory Recall test). Although
no significant effect in traveled distance (F(2,42) = 0.88;
p = 0.42), latency of platform acquisition (F(2,40) = 1.21;
p = 0.31), and search error (F(2,42) = 1.91; p = 0.16) was
found in either prenatally treated groups (SA and MA), there
were obvious tendencies for these groups to perform worse
compared to controls on the Place Navigation test as well as
in the Memory Recall test (figures not shown). Similarly, no
significant effects of prenatal MA or SA exposure was found
relative to the percentage of time spent in the two search
strategies, i.e., thigmotaxis (F(2,42) = 2.25; p = 0.12) vs. scanning
(F(2,42) = 1.76; p = 0.18); however, search strategy tendencies
suggested worse performance by the SA/MA groups compared
to controls.

Effect of the Postnatal Stress Exposure
The main effect of postnatal stress was demonstrated between
groups of postnatally stressed males and unstressed controls. The
measurement of search strategies led to comparable results in all
three of the following tests.

The Place Navigation Test
Early postnatal exposure to MS significantly increased search
error (F(1,42) = 8.21; p < 0.01), traveled distance (F(1,42) = 14.28;
p < 0.001) and latency in reaching the hidden platform
(F(1,40) = 7.16; p < 0.01) compared to unstressed controls. In
search strategies, males with MS spent a higher percentage of
time in thigmotaxis (F(1,42) = 22.52; p < 0.001) and less time
in scanning (F(1,42) = 11.33; p < 0.01) than unstressed controls
regardless, of prenatal treatment (Figure 1).

The Probe Test
The Probe Test did not reveal any differences between controls
and postnatally stressed male rats in any of the measured
parameters. However, significantly different performance by
postnatally stressed relative to unstressed controls was seen in
search strategies: thigmotaxis (F(1,42) = 25.40; p < 0.001) vs.
scanning (F(1,42) = 13.07; p < 0.001), regardless of prenatal
exposure (Figure 2).

The Memory Recall Test
On the Memory Recall test, as with the other tests, the effect
of postnatally stressed adult offspring manifested in changes
in search strategies: thigmotaxis (F(1,42) = 11.07; p < 0.01) vs.
scanning (F(1,42) = 11.44; p < 0.05) compared to unstressed
controls (Figure 3). The measurement of other parameters found
no significant changes between stressed and unstressed groups.
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FIGURE 1 | The effect of Maternal separation (MS) on the Place Navigation test. (A) Search error, (B) Latency, (C) Distance, (D) Thigmotaxis, (E) Scanning. Values
are means ± SEM. ∗∗p < 0.01; ∗∗∗p < 0.001. Significant differences were seen between groups stressed by MS and controls, regardless of prenatal treatment.

FIGURE 2 | The effect of MS on the Probe test. (A) Thigmotaxis, (B) Scanning. Values are means ± SEM. ∗∗∗p < 0.001. A significant difference was seen between
groups stressed by MS and controls, regardless of prenatal treatment.

DISCUSSION

Effect of the Prenatal Methamphetamine
and Stress Exposure
The first goal in the present study was to determine the
effect of prenatal drug (MA) and stress (SA) exposure on
the learning abilities of adult male rats. No significant effects
from prenatal MA or SA exposure on learning and memory
in the MWM were found compared to controls in the present

study. However, it should be mentioned that rats affected by
prenatal stress or drug exposure tended to perform worse
compared to controls in all tests (i.e., Place Navigation, Probe
and Memory Recall tests). Some preclinical studies suggest that
chronic application of MA during pregnancy can influence
development of the CNS of fetuses (Šlamberová et al., 2006),
specifically the striatum and hippocampus, which are areas
important for spatial learning and memory in both humans
and rodents (McDonald and White, 1994). Additionally, study
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FIGURE 3 | The effect of MS on the Memory Recall test. (A) Thigmotaxis, (B) Scanning. Values are means ± SEM. ∗p < 0.05; ∗∗p < 0.01. Significant differences
were seen between groups stressed by MS and controls, regardless of prenatal treatment.

Šlamberová et al. (2005) found significantly reduced active
nursing in MA-treated mothers relative to control rats. There
is evidence showing that insufficient breastfeeding may affect
cognitive development and behavior of infants (Nephew and
Murgatroyd, 2013). However, some following studies (Schutová
et al., 2009; Hrubá et al., 2010) as well as the present study
did not show significant impairment of cognitive functions
in adult offspring prenatally exposed to MA (evaluated by
MWM). Furthermore, study in Holubová et al. (2017) did
not reveal significant differences in active nursing behavior of
rat-mothers with same treatments as in Slamberová et al.’s (2005)
study.

Results of studies examining prenatal exposure to MA
on cognitive functions in adulthood are contradictory. These
differences apparently relate to differences in dosage and length
of drug exposure (Schutová et al., 2009) used in the various
studies. Acuff-Smith et al. (1996) uncovered the influence of
MA applied prenatally on the cognitive function of offspring
relative to the stage of the pregnancy in which the MA was
administered. High doses (15–20 mg/kg) administered in the
beginning of gestation caused a deterioration in spatial memory
which could be observed using the MWM. Conversely, lower
doses (5–10 mg/kg) had no impact on cognitive functions
in adult male rats using the same tests (Acuff-Smith et al.,
1996; Schutová et al., 2009). The dose of MA used in this
study was 5 mg/kg, which is the standard dose used in our
experiments (Šlamberová et al., 2005; Schutová et al., 2009) and
is known to produce fetal brain drug concentrations similar
to those found in fetuses of drug-abusing women (Acuff-
Smith et al., 1996; Rambousek et al., 2014). Our results,
i.e., no significant effects, is thus in line with other previous
studies.

Moreover, although prenatal exposure to MA does not
impact learning and memory, postnatal exposure to MA shows
impairments of cognition (Hrubá et al., 2010). As authors
(Hrubá et al., 2010) concluded, the study indicates that postnatal
but not prenatal exposure to MA affects learning in adult
male rats. In addition, Bayer et al.’s (1993) study showed
that the hippocampus in rats is still developing during the
PDs 11–20 which could be analogous to human hippocampal
development during the third trimester of pregnancy. Vorhees
et al.’s (1994) study demonstrated that postnatal MA exposure

during PD 11–20 affects spatial learning and memory in rats
evaluated by MWM. Williams et al.’s (2003) study demonstrated
that neonatal exposure to MA at daily doses of 5, 10 or
15 mg/kg administrated from PD 11–20 produced lasting
spatial learning and memory deficits. The early postnatal
period may be thus more critical for cognitive functions
in rats than the prenatal period. Nevertheless, in humans,
clinical studies suggested that prenatal MA exposure leads to
long-term cognitive deficits (Smith et al., 2001; Chang et al.,
2004).

Effect of the Postnatal Stress Exposure
The second goal of the present study was to determine the effect
of postnatal (days 1–21 after birth) stress exposure. In our study,
the effects of postnatal stress exposure were measured using
three different MWM tests. The Place Navigation test showed
that early postnatal stress exposure significantly increased the
measured parameters (i.e., search error, traveled distance, latency
to search hidden platform, and search strategies) compared
to controls. The Probe test found significant changes in
search strategies that further supported the negative impact
of early adverse experiences. Finally, the Memory Recall test
found differences in search strategies suggesting that retrieval
of long-term memory was affected by early postnatal stress.
Recent preclinical studies support our results, in that early
adverse experiences may affect brain structures and functions,
which could increase vulnerability to cognitive and psychiatric
disorders (Heim and Nemeroff, 2001; Plotsky et al., 2005; Aisa
et al., 2007). Aisa et al. (2009) found that early postnatal stress
had long-lasting effects on hippocampal structure and function.
The hippocampus is crucial in long-term memory formation
and spatial learning (Morris et al., 2003; Mirescu et al., 2004)
and is also easily influenced by stress hormones during early
development (de Kloet et al., 1999). Granule cell development
in the dentate gyrus of the rat hippocampus starts during
late embryogenesis and continues during the first postnatal
weeks (Altman and Bayer, 1990), as such, stress caused by MS
during the early PDs can affect the normal development of
hippocampal structures (Mirescu et al., 2004; Oreland et al.,
2010).

Cao et al. (2014) investigated the influence of timing of
early MS on cognitive functions in male rats. The study
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compared two periods of MS, i.e., PD 2–9 and PD 14–21.
The results revealed that the ‘‘escape latency’’ in the MS
group PD 14–21, was seriously impaired compared with
controls (in a MWM test), while there was no significant
difference between MS group PD 2–9 and controls. These
results indicate that the critical period of rat hippocampus
development may be PDs 14–21 (Galvan et al., 2000; Kolb
and Gibb, 2011). According to a clinical study of Stevenson-
Hinde (Stevenson-Hinde, 2007), a harmonious mother-infant
relationship is key for normal development of a child’s
brain; the crucial period is from age of 6- to 18-months.
Early MS can lead to impairments of attention, memory,
reasoning ability and psychological status in children (Cao et al.,
2014).

According to Choy et al. (2008), altered expression of brain-
derived neurotrophic factor (BDNF) is implicated in the etiology
of many psychiatric illnesses, including schizophrenia, and
may explain certain cognitive deficits. Choy’s study examined
the long-term effect of early stress (maternal deprivation)
and late stress (chronic young-adult treatment with stress
hormones) and combination of both on BDNF expression
in the hippocampus of rats. Learning, memory, short term
spatial memory, long term spatial memory and working
memory were tested. The results showed that ‘‘two-hit’’
rats had a significant reduction in BDNF expression in the
dentate gyrus. These rats lagged during long-term spatial
memory tests, learning tests and memory tests. Cognitive
functions were also altered in the other two exposed groups.
This study showed the significant impairing effects of early
and late stress on cognitive functions in rats (Choy et al.,
2008).

Overall, it appears that early postnatal stress can strongly
impact the development of cognitive abilities in rats. On the
other hand, prenatal drug and stress exposure did not revealed
significant changes in MWM tasks. To the best of our knowledge,
there is no other study evaluating the combination of these

perinatal factors that could be presented in offspring of drug
addicted mothers. The early postnatal stress seems to be more
critical for cognitive functions than prenatal factors such as
drug exposure (MA injections) or daily stress (SA injections)
during pregnancy. Moreover, according to our results, the
detrimental effects of early postnatal stress on learning and
memory could have a significant effect well into adulthood.
Nevertheless, more studies with distinct setups are needed to
determine the mechanism of the impairment of neurological
development in offspring exposed to prenatal drug exposure
and MS.
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