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Summary 
Methamphetamine is one of the most abused hard drugs in the 
Czech Republic. Its popularity is high not only in Eastern Bloc of 
Europe but is growing in other countries around the world, 
including the United States. In addition, methamphetamine abuse 
increases in drug addicts during pregnancy. Although research 
into the long-term effects of prenatal methamphetamine 
exposure has been ongoing for many years, the exact 
mechanism of action and factors that may influence the effect of 
this drug are still not fully understood. There have been many 
studies that investigated the effects of addictive substances on 
the behavior and cognitive function of individuals during 
adolescence. Some studies have shown prenatal or perinatal 
influences, e.g. drugs, stress, hypoxia, and malnutrition, can 
affect drug sensitivity or drug-seeking behavior in adulthood. 
However, when these factors are most impactful, i.e. prenatal vs. 
perinatal, and which stages of the prenatal and perinatal periods 
are the most sensitive to these factors is not yet clear. Our 
laboratory specializes in research on the effects of drugs 
(especially methamphetamine) on rat mothers and their offspring 
during postnatal development, adolescence, and adulthood. This 
review summarizes our past results on the long-term effects of 
methamphetamine on the mother and her offspring, its 
mechanism of action, the role of maternal care, the possible 
emergence of long-term sensitization, and the critical 
neurodevelopmental periods for methamphetamine exposure. 
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Introduction 
 

We live in hectic times, and maximum 
performance as well as nearly perfect work is expected 
without hesitation and regardless of our current physical 
and mental status. Each of us acts according to a learned 
pattern of behavior, and each of us has inherent 
dispositions. However, our social environment (i.e. 
parents, school and people around us) also strongly 
impact our actions. Each person is unique in terms of the 
demands placed on them as well as their ability to 
respond to these demands. For some, the response to 
increased stress is depression, anxiety, and illness, while 
others turn to alcohol, drugs, or other addictive 
substances as coping mechanisms. In today's modern, 
stressful environment, addiction is likely to be a problem 
that will increase and expand. 
 
A short history of drug use 
 

Drug use has a long history, which no doubt 
started with natural substances derived from plants. 
Indian hemp (Cannabis sativa), today used as marijuana 
and hashish, has been known for more than five 
millennia. Another plant, the poppy (Papaver 
somniferum), contains opium, which is found in the dried 
juice of the unripe poppy. The 25 alkaloids found in 
opium were isolated during the 19th century. Some of 
them are well known such as morphine, narcotine, 
papaverine, and methylmorphine (codeine) (Reynolds 
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and Randall 1957). Their discovery was an important 
advance in the medicine of pain relief. However, their 
added potency also increased the risk of addiction. In 
1875 Alder Wright created diacetylmorphine, which was 
later name and marketed as heroin by the Bayer company 
(according to stories, one the German scientists, who 
tasted it, said it made him feel “heroisch”, which in 
English means heroic). In 1898 it came into use as 
a substitute for morphine and codeine. Misuse of heroin 
began mainly after World War II and affected mainly 
drug users in the U.S., where its “popularity” grew to the 
point that by 1965 90 % of all addicts were dependent on 
heroin. 

Another important group of abused substances 
come from the coca plant (Erythroxylon coca). The best-
known drug in this group is cocaine, an alkaloid first 
extracted from the leaves of this plant in the second half 
of the 19th century. This substance, in addition to its 
analgesic effects, also has hallucinogenic effects, and can 
cause addiction. 

Due to the rapid and powerful physical and 
psychological dependence caused by these natural 
substances and their derivatives, it was necessary to look 
for other substances with the same potent analgesic effect 
but with less potential to cause addiction. In the late  
19th century amphetamine was synthesized for use in 
medicine; amphetamine continues to have a role in 
medicine even today. Although amphetamine is  
an addictive drug with euphoric effects, a more 
commonly abused drug is its derivate, methamphetamine 
(MA), which has been used as an anorectic drug. This 
synthetic psychostimulant drug also has great potential to 
induce drug addiction. 
 
What is addiction? 
 

Addiction of all types remains a serious 
problem. It does not always have to be drug addiction; it 
can take the form of addiction to alcohol, nicotine, and 
other chemicals. Additionally, there is gambling 
addiction and addictions to things like food, cell phones, 
and computer games. However, the mechanism behind 
these different addictions seems to have a number of 
similar features, such as the desire for the unknown, 
escape from worries, and an inability to break free from 
the “drug”. 

Addiction is not synonymous with drug use, 
instead is a compulsive, chronic use of a drug that 
continues despite the negative consequences resulting 

from its use (see DSM-5 2013). This pathological 
behavior does not occur in all individuals who use drugs. 
However, it does occur in about 20 % of them. It is 
considered a disease that requires treatment. During drug 
abstinence, about 90 % of addicts start taking drugs 
again, which is typically called a relapse (DeJong 1994). 
It has long been discussed whether other animals besides 
humans can develop addictions. Experimental studies 
have confirmed that the answer to this question is, yes! 
And just like humans, the occurrence of pathological drug 
use in animals is also about 20 % (Belin et al. 2008). 

Drug addiction does not arise on first use and 
does not develop for every drug user. A number of factors 
play a role in addiction, e.g. environmental influences, 
stress and, genetic disposition. So how does drug 
addiction arise? A number of studies have shown that 
drug addiction occurs gradually, starting with the first 
drug contact and continues with repeated drug use. On 
first use, the individual gets a sense of satisfaction and is 
able to forget the worries of everyday life. Later there is 
a loss of control when the urge to take the drug becomes 
irresistible; at this point, we can talk about addiction. 

The characteristics of drug-dependent 
individuals include but are not limited to: (1) impulsivity, 
(2) compulsiveness, (3) novelty-seeking, (4) sensation-
seeking, and (5) poor decision making. Professor Everitt's 
group from Cambridge deals with experimental modeling 
of impulsivity and “new search” behavior in rats and drug 
addiction (Everitt et al. 2008). Their results suggest that 
those with higher new search tendencies have  
an increased desire to try drugs, but this does not 
necessarily result in drug addiction; high impulsivity was 
not directly dependent on previous drug exposure (Belin 
et al. 2008). However, high impulsiveness increases 
compulsive behavior, despite the negative consequences 
and consequently can result in drug addiction. Possible 
mechanisms are changes in dopamine transmission that 
occur in impulsive individuals. 
 
The importance of the striatum 
 

Everitt (2005) believes that during the time 
between the first drug abuse and the appearance of 
addictive, compulsive behavior, the activation of brain 
structures is shifted from the prefrontal cortex to the 
striatum and in the striatum from its ventral portion – the 
nucleus accumbens (NAc) to the dorsal – caudate/putamen 
(CP). Chronic drug abuse affects behavior and brain 
processes that result in excessive and uncontrollable drug 
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use. Recurring habits and repeated stimulation of the same 
brain structures and pathways lead to the development of 
automatisms and activation of synaptic plasticity, similar to 
the process of learning (Gerdeman et al. 2003). The central 
structure in this dependency process is the striatum. The 
ventral striatum (NAc) and its association with the ventral 
tegmental area (VTA) form the mesolimbic reward 
pathway that is activated in the early stages of drug use. 
Until recently, these structures were considered to be the 
center of drug addiction. However, more recently, it has 
been shown that the dorsal striatum (CP) also plays  
an important role in the development of dependence. The 
dorsal striatum and its activation seem to result in the 
transition from trying a new drug to drug dependence, 
resulting in pathological habits, uncontrollable behavior, 
and compulsive drug seeking. Changes in the dorsal 
striatum appear to be due to processes occurring in NAc, 
which result in the initiation of synaptic plasticity in the 
dorsal striatum (Gerdeman et al. 2003). 

The striatum receives stimuli from the cortex, 
the thalamus, and the amygdala and passes it to the basal 
ganglia (Parent 1990). The main mediator of these 
pathways is glutamate. While the structure and 
neurotransmitters of the ventral and dorsal striatum are 
very similar, these structures differ in their afferent and 
efferent connections. The afferent pathways from the 
limbic system and the prefrontal cortex lead mainly to the 
NAc, while efferent pathways lead mainly to the 
sensorimotor cortex. Another striatum afferent is 
a dopaminergic pathway from the midbrain. While 
pathways from VTA go to the NAc, the dorsal striatum 
(GP) dopaminergic connections come from the substantia 
nigra (Parent 1990). 

Glutamatergic pathways of the striatum can be 
affected by a variety of neurotransmitters and 
neuromodulators. Perhaps the most important of these is 
the dopaminergic system. The dopaminergic system is also 
influenced, whether directly or indirectly, by the vast 
majority of abused drugs. Acute administration of most 
abused drugs induces an increase in extracellular dopamine 
levels in the striatum either by direct action on the 
dopaminergic neuron endpoint or by an increase in 
neuronal activity in the VTA (Berke and Hyman 2000). 
The mechanism by which drug-activated dopamine acts on 
the striatum has not yet been fully elucidated, however, the 
reduction of D2 dopaminergic receptors observed in both 
abstaining alcohol and drug users (cocaine, heroin, MA) 
(Volkow and Wise 2005) suggests an important role for  
D2 receptors in the formation of dependence. 

MA in Europe and the Czech Republic 
 

MA is a very popular hard drug, which is abused 
worldwide. Its history in Europe is long. Amphetamine, 
which was discovered before MA, which was first 
synthesized in Germany, in 1887, by a Romanian chemist 
(Grobler et al. 2011). Shortly afterward in 1893 MA was 
synthesized from ephedrine by a Japanese chemist 
(Grobler et al. 2011). During World War II, MA was sold 
in tablet form under the brand name Pervitin, produced 
by the Berlin-based Temmler pharmaceutical company.  
It was used extensively by all branches of the combined 
Wehrmacht armed forces of the Third Reich, and was 
particularly popular with Luftwaffe pilots for its 
performance-enhancing stimulant effects and the 
extended wakefulness it induced (Defalque and Wright 
2011). However, the side effects were so serious that the 
army sharply reduced its usage in 1940 (Defalque and 
Wright 2011). 

Recent European surveys (2014) conducted by 
the European Monitoring Center for Drugs and Drug 
Addiction (EMCDDA) found an increasing number of 
stimulant users, as well as increasing use of the injectable 
forms of these drugs compared to previous years. 
Psychostimulants in general, and in particular MA, were 
the most commonly used primary drugs. MA is the most 
commonly confiscated psychostimulant in the Czech 
Republic, Slovakia, Latvia, and Lithuania. The 
EMCDDA survey also emphasized that MA production 
in the Czech Republic is growing, as evidenced by the 
increase in drug seizures and discoveries of drug home-
laboratories. Another problem is that the precursors used 
for the production of this drug are readily available. In the 
Czech Republic, a noticeable increase in the high-risk use 
of MA (especially injections) was observed between 2007 
and 2014, an increase from approximately 20,000 users to 
more than 36,000 (EMCDDA 2016). 

Statistics from 2012 showed that there were over 
12 million people in the USA who had abused MA during 
their lifetime. The survey showed that the youngest MA 
user was only 12 years old (Courtney and Ray 2014). 
Moreover, MA is a favorite drug among pregnant drug-
abusing women. Women, especially during pregnancy, 
take MA because it decreases their appetite and thus 
helps them control their weight, while also increasing 
energy levels. Statistics show that only 17 % of female 
drug abusers in the USA were primary MA users, but 
38 % had used MA during pregnancy (Marwick 2000). 
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Methamphetamine use during pregnancy 
 

Drug use during pregnancy is a major problem 
affecting the health and social life of many individuals. 
Psychoactive drugs can easily cross the blood-brain 
barrier (one of the most impervious barriers of the body) 
and the placental barrier, which is much easier to pass 
through. As a result, the concentration of the drug in 
a fetus is usually 50 % of the drug concentration 
circulating in the mother's body. However, due to slower 
drug degradation in the fetal liver compared to the 
mother, the concentration of the drug in the fetus can 
sometimes exceed the concentration in the mother's body 
(Dattel 1990). In addition, many drugs can pass into  
a nursing mother’s breast milk and postnatally expose  
a developing infant to drugs the mother uses (Šlamberová 
2012). Therefore, during pregnancy and/or lactation, 
drugs can affect both the mother's health as well as the 
development of her baby, either directly (drug effect) or 
indirectly (malnutrition, hypoxia, maternal care, etc.). 

Clinical studies have demonstrated that prenatal 
MA exposure affects prenatal as well as postnatal 
development of newborns (for review see (Šlamberová 
2012, Viteri et al. 2015)). Exposed children are born 
smaller, have a smaller head circumference, and can be 
premature. They may experience increased irritability and 
tearfulness, decreased reflexes (suction reflex), and have 
an increased incidence of musculoskeletal disorders 
(muscle tone disorders). Also, their postnatal 
development can be slower (both sensorimotor and 
mental development). Changes in the EEG and a higher 
incidence of sensory disturbances can also occur. 
Delayed development can still be evident at pre-school 
and early school ages. Children can have reduced 
attention spans and learning difficulties; they may show 
signs of personality disorders (fury attacks, apathy, and 
stunted emotions). They often adapt poorly to their 
environment (social inadaptability). Additionally, they 
may be more prone to seizures disorders. Follow-up with 
drug addicts and affected children is incredibly difficult, 
as such there are currently no clinical trials to monitor the 
long-term (i.e. into adulthood) effects of prenatal drug 
exposure. 
 
Limitation of clinical studies – the need for 
animal models 
 

No clear conclusion can be drawn since pregnant 
mothers often use or abuse other substances such as 
alcohol and nicotine as well as MA. The abuse of 
multiple dependence-inducing substances is a common 

problem in monitoring drug effects in humans since it is 
virtually impossible to distinguish the effects of 
individual addictive substances. Changes in the placenta 
that lead to decreased placental perfusion due to 
vasoconstriction, and poor nutrition (Vavřínková et al. 
2001) can also negatively affect newborns. Regardless of 
other factors, MA abused during pregnancy is a risk to 
the fetus, although no specific syndrome associated with 
MA abuse in the prenatal period has been described and 
the mechanism of drug action on the fetus is not yet fully 
understood. Clinical studies are largely limited to 
statistical comparisons and scientific research in humans 
is very limited. It is not practical to maintain 
a sufficiently large group of children from drug-
dependent mothers for observation until adulthood. 
Therefore, most of the work examining the effects of 
prenatal drug use has to be done on laboratory animals. 

Our laboratory has been researching the effects 
of maternal MA administration on mother and progeny 
since 2002 (illustrating picture of our model Fig. 1). We 
demonstrated that MA administration during prenatal and 
early postnatal periods impairs maternal behavior 
(Šlamberová et al. 2005), delays postnatal sensorimotor 
development of MA-exposed pups (Hrubá et al. 2009, 
Šlamberová et al. 2006), and that the impairing effect of 
prenatal MA exposure persists until adulthood 
(Šlamberová 2012). Prenatally MA-exposed adult rats 
have impaired learning and memory (Šlamberová et al. 
2005), altered pain sensitivity (Yamamotová and 
Šlamberová 2012) and seizure response (Bernášková  
et al. 2011), and decreased levels of social interaction 
(Šlamberová et al. 2015). All these results are consistent 
with the clinical studies described above. Our latest 
studies seek to test three hypotheses. 
 
Hypothesis I – Maternal care can fundamen-
tally affect functional changes in prenatally 
MA-exposed progeny, both in the near and 
long-term 
 

Experimental administration of MA to pregnant 
laboratory mice or rats (5, 10, 15, or 20 mg/kg) leads to 
drug concentrations in the brain that correspond to the 
values observed in the fetuses of drug-dependent mothers 
(Acuff-Smith et al. 1996). These doses, therefore, serve 
as an experimental model to determine the potential risk 
from in utero exposure of drugs in humans. There are 
studies, including our own, demonstrating that 
amphetamines also impairs maternal behavior (Fraňková 
1977, Piccirillo et al. 1980, Šlamberová et al. 2005, 
Šlamberová et al. 2005) (Fig. 1). 



2019 Maternal Methamphetamine Exposure    S223  
 

 
 
Fig. 1. Picture of nursing rat mother. 
 
 

Acuff-Smith et al. (1996) further studied the 
effect of MA on the weight of mothers and pups and 
found lower weights for both, compared to controls fed 
ad libitum as well as a group with the same food intake as 
the drug-exposed animals. Thus, the lower body weight 
was not caused only by lower nutritional intake and 
decreased appetite. One of these mechanisms may be 
a vasoconstrictor effect on the utero-placental blood 
supply, which further reduces the supply of nutrients to 
the fetus. The critical phase for the uptake of nutrients 
appears to be the later stage of embryonic development. 
To differentiate the effect of vasoconstriction, anorexia, 
and maternal hypoxia on the developing fetus, Yamamoto 
et al. (1992) isolated 10.5-day old rat embryos and 
cultivated them in the presence of different 
concentrations of MA. They found that the drug had  
a dose-related effect on yolk sac diameter, the incidence 
of malformations, and growth disorders. High doses 
(50 mg/kg) of prenatal MA lead to eye disorders such as 
anophthalmia, microphthalmia, and retinal detachment 
(Acuff-Smith et al. 1992, Acuff-Smith et al. 1996, 
Vorhees and Acuff-Smith 1990). These findings suggest 
that repeated administration of MA during pregnancy 

could have serious long-term effects on offspring. MA 
administered prenatally has also been shown to increase 
pup mortality, reduce weight gain, cause developmental 
delays, and slow reflexes (Acuff-Smith et al. 1996, Cho 
et al. 1991, Martin et al. 1976). 

In agreement with the above-mentioned studies, 
our results also showed that prenatal exposure negatively 
affects postnatal development of pups, especially 
sensorimotor functions and that the impairing effect of 
MA can also influence the development of future 
generations (Šlamberová et al. 2006, Šlamberová et al. 
2007). However, this impairing effect can be off-set my 
good postnatal care (Hrubá et al. 2009). Specifically, 
animals that were raised by MA-exposed mothers during 
lactation, i.e. had postnatal exposure to MA via breast 
milk, also displayed delayed development. On the other 
hand, animals that were exposed to MA prenatally, but 
were raised by control mothers scored better on tests than 
their maternal siblings with postnatal MA exposure. This 
“better care” was independent of the fact that some of the 
pups were their own and some were adopted, i.e. they 
were cross-fostered. Studies by (Levine 1994) also 
support the idea that better maternal care can improve 
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pup development. Maternal licking and grooming is 
a major source of tactile stimulation for developing pups 
and affects somatic growth and neural development 
(Levine 1994). Our results, therefore, support the 
hypothesis that maternal care can fundamentally affect 
functional changes in prenatally MA-exposed animals, 
both in the near and long-term, and could serve as 
a mechanism for a non-genomic, behavioral, mode of 
transmission of traits. 
 
Hypothesis II – Prenatal MA exposure chan-
ges drug susceptibility and drug-seeking 
behavior in adulthood 
 

Sensitization or increased sensitivity is defined 
as the progressive response of an organism to repeated 
drug administration at the same or even lower doses, 
manifested by an increased expression of a certain type or 
pattern of behavior (Suzuki et al. 2004). Various forms of 
behavior have been described in animals as 
manifestations of increased sensitization after repeated 
intermittent drug administration. In the case of rats, it is 
mainly an increase in locomotion and exploratory 
activity, or the development of stereotyped forms of 
behavior (Malanga and Kosofsky 2003). Once animals 
are sensitized, the increased susceptibility to increased 
psychomotor activity lasts for months to years (Robinson 
and Becker 1986, Suzuki et al. 2004). 

The neuronal background of increased 
susceptibility to drugs seems to have phases of 
development: the first phase is associated with short-term 
changes at the molecular and cellular level in the ventral 
tegmental area (VTA), while the sensitization represents 
permanent adaptations at the level of motivational 
pathways. From a neurochemical and neuroanatomical 
point of view, the aforementioned mesolimbic, 
mesocortical, and nigrostriatal dopamine system play key 
roles (Robinson and Becker 1986). 

Research on increased drug sensitivity has 
revealed that the use of one drug can lead to an increased 
sensitivity to another drug. In this case, we are talking 
about cross-sensitivity to a drug or cross-sensitization 
(Shuster et al. 1977). So far, cross-sensitivity has been 
found not only for related drugs, such as amphetamine 
and cocaine (Horger et al. 1992), and amphetamines and 
methylphenidate (Valvassori et al. 2007), but also for 
unrelated drugs such as opioids and cocaine (Leri et al. 
2003), and endocannabinoids and opioids (Vela et al. 
1998). 

Our studies demonstrated that increased 
susceptibility to MA and amphetamine (Macúchová et al. 
2016, Šlamberová et al. 2011) after prenatal 
administration of MA using the Laboras test and the open 
arena test, both of which showed increased locomotor and 
exploratory activity after exposure. In females, cross-
sensitization was also found after acute administration of 
MDMA and cocaine (Šlamberová et al. 2013), suggesting 
sex differences relative to acute drug administration. The 
sensitizing effect of prenatal MA exposure was also 
confirmed by Bubeníková-Valešová et al. (2009), in 
which increased locomotion, seen after acute MA 
exposure of prenatally MA-expose animals, correlated 
with an increase in dopamine levels in the NAc. 
Similarly, dopamine levels in the hippocampus also 
corresponded with cognitive function in prenatally  
MA-exposed animals (Fujáková-Lipski et al. 2017). It is 
interesting to note that even though prenatal exposure to 
MA triggered altered sensitivity to psychostimulants, it 
did not lead to active searching in the conditional drug 
search (CPP) test (Šlamberová et al. 2011). Even animals 
exposed to MA in utero preferred in the CPP to  
an environment that was not associated with cocaine 
application, suggesting tolerance to cocaine more than 
sensitization (Šlamberová et al. 2013, Šlamberová et al. 
2012). When testing acute drug applications using drugs 
that have different mechanisms of action than MA (e.g. 
morphine and THC), we did not find increased sensitivity 
to these drugs in animals with prenatal MA exposure 
(Šlamberová et al. 2013, Šlamberová et al. 2012). Thus, 
a drug’s mechanism of action in adults, i.e. on 
neurotransmitter systems, seems to play a key role in 
sensitization. Our results suggest that sensitization after 
prenatal MA is mainly associated with the same drug in 
adulthood or to drugs with a similar mechanism of action. 
Compared to studies testing the effect of prenatal cocaine 
exposure (Estelles et al. 2006, Rocha et al. 2002), 
prenatal MA exposure appears to induce weaker 
sensitization to drugs in adulthood. 

Based on studies showing that prenatal exposure 
to cocaine causes increased sensitivity and increased 
active drug-seeking behavior in adulthood, regardless of 
the mechanism of action, we expected similar results after 
prenatal exposure to MA. However, our results have 
shown that prenatal exposure to MA, although it can 
cause, in some cases, altered sensitivity to the drug, does 
not induce active drug-seeking. Therefore, it seems that 
the long-term effects of MA are weaker than the long-
term effects of cocaine. Because MA is the world's most 
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widely used drug among drug-addicted pregnant women, 
our results qualify as a slightly positive finding. It is 
therefore likely that the offspring of women addicted to 
MA during pregnancy will not manifest increased desire 
for the drug in adulthood, assuming they do not come 
into contact with the drug through “passive” drug 
administration (administration done by researcher); there 
may be a similarly increased risk for other drugs, 
however, it appears to only be associated with drugs 
having similar mechanisms of action, i.e. MA and 
amphetamine. 
 
Hypothesis III – There is a critical period for 
MA exposure during pre-/perinatal develop-
ment in rats 
 

The term "critical developmental period" has 
existed in experimental psychology since 1921 and refers 
to a temporary interruption of the developmental process 
in certain stages of embryogenesis, which can have 
serious consequences (Stockard 1921). The author of the 
early theory further argued that the importance of the rate 
of development is not limited to embryogenesis, but also 
concerns postnatal ontogenesis (Stockard 1921). Scott 
(1962) followed this hypothesis, according to which 
postnatal development and growth depend on organized 
processes that can only be influenced while they are 
occurring, i.e. during critical development periods. 
Grobstein (1970) defines critical developmental periods 
as the existence of stages in which the development 
process is somehow sensitive to environmental factors. 

In the sixties and seventies of the last century, 
Křeček (1978) attempted, in his studies of ontogenetic 
physiology, to find criteria for assessing whether certain 
developmental ages can be used to mark critical periods 
in development and whether permanent developmental 
changes can be induced by external intervention. 
According to his theory, these changes may not appear 
immediately after the intervention, i.e. some amount of 
time may pass between the application of the stimulus 
and the observable change. Additionally, critical periods 
can last for variable amounts of time and do not occur 
simultaneously for all functions; also, there can be several 
critical periods for a single function (Křeček 1978). 

Critical developmental periods are characterized 
by triple transformations: a) increased sensitivity to 
external stimuli, b) transformation of functional systems, 
and c) changes in an individual’s relationship to its 
environment (Křeček 1978). Based on these criteria, three 

main postnatal developmental periods can be defined: 
infantile (from birth to weaning, rats up to 20-25 days), 
juvenile (from weaning to sexual maturation), and 
adulthood (after maturation) (King 1958). 

Synchronization of the development of 
functional systems and their mutual inductive action is an 
important part of the development of highly differentiated 
tissues and organ structures. Nerve cells acquire their 
identity during ontogenesis, creating orderly and accurate 
synaptic connections whose morphology and function are 
influenced not only by genetic factors but also by the 
external environment. Ontogenetic development of the 
nervous system can be influenced by factors associated 
with cell formation, inter-cell interactions, or mechanisms 
for cell migration, axonal growth, and myelination of 
synaptic connections. In many areas of the developing 
brain, the initial overproduction of neurons (up to 50 %) 
predominates, followed by a period of cell death during 
labor or the transition from early postnatal days to 
adulthood. These processes are responsible for the 
subsequent (sensitive) period of brain development 
(Clancy et al. 2007). 

Brain development is divided into two processes, 
the growth process, and the maturation process. Human 
brain growth starts in the second trimester and neuronal 
replication ends before delivery, but the organization 
processes continue long after birth; most brain cells are 
formed before delivery. 

In rats, neurogenesis occurs mostly in the 
cortical and subcortical regions between prenatal day 
(ED) 9.5 and postnatal day (PD) 15, in humans, cortical 
neurogenesis continues up to 2.5 years of age (Semple  
et al. 2013). The striatum (NAc, CP) and basal ganglia, 
structures important for motor activity, begin to form 
during ED 12-13 in rats, and at 5 weeks of gestation in 
humans. Neurogenesis of limbic system (hippocampus, 
amygdala) structures, important for learning, memory, 
emotion, and behavior processes occur in rats  
between ED 14-17, and in humans, it culminates around  
the 8th week of gestation (Iaria et al. 2003, Rice and 
Barone 2000). Starting at that time, the first neuro-
transmitter cells gradually begin to appear (Rice and 
Barone 2000). The main neurotransmitter systems 
associated with the effects of psychostimulant drugs are 
the catecholamines (noradrenaline, dopamine) and 
indoles (serotonin). 

Brain development continues with nerve cell 
maturation. Cells aggregate, create synaptic connections 
relatively quickly, but initially lack the functions typical 
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of mature synapses. The peak in neurogenesis is 
estimated to occur at 40 weeks of gestation in humans, 
and at PD 7-14 in rats (first and second week postnatally) 
(Clancy et al. 2007). A study by Bockhorst et al. (2008) 
suggests that the most significant structural changes in 
the gray matter of rats occur during the first 5 days of 
postnatal development. 

Drug abuse by women during pregnancy 
(Marwick 2000) is a very serious problem today. Many 
pregnant drug addicts switch from other hard drugs to 
MA because of its anorectic (helping mothers maintain 
their body weight) and stimulant (giving them energy) 
effects (Marwick 2000, Williams et al. 2003). Della 
Grotta et al. (2010) reported that 84.3 % of pregnant, 
drug-addicted women use MA during the first trimester, 
56.0 % in the second trimester, and 42.4 % of these 
women continue to use MA during the third trimester. 
From experimental animal studies examining the impact 
of psychostimulants on the development of offspring of 
drug-exposed mothers, it is clear that the timing of  
MA exposure during gestation or lactation significantly 
affects the degree of drug effect on the offspring of these 
mothers. Amphetamines, including MA, affect neuronal 
endings during CNS development and interfere with the 
maturation of brain structures, which begin to develop 
during the second half of the rat gestation period and 
continue until weaning (Andersen 2005). Therefore, 
applications during the early stages of pregnancy may not 
affect fetal brain development and cause functional 
changes in structures, however, application during the 
later stages of prenatal or postnatal development, i.e. 
during development and maturation of neurotransmitter 
systems, may be harmful since these stages are more 
sensitive to drug effects (Rice and Barone 2000, Williams 
et al. 2003). 
 
Drug abuse during gravidity 
 

Ultrasonography has shown that MA negatively 
affects intrauterine fetal development (Tronick and 
Beeghly 1999). In addition to the risk of miscarriages, 
premature births, and births with lower birth weight and 
growth retardation (Oro and Dixon 1987), these children 
can also experience heart defects, cleft lip, as well as 
morphological and functional changes in some CNS 
structures (Oro and Dixon 1987, Plessinger 1998).  
In utero prenatal MA exposure in rats involve either drug 
administration throughout the prenatal period or during 
shorter time intervals that are associated with a specific 

stage of fetal development (Jablonski et al. 2016). Rice 
and Barone (2000) compared the prenatal period of rat 
development (ED 1-21) to the first and second trimesters 
of gestation in humans: ED 1-9 in rats correlates with the 
first trimester and ED 10-21 corresponds to the second 
trimester. There are a number of experimental studies that 
describe the effects of prenatal MA exposure that is 
administered throughout the entire gestation period  
(ED 1-22 in rats). 
 
Drug abuse during lactation 
 

Most of the abused drugs can also enter breast 
milk, which means that the child is exposed to the drug 
postnatally during lactation (Fox 1965). However, there 
are differences in the perception of the lactation period in 
humans and rodents. The lactation period in humans 
starts at birth and continues until about 2.5 years of age, 
in rats it is from birth to weaning (PD 21) (Jablonski  
et al. 2016, Rice and Barone 2000). The fact that the 
brain matures over a longer period compared to other 
organs underlines the aforementioned differences 
between humans and rodents. Neuro-ontogenesis in 
humans is more critical during the later stages of 
gestation (2nd and 3rd trimester), whereas in rodents the 
nervous system matures mostly during the first two to 
three weeks after birth (Rice and Barone 2000). The 
timing of MA exposure during these critical stages of 
neuro-ontogenesis plays an important role in the 
mechanism of drug transmission: in this stage, the drug is 
transmitted to human offspring transplacentally, while in 
rats it is via breast milk during lactation. Rambousek  
et al. (2014) demonstrated the presence of MA not only 
in the plasma and brain of exposed mothers but also in 
breast milk taken from the stomach of the offspring of 
these mothers. Transmission of drugs via breast milk was 
also confirmed by the presence of MA and amphetamine 
in the serum (0.1-1 ng/ml) and brains (1-10 ng/g) of pups 
whose mothers’ were exposed to MA at 5 mg/ml/kg from 
the postpartum until weaning. There are few clinical 
studies that explain the transmission of MA through 
breast milk. In one study, Steiner et al. (1984) analyzed 
amphetamine concentrations in the plasma and maternal 
breast milk as well as drug concentrations in the urine of 
a child at days 10 and 42 post-partum. Analysis results 
revealed 3-7 times higher concentrations in breast milk 
compared to drug levels in maternal plasma. A small 
amount of MA was also found in the urine of the child. 
Based on this and other studies (Bartu et al. 2009), it is 
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recommended that mothers do not breast-feed before the 
drug is excreted from the body (i.e. 24-48 h after use). 
Many experimental studies have also reported that one of 
the primary negative consequences of taking MA during 
lactation is reduced contact between the mother and pups 
(reviewed in Šlamberová 2012). 
 
Search for critical periods for MA exposure 
on neurodevelopment 
 

The negative effects of MA on the development 
of the offspring of drug-dependent mothers have been 
well investigated by numerous clinical and experimental 
studies (Šlamberová 2012). However, it is not yet fully 
known which period of gestation in humans is the most 
critical, i.e. the most sensitive to the negative effects of 
this drug. Therefore, the main objective of our studies 
have been to determine which of the various neuro-
ontogenetic stages, when exposed to MA, have the most 
significant influence on adult rat behavior, thus 
identifying which critical developmental periods are most 
sensitive to the effects of this drug. To apply the 
conclusions of our preclinical study of rats to clinical 
trials, the application periods of MA exposure had to be 
matched to the equivalent developmental CNS periods in 
humans during the first, second, and third trimesters of 
pregnancy (Andersen 2003, Clancy et al. 2007, Rice and 
Barone 2000). 

The results of our studies suggest that animals 
exposed to MA during ED 12-22 and PD 1-11, which 
correspond to the second and the third trimester, 
experienced significant behavioral deficits during 
development (Malinová-Ševčíková et al. 2014, Ševčíková 
et al. 2017) and in adulthood (Hrebíčková et al. 2014, 
Hrebíčková et al. 2017, Hrebíčková et al. 2016). This was 
found to be the case for all tests during comparisons to 
rats that received the drug during ED 1-11, which 
corresponds to the first trimester in humans. 

Based on all of our findings, we concluded that 
the second half of prenatal development and the early 
postnatal period in rats are critical developmental periods 

for the effects of MA on adult animal behavior, and this 
period corresponds approximately to the second and third 
trimesters of prenatal development in humans. Our work 
has contributed to the elucidation of the mechanisms of 
drug addiction and the negative effects on developing 
offspring. The results deepened the current knowledge of 
the effects of MA on brain development during the 
prenatal and early postnatal periods. Our findings can be 
used to develop prevention programs and strategic 
approaches to drug treatment in pregnant women. 
Determining the critical period for MA effects can help to 
refine the timing of drug discontinuation in pregnant 
women, thus minimizing the drug’s impact on CNS 
development in their children. 
 
Conclusion 
 

This review summarized the results from the 
laboratory of Prof. Šlamberová over the past 17 years 
dealing with the long-term effects of MA dependence on 
pregnant women, and the effect of the drug has on their 
offspring. Using animal models, we have worked to 
clarify the mechanisms of action of this drug. Current and 
future studies aim to determine the extent and role of 
genetic factors in the development of drug dependence. 
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