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Abstract—The dynamics of soluble AChE and BChE (EC 3.1.1.7; EC 3.1.1.8) in the hippocampus,
cortex, cerebellum and blood serum of control rats and rats exposed to prenatal hypoxia was studied
on days 5, 10 and 30 of postnatal development. The activity of soluble AChE in all brain structures
was found to reach its maximum on postnatal day 10, and then either persisted at this level (in the
cerebellum and cortex) or decreased by day 30 (in the hippocampus). Similar changes were found
in the activity of BChE, which was roughly one level of magnitude lower than of AChE in all the
brain structures studied in this work. Prenatal hypoxic exposure on day 14 of embryonic
development led to statistically significant changes in the activity of soluble AChE and BChE in all
the brain structures studied, as well as in blood serum. In rats exposed to prenatal hypoxia, serum
AChE and BChE activities on postnatal days 5 and 10 were significantly lower while, on day 30,
they were indistinguishable from the control values. Thus, oxygen deficit in the maternal organism
during pregnancy significantly affects the activity of soluble forms of the key enzymes of the central
and peripheral cholinergic systems, indicating possible changes in the formation of these systems in
early ontogenesis. This may lead both to impaired neurogenesis and malformation of the motor and
cognitive functions and general homeostatic imbalance during animal and human development.

DOI: 10.1134/S002209302006006X

Keywords: early ontogenesis, prenatal hypoxia, cholinesterases, AChE, BChE, cholinergic system,
brain cortex, hippocampus, cerebellum, blood serum



A. Yu. MOROZOVA et al. 

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY   Vol.  56  No. 6  2020

532

INTRODUCTION

Recent years have witnessed a dramatic rise in
children’s nervous system disorders, most of
which are associated with developmental CNS
pathologies in the prenatal period. These patholo�
gies include intrauterine growth retardation/
restriction (IUGR) which develops due to placen�
tal insufficiency [1, 2]. The effect of pathological
factors on the maternal organism impairs the
transport, trophic and antioxidant functions of
the placenta, which may lead to fetal hypoxia and
IUGR [1]. Infants with such a diagnosis are char�
acterized by suppressed locomotor activity,
reduced learning ability, inattention, increased
anxiety, and some other cognitive impairments. It
should also be particularly noted that IUGR
infants suffer from neurological disorders not only
in the perinatal period but in later years as well
[3]. In this regard, it is of current importance to
study the pathogenesis of prenatal hypoxia and to
develop diagnostic tests for the timely assessment
of CNS dysfunctions in IUGR newborns. At pres�
ent, the long�term effects of prenatal hypoxia are
being actively investigated on animals, specifically
on rats. These studies add to the already available
information on the biochemical mechanisms of
prenatal hypoxia and promote revealing new indi�
cators that allow assessment of the impact of pre�
natal hypoxia on the brain. One of these
indicators is the activity of cholinesterases, which
characterizes the state of the cholinergic system,
one of the major neurotransmitter brain systems
that plays a pivotal role in the regulation of loco�
motor activity, as well as learning and memory,
which are severely affected in IUGR infants.

Acetylcholinesterase (AChE) is one of the prin�
cipal enzymes of the cholinergic system. It can be
employed as a marker, the activity dynamics of
which allows the enzyme’s functional state to be
adequately evaluated. In an animal organism,
AChE occurs in two forms: membrane�bound
and soluble. The latter form is not only responsi�
ble for hydrolysis of the main neurotransmitter,
acetylcholine (ACh), but also displays neuro�
trophic properties, which are of particular impor�
tance during the ontogenesis of the nervous
system [4–6]. For instance, soluble forms of
AChE are involved in cell adhesion, neurogenesis

and axonal growth [7], and exert an influence on
proliferation and differentiation of nerve cells [8,
9]. These processes ensure normal functioning of
the CNS, while changes in the level and activity of
soluble AChE can accompany and even cause
varied pathologies. Dysfunction of the cholinergic
system and changes in the properties of the rele�
vant enzymes of ACh metabolism are concomi�
tant to stress, brain stroke and ischemia [10, 11],
as well as such nervous system pathologies as Par�
kinson’s and Alzheimer’s diseases [12, 13].
Besides AChE, there is another type of cholines�
terase, butyrylcholinesterase (BChE), which is
localized mainly to the cerebral white matter, glia
and neuronal bodies, while AChE occurs in neu�
rons and nerve endings [14, 15]. During ontogen�
esis, expression of these enzymes manifests itself
in different ways. For instance, BChE appears far
earlier than AChE and may even induce AChE
expression [16]. At the same time, in an adult
organism BChE performs a protective function,
eliminating various toxins and xenobiotics [17],
although in the absence of AChE it can also play a
“classical” role, the cleavage of ACh [18].

Neurotrophic properties of AChE and BChE
are crucial for the formation and development of
interneuronal links in the CNS, especially during
early ontogenesis, which is necessary for the for�
mation in offspring of such vital functions as
learning and memory. Despite ample data on the
general properties of the cholinergic system’s
enzymes, there are only a few studies devoted to
soluble AChE and BChE forms, especially in the
cerebellum responsible for motor functions,
which are the first to suffer in IUGR newborns.
An integrated assessment of the activity dynamics
of these enzymes in the brain structures responsi�
ble for the formation of motor behavior, learning
and memory, as well as in blood serum, during
early ontogenesis are virtually absent. In this
regard, it is of great interest to address the activity
dynamics of the soluble AChE and BChE forms
in the rat cortex, hippocampus, cerebellum and
blood serum of animals during their early onto�
genesis, as well as to assess the influence of prena�
tal hypoxia on their activity.

The present work is aimed at exploring the
activity of soluble cholinesterases in the hippo�
campus, cortex, cerebellum, and blood serum at
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the early stages of ontogenesis under normal con�
ditions and following prenatal hypoxia.

MATERIALS AND METHODS

The study was carried out on Wistar rats of dif�
ferent ages from the Sechenov Institute’s vivar�
ium, both exposed (experiment) and unexposed
(control) to prenatal hypoxia. All experimental
procedures complied with the approved interna�
tional regulations on conducting research with
experimental animals [19], as well as the recom�
mendations by the Ethics Committee at Sechenov
Institute of Evolutionary Physiology and Bio�
chemistry (Russian Academy of Sciences). In the
experimental rat group, pregnant females were
exposed to normobaric hypoxia on prenatal day
14 (E14) in a 100�L chamber equipped with the
systems for ventilation, thermoregulation and
exhaled CO2 adsorption, as well as with a gas ana�
lyzer. During experiments, the O2 content was
being reduced from 21% to 7% over 10 min and
retained at this level for 3 h. The control group of
pregnant females were kept in a chamber with an
intact gas medium during the same period of time.

Further experiments involved the offspring
from the hypoxic and control pregnant rat groups
on days 5, 10 and 30 after birth. The choice of the
prenatal (embryonic) day 14 for hypoxic exposure
owed to the fact that the proliferative activity of
brain cells peaks by the end of the second prenatal
week and then declines [20–22]. Because within
this lapse there occurs a generation of neocortical,
hippocampal and cerebellar neurons [21],
hypoxic exposure was applied exactly during the
critical period, when these cells are most vulnera�
ble. The choice of postnatal time points for exam�
ining offspring was determined for the following
reasons: day 5—completion of neuroblast migra�
tion, neuritogenesis; day 10—onset of myelin�
ation, maximal blood flow, synaptogenesis; day
30—completion of intense CNS formation [23].
The number of rats in the control and experimen�
tal groups was no less than 6 animals.

At the above time points, animals were decapi�
tated, and the brain was extirpated in the cold
(+4°C). The area matching the cortex, hippocam�
pus and cerebellum was identified according to
the atlas of the rat brain in stereotaxic coordinates

[24]. If a repeated examination was needed, sam�
ples were frozen and stored at –80°C. Tissues of
the brain structures were homogenized in a buffer
containing 0.02 M Tris�HCl, 0.01 M MgCl2 and
0.05 M NaCl and then centrifuged at 100000 g for
10 min. The resulting supernatant was separated
from the sediment and used to assay the activity of
soluble forms of AChE and BChE. Serum samples
were obtained by allowing the blood collected
during rat decapitation to settle for 30 min at 37°C
with subsequent centrifugation at 2500 rpm for
20 min. For a repeated examination, samples
were frozen and stored at –80°C.

Cholinesterase activities were assayed by the
modified Ellman’s method in 96�well plates [25].
As an incubation medium, we used a solution con�
taining 0.025 mL of 0.002 М dithionitrobenzoic
acid (DTNB) dissolved in 0.2 М sodium phosphate
buffer (pH 7.5), 0.0125 mL of an aqueous solution
of 0.01 М reaction substrates: acetylthiocholine
iodide (ATC) or butyrylthiocholine (BTC), and
20–50 μL of fractions containing the enzymes to
be analyzed. The reaction was triggered by adding a
substrate. Samples were kept for 20–30 min at
ambient temperature until the appearance of yel�
low staining; after that, the reaction was stopped by
adding a 3% sodium dodecyl sulfate (SDS) solu�
tion. Each sample was analyzed in triplicate. To
consider the level of endogenous thiols in the sam�
ples, for each of them we prepared parallel control
samples with SDS added in advance (before adding
a substrate), and the resulting values were sub�
tracted from those obtained after a completion of
the enzymatic reaction. AChE activity was assayed
in the presence of the BChE inhibitor etopropazine
hydrochloride (20 μM; Sigma, USA), while BChE
activity was assayed in the presence of the AChE
inhibitor phenylmethylsulfonyl fluoride (25 μM;
Sigma, USA). Staining intensity was measured at
λ = 405 nm. A calibration curve was plotted using
cysteine as a standard. The results are presented as
enzyme specific activity values and expressed in
nmol of substrate/mg of protein/min. The protein
level was quantified by the Bradford protein assay
[26].

Statistical treatment was carried out using the
Statistica for Windows 6.0 software (StatSoft).
Data were tested for the distribution normality
using the Shapiro–Wilk W�test; the uniformity of
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the group dispersions was checked by the Lev�
ene’s test. The significance of intergroup differ�
ences was assessed by the Student’s t�test for two
independent samples. When comparing several
groups, a one�way ANOVA was used, in which a
statistical significance of differences among mean
values of the parameters studied in groups was
evaluated using the F�test; the Bonferroni test was
applied for multiple comparisons. Data were con�
sidered statistically significant at p < 0.05. Results
are presented as M ± SEM.

RESULTS

In control rats, activities of soluble AChE and
BChE forms in the hippocampus, cortex and cer�
ebellum during early ontogenesis differ in their
magnitude and to a certain extent in the dynam�
ics, as evidenced by the data presented in Tables 1
and 2. For instance, on postnatal days 5 and 10,
the highest AChE activity was observed in the
hippocampus, being twice as high on day 10 as on
day 5, while by day 30 it decreased threefold. In
the cerebral cortex, AChE activity on day 10 was
1.8 times higher and on day 30 2 times lower than

on day 5, while in the cerebellum the activity of
soluble AChE gradually increased from days 5 to
30 (Table 1). During the first month of rat pups’
life, BChE activity in all the structures examined
was almost an order of magnitude lower than that
of AChE; changes in activities of both enzymes
shared a similar dynamics, although by day 30
BChE activity in the cortex and cerebellum
remained higher than on day 5 (Table 2). Thus,
activities of soluble AChE and BChE in the cortex
and hippocampus of control animals peak on
postnatal day 10. In 1�month�old pups, AChE
activity either declined in the cortex and hippo�
campus or remained at the same level in the cere�
bellum, while BChE activity in the hippocampus
declined, in the cortex remained at the level
achieved by day 10, and in the cerebellum gradu�
ally rose. A comparison of activities of these
enzymes in the above structures shows that on
days 5 and 10 maximum activities of AChE and
BChE characterize the hippocampus, while on
day 30 activities of both enzymes are higher in the
cerebellum.

In animals that experienced prenatal hypoxia,
cholinesterase activities in all the brain structures

Table 1. Age�related dynamics of the activity of soluble AChE in brain structures after prenatal hypoxia (nmol
substrate/mg protein/min) compared to control values

Brain structure Postnatal day
AChE

Control Hypoxia

Hippocampus 5 12.90 ± 1.25 4.70 ± 0.84^^^

10 24.70 ± 3.80** 9.30 ± 1.40***^^^

30 4.10 ± 0.17*### 5.20 ± 0.40###^^^

F�test 26.1335; p < 0.001 17.4174; p < 0.001

Cortex 5 6.10 ± 1.05 3.10 ± 0.60^^

10 10.80 ± 0.60*** 7.20 ± 0.33***^^^

30 2.60 ± 0.30**### 4.10 ± 0.30###^^

F�test 41.9911; p < 0.001 40.5684; p < 0.001

Cerebellum 5 7.70 ± 0.84 10.20 ± 0.38^^

10 10.10 ± 0.90* 7.40 ± 0.39***^

30 10.20 ± 0.60* 6.70 ± 0.35***^^^

F�test 5.7679; p < 0.05 27.501; p < 0.001

*—р < 0.05; **—р < 0.01; ***—р < 0.001—significance of differences in AChE activity vs. P5.

#—р < 0.05; ##—р < 0.01; ###—р < 0.001—significance of differences in AChE activity vs. P10.

^—р < 0.05; ^^—р < 0.01; ^^^—р < 0.001—significance of differences in AChE activity in hypoxic group vs. control.

The number of rats in each age group was ≥ 6.
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change, indicative of the cholinergic system’s
sensitivity to prenatal hypoxia. We found that the
impact of prenatal hypoxia led to a statistically
significant decrease in the activity of soluble
AChE: in the hippocampus by 2.7 and 2.6 times
and in the cortex by 2 and 1.5 times on days 5 and
10, respectively (Table 1). At the same time, by
the end of the first month of life, in rats that
endured prenatal hypoxia, AChE activity
increased by 1.3 times in the hippocampus and 1.6
times in the cortex as compared to control ani�
mals. In the cerebellum of 5�day�old rat pups,
AChE activity in hypoxic rats was 1.33 times
higher compared to control animals, while on
days 10 and 30, it was 1.4 and 1.5 times lower,
respectively. An analysis of the impact of prenatal
hypoxia on the activity of soluble BChE shows a
different pattern of changes compared to AChE.
For instance, in the cortex, BChE activity was sig�
nificantly higher than in control animals on days 5
and 30, while in the cerebellum, the enzyme
activity was significantly higher (by 1.7 times) on
day 5 only. On day 10, there was only an upward
trend (by 1.14 times), and by day 30, no signifi�
cant changes in BChE activity were observed

between control and experimental rat groups
(Table 2).

Apart from the activity of soluble cholinester�
ases in the brain structures, we also examined the
dynamics of AChE and BChE activities in rat
blood serum on postnatal days 5, 10 and 30
(Table 3). It was revealed that serum AChE activ�
ity is almost twice as high as that of BChE at all
time points studied in this work. In control ani�
mals, AChE activity significantly increased
almost 1.6 times during the first month of life
compared to postnatal day 5, while BChE activity
virtually did not change and remained at the level
of 5�day�old rat pups at all time points. The
AChE activity dynamics in rat pups that experi�
enced prenatal hypoxia was similar to that in con�
trol animals, although by the end of the first
month of life it increased almost 3 times. BChE
activity in hypoxic rats also increased 3 times by
postnatal day 30 and reached the values of this
indicator in control animals in this ontogenetic
period (Table 3). However, prenatal hypoxia led
to decreased activities of both enzymes in the rat
blood serum. For instance, AChE activity on day
5 was 1.7 times and on day 10 1.4 times lower

Table 2. Age�related dynamics of the activity of soluble BChE in brain structures after prenatal hypoxia (nmol
substrate/mg protein/min) compared to control values

Brain structure Postnatal day
BChE 

Control Hypoxia

Hippocampus 5 0.80 ± 0.07 0.60 ± 0.06^^^

10 1.80 ± 0.30** 1.00± 0.20**^^

30 0.80 ± 0.02### 1.10 ± 0.15***^^

F�test 14.3921; p < 0.001 18.3566; p < 0.001

Cortex 5 0.40 ± 0.05 0.60 ± 0.06^^

10 0.81 ± 0.11** 0.87 ± 0.20

30 0.71 ± 0.06* 1.10 ± 0.06**^^

F�test 8.2719; p < 0.01 7.2469; p < 0.01

Cerebellum 5 0.60 ± 0.07 1.01 ± 0.14^^

10 1.40 ± 0.05*** 1.60 ± 0.15

30 1.90 ± 0.07***### 1.90 ± 0.22**

F�test 143.326; p < 0.001 9.2784; p < 0.01

*—р < 0.05; **—р < 0.01; ***—р < 0.001—significance of differences in BChE activity vs. P5.

#—р < 0.05; ##—р < 0.01; ###—р < 0.001—significance of differences in BChE activity vs. P10.

^—р < 0.05; ^^—р < 0.01; ^^^—р < 0.001—significance of differences in BChE activity in hypoxic group vs. control.

The number of rats in each age group was ≥ 6.
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compared to the control, while on day 30 no sig�
nificant differences were detected. Analogous
changes were observed in BChE. On day 5, its
activity was 3 times and on day 10 1.5 times lower,
while on day 30 the enzyme activity level was
indistinguishable from control values.

DISCUSSION

The cholinergic system is one of the major neu�
rotransmitter systems in the mammalian brain. Its
development plays a pivotal role in establishing
cognitive functions. The activity of AChE, a prin�
cipal hydrolytic enzyme that cleaves acetylcho�
line, determines the speed of synaptic
transmission. In addition, AChE is involved in the
formation, growth and establishment of synaptic
contacts [9, 27]. Any changes in the level or activ�
ity of this enzyme, arising during brain morpho�
genesis, can influence learning and memory
formation, as well as the development of the ner�
vous system in general. A possible involvement of
BChE in cholinergic neurotransmission is evi�
denced by data indicating that, in the absence of
the AChE gene, BChE can take over its role in
neurotransmission and also participate in the for�
mation of cognitive functions [18]. In this regard,
the dynamics of changes in cholinesterase activity
during early ontogenesis can reflect the degree of
the enzymes’ involvement in the above�men�
tioned physiological processes.

It is well known that development of neurons
and their axons in the rat brain is most intensive in
the first two weeks of postnatal development,
during which the establishment of cholinergic

synapses intensifies, and that the formation of
neural connections is mostly completed by the
end of the first month. Therefore, the increased
activity of soluble AChE and BChE detected here
in the rat cortex, hippocampus and cerebellum on
postnatal day 10, as well as its decline toward day
30, both in control animals and those that experi�
enced prenatal hypoxia reflect a specific role of
these enzymes in the formation of the brain struc�
tures examined in this study. Our data indicate
that in the rat cerebral cortex and hippocampus
the activity of soluble AChE is the highest on
postnatal day 10, which is the period of most
intense development of neural connections and
synaptic contacts, while by postnatal day 30,
when the intense formation of neural connections
comes to an end, AChE activity in both brain
structures declines sharply. Nevertheless, in the
cerebellum, the activity of soluble AChE by the
end of the first month of life remains at the day 10
level.

The BChE activity dynamics indicates that
BChE and AChE have different functions as we
found no significant changes in BChE activity
during the first month of rat life. We assume that
BChE may play a reserve role, being involved
when required in ACh hydrolysis and breakdown/
removal of toxic compounds from the brain,
which is currently considered to be one of the
major functions of this enzyme [28]. If consider�
ing AChE and BChE as proteins having neuro�
trophic properties, namely involved in
proliferation and development of neurons [9],
then our data are consistent with the ideas on the
role of neurotrophic factors in brain development,

Table 3. Serum AChE and BChE activities during the first postnatal month

Postnatal day
AChE BChE

Control Hypoxia Control Hypoxia

5 0.0044 ± 0.0001 0.0023 ± 0.0004^^^ 0.0030 ± 0.0004 0.0011 ± 0.0005^^^

10 0.0056 ± 0.0004* 0.0040 ± 0.0001***^^ 0.0030 ± 0.0008 0.0020 ± 0.0005^

30 0.0069 ± 0.0003***## 0.0070 ± 0.0030***### 0.0026 ± 0.0002 0.0030 ± 0.0003

F�test 27.541; p < 0.001 91.2195; p < 0.001 2.1537; p > 0.05 2.05382; p > 0.05

*—р < 0.05; **—р < 0.01; ***—р < 0.001—significance of differences in cholinesterase activities vs. P5.

#—р < 0.05; ##—р < 0.01; ###—р < 0.001—significance of differences in cholinesterase activities vs. P10.

^—р < 0.05; ^^—р < 0.01; ^^^—р < 0.001—significance of differences in cholinesterase activities in hypoxic group vs. control.

The number of rats in each age group was ≥ 8.
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according to which nascent neurons are laid in
excess during early ontogenesis competing for tro�
phic factors, and those neurons that do not
receive appropriate trophic support are eliminated
via apoptosis [29, 30]. The data obtained in this
study are also in agreement with those indicating a
higher level of apoptosis in the hippocampus
during the first 7 days of postnatal ontogenesis
[31], since the lowest level of activity of soluble
AChE and BChE, having neurotrophic functions,
in the hippocampus and other brain structures
falls on day 5 of the rat pups’ life. Importantly,
activities of the enzymes in the hippocampus,
cortex and cerebellum are quite different in their
magnitude. The brain structures are well known to
develop heterochronously [32], hence the activity
of AChE and BChE during ontogenesis may vary,
as observed in our experiments, with the activity
of soluble AChE in control animals being the
highest in the hippocampus, as compared to the
cortex and cerebellum, on postnatal days 5 and
10.

As accepted, prenatal hypoxia is one of the
causes of brain malformation and dysfunction
during ontogenesis [33]. Pathological alterations
observed under oxygen deficiency most often
occur exactly in those structures that were exam�
ined in this work (hippocampus, cortex, cerebel�
lum), and this affects the formation of their
cholinergic innervation during postnatal develop�
ment [34–36]. These structures are associated
with organizing animal behavior which includes
motor acts developed at early stages of postnatal
ontogenesis. Moreover, the cerebral cortex and
hippocampus are involved in the formation of
cognitive functions, such as learning and mem�
ory, which actively form in the first month of life
[34, 37]. At the same time, the pattern of impair�
ments in the functional development of the ner�
vous system depends on the period of
embryogenesis, during which the pathological
factors came into action [33, 36, 38]. This is what
determined the choice of prenatal day 14 (E14)
for studying the effect of prenatal hypoxia in this
work because, exactly in this period, large cere�
bellar, cortical and hippocampal neurons begin to
form.

Analysis of the influence of prenatal hypoxia on
the activity of soluble cholinesterases in the brain

structures shows that the pathological effect of
hypoxia at E14 leads to significant changes in
AChE and BChE activities during postnatal onto�
genesis. For instance, the hippocampal activity of
AChE and BChE was lower compared to control
animals on postnatal days 5 and 10. Nevertheless,
by the end of the first month of life, the activity of
soluble forms of both enzymes was higher in ani�
mals exposed to prenatal hypoxia, which may
either represent a compensatory effect or lead to
an increase in ACh breakdown and influence the
formation of synaptic plasticity. Our data on the
altered activity of soluble AChE in the rat cerebral
cortex are in line with the literature data indicat�
ing a reduced activity both of the soluble and
membrane�bound forms of AChE on days 5 and
10 in animals that experienced prenatal hypoxia
[39]. In addition to changes in the cortex, we
revealed a decrease in the activity of soluble
AChE in the cerebellum at all time points of post�
natal life, which also reflects the pattern of influ�
ence of hypoxia on the formation and functions of
this brain structure. Besides coordinating motor
activity, the latter is currently assigned an import�
ant role in many cognitive and emotional pro�
cesses [40]. The changes that we revealed in the
activity of the soluble neurotrophic form of AChE
in the brain structures may not only reflect the
developmental dynamics of the cholinergic sys�
tem, which affect the formation of cognitive and
motor functions in animals, but also lead to mor�
phological abnormalities of nervous tissue [34, 41,
42]. For instance, it is reported in the literature
that prenatal hypoxia at E14 leads to developmen�
tal retardation of the sensorimotor cortex in 5�
day�old rat pups, which reflects itself in the large
volume of intercellular space, insufficient number
of differentiated neurons, as well as in the lack of
mature synapses. In 2�week�old animals the signs
of nerve cell destruction were also observed [43].
On the other hand, increased activity of soluble
AChE in the cortex and hippocampus of hypoxic
rat pups aged 30 days can induce increased hydro�
lysis of ACh, thereby leading to its deficiency and
impaired cognitive functions [44, 45].

Apart from changes revealed in the activity of
soluble AChE during the postnatal ontogenesis of
rats exposed to prenatal hypoxia, we also demon�
strate that in the cortex and cerebellum of these
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animals BChE activity rises compared to control
values. An increase in BChE activity may be due
to the fact that this enzyme is able both to com�
pensate AChE deficiency [18] and to take part in
the degradation of a variety of other substrates by
acting as a serine hydrolase. At present, BChE is
an important therapeutic target in various types of
pathology, and therefore studying its dynamics in
different brain structures and blood serum during
postnatal ontogenesis under normal conditions
and after prenatal stress is of great interest [46].

Analysis of AChE and BChE in rat serum shows
that during early ontogenesis AChE activity is
twice as high as that of BChE and significantly
increases almost one and a half times by the end of
the first month of life, whereas BChE activity
remains practically intact. In rats exposed to pre�
natal hypoxia, the activity of both enzymes on
days 5 and 10 was lower than in the control, which
is comparable with the results obtained for the
brain structures. Nevertheless, on day 30, no sig�
nificant differences between control and hypoxic
animals were already observed. Since peripheral
ACh is involved in the regulation of crucial cellu�
lar functions, such as division, cell–cell interac�
tions, hormone secretion and immunity [47, 48],
serum AChE and BChE activities are essential for
the maintenance of homeostasis and the response
readiness to different types of stress. In this con�
nection, it is noteworthy that the level and activity
of AChE and BChE in blood plasma are widely
used as diagnostic criteria to assess the presence of
brain pathologies, specifically, cognitive disorders
and Alzheimer’s disease [47–49].

CONCLUSION

Thus, prenatal hypoxia on day 14 of embryonic
development in rats evokes statistically significant
changes in the activity of soluble AChE and
BChE forms in the cerebellum, hippocampus and
cerebral cortex, which indicates a malformation
and impaired functioning of their cholinergic sys�
tems. Similar impairments may lead to retarda�
tion in the formation of motor activity and
cognitive functions during early ontogenesis of
animals and humans. A decreased activity of
AChE and BChE in blood serum of rats exposed
to prenatal hypoxia indicates the impairment not

only of the central but also peripheral cholinergic
systems, which may lead to altered homeostasis of
the whole organism. This suggests that levels of
the AChE and BChE activity in blood serum can
be used as markers of the cholinergic system’s
dysfunction in offspring after prenatal hypoxia,
specifically in infants with intrauterine growth
retardation.

FUNDING

This work was implemented within State
assignments AAAA�A18�118012290373�7 and
AAAA�A19�1190212901�1.

COMPLIANCE WITH ETHICAL 
STANDARDS

The authors declare no conflict of interest.
All procedures involving laboratory animals

were carried out in compliance with the require�
ments of the Ethics Committee at the D.O. Ott
Research Institute of Obstetrics, Gynecology and
Reproductology and Sechenov Institute of Evolu�
tionary Physiology and Biochemistry, as well as
the European Communities Council Directive
1986 (86/609/EEC) and “Guide for the Care and
Use of Laboratory Animals”.

This study did not involve humans as research
subjects.

REFERENCES

1. Evsyukova, I.I., Arutyunyan, A.V.,
Dodkhoev, D.S., and Kovalchuk�
Kovalevskaya, O.V., Mechanisms for delaying intra�
uterine development of the central nervous system of
a child with chronic placental insufficiency, Zh.
Akusher. Zhen. Bolez., 2010, vol. 59(4), pp. 39–45.

2. Andreeva, A.A., Evsyukova, I.I., Oparina, T.I.,
and Arutyunyan, A.V., Production of nitric oxide
and the state of central hemodynamics in new�
borns, healthy and undergoing hypoxia, Pediatriya
(Moskva) Zh. Im. G.N. Speranskogo, 2004,
vol. 83(1), pp. 1–5.

3. Gladkikh, O.Yu., Kislyak, G.I., and
Yanchuk, O.Ya., Health indicators in children
with intrauterine growth retardation, Mat. Int.
Cong.n Perinat. Med., Moscow, 2011, p. 71.

4. Moralev, S.N. and Rozengart, E.V., Modern
views on the structure and catalytic properties of



EFFECT OF PRENATAL HYPOXIA ON ACTIVITY OF THE SOLUBLE FORMS

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY   Vol.  56  No. 6  2020

539

vertebral and invertebrate cholinesterases, Zh.
Evol. Biokhim. Fiziol., 1999, vol. 35, pp. 3–14.

5. Grisaru, D., Sternfeld, M., Eldor, A., Glick, D.,
and Soreq, H., Structural roles of acetylcholines�
terase variants in biology and pathology, Eur. J.
Biochem., 1999, vol. 264, pp. 672–686.

6. Soreq, H. and Reed, G.A., Acetylcholinesterase—
new roles for an old actor, Nature Rev. Neurosci.,
2001, vol. 2, pp. 294–302.

7. Small, D.H., Reed, G., Whitefield, B., and Nur�
combe, V., Colinergic regulation of neurite out�
grouth from isolated chick sympathetic neurons in
culture, J. Neurosci., 1995, vol. 15, pp. 144–151.

8. Appleyard, M.E., Noncholinergic functions of
AChE, Biochem. Soc. Trans., 1994, vol. 22,
pp. 749–755.

9. Halliday, A.C. and Greenfield, S.A., From pro�
tein to peptides: spectrum of non�hydrolytic func�
tions of acetylcholinesterase, Protein Pept. Lett.,
2012, vol. 19, pp. 165–172.

10. Adamec, R., Head, D., Soreq, H., and
Blundell, J., The role of the read through variant
of acetylcholinesterase in anxiogenic effects of
predator stress in mice, Behav. Brain Res., 2008,
vol. 189, pp. 180–190.

11. Sáez�Valero, J., González�García, C., and
Ceсa, V., Acetylcholinesterase activity and
molecular isoform distribution are altered after
focal cerebral ischemia, Brain Res. Mol. Brain
Res., 2003, vol. 117, pp. 240–244.

12. Bohnen, N.I., Kaufer, D.I., Hendrickson, R.,
Ivanco, L.S., Lopresti, B.J., Constantine, G.M.,
Mathis, Ch.A., Davis, J.G., Moore, R.Y., and
Dekosky, S.T., Cognitive correlates of cortical
cholinergic denervation in Parkinson’s disease
and parkinsonian dementia, J. Neurol., 2006,
vol. 253, pp. 242–247.

13. Rinne, J.O., Kaasinen, V., Järvenpää, T.,
Nеgren, K., Roivainen, A., Yu, M., Oikonen, V.,
and Kurki, T., Brain acetylcholinesterase activity
in mild cognitive impairment and early Alzhei�
mer’s disease, J. Neurol. Neurosurg. Psychiatry,
2003, vol. 74, pp. 113–115.

14. Bullock, R. and Lane, R., Executive dyscontrol in
dementia, with emphasis on subcortical pathology
and the role of butyrylcholinesterase, Curr. Alzhei�
mer Res., 2007, vol. 4, pp. 277–293.

15. Darvesh, S., Grantham, D.L., and Hopkins, D.A.,
Distribution of butyrylcholinesterase in the human
amygdala and hippocampal formation, J. Comp.
Neurol., 1998, vol. 393, pp. 374–390.

16. Koenigsberger, C., Hammond, P., and
Brimijoin, S., Developmental expression of ace�
tyl� and butyrylcholinesterase in the rat: enzyme

and mRNA levels in embryonic dorsal root gan�
glia, Brain Res., 1998, vol. 787, pp. 248–258.

17. Masson, P. and Lockridge, O., Butyrylcholines�
terase for protection from organophosphorus poi�
sons: catalytic complexities and hysteretic behav�
ior, Arch. Biochem. Biophys., 2010, vol. 494,
pp. 107–120.

18. Li, B., Stribley, J.A., Ticu, A., Xie, W.,
Schopfer, L.M., Hammond, P., Brimijoin, S.,
Hinrichs, S.H., and Lockridge, O., Abundant tis�
sue butyrylcholinesterase and its possible function
in the acetylcholinesterase knockout mouse, J.
Neurochem., 2000, vol. 75(3), pp. 1320–1331.

19. Kilkenny, C., Browne, W.J., Cuthill, I.C., Emer�
son, M., and Altman, D.G., Improving bioscience
research reporting: the ARRIVE Guidelines for
Reporting Animal Research, PLoS Biol., 2010,
vol. 8, e1000412.

20. Dubrovskaya, N.M. and Zhuravin, I.A., Ontoge�
netic features of the behavior of rats undergoing
hypoxia on the 14th or 18th day of embryogenesis,
J. Neurosci. Behav. Physiol., 2008, vol. 58(6),
pp. 718–727.

21. Reznikov, K.Yu., Proliferatsiya kletok mozga poz�
vonochnykh v usloviyakh normal'nogo razvitiya
mozga i pri ego travme (Proliferation of Vertebrate
Brain Cells under Conditions of Normal and
Traumatic Brain Development), Moscow, 1981.

22. Miller, M.W., Effects of prenatal exposure to eth�
anol on neocortical development: II. Cell prolifer�
ation in the ventricular and subventricular zones
of the rat, J. Comp. Neurol., 1989, vol. 287,
pp. 326–338.

23. Yeshchenko, N.D., Putilina, F.E., and
Galkina, O.V., Biokhimiya razvivayushchegosya
mozga, Izbrannye razdely (Biochemistry of the
Developing Brain. Selected Parts), St. Petersburg,
2013.

24. Paxinos, G. and Watson, C., The Rat Brain in Ste�
reotaxic Coordinates, 6th ed., New York, 2007,
p. 456.

25. Ellman, G.L., Courtney, K.D., Andres, V. Jr.,
and Feather�Stone, R.M., A new and rapid colo�
rimetric determination of acetylcholinesterase
activity, Biochem. Pharmacol., 1961, vol. 7,
pp. 88–95.

26. Bradford, M.M., A rapid and sensitive method for
the quantitatitation of microgram quantities of
protein utilizing the principle of protein dye bind�
ing, Anal. Biochem., 1976, vol. 72, pp. 248–254.

27. Sharma, K.V., Koenigsberger, C., Brimijoin, S.,
and Bigbee, J.W., Direct evidence for an adhesive
function in the noncholinergic role of acetylcho�
linesterase in neurite outgrowth, J. Neurosc. Res.,



A. Yu. MOROZOVA et al. 

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY   Vol.  56  No. 6  2020

540

2001, vol. 63, pp. 165–175.
28. Lockridge, O., Review of human butyrylcholinest�

erase structure, function, genetic variants, history
of use in the clinic, and potential therapeutic uses,
Pharmacol. Ther., 2015, vol. 148, pp. 34–46.

29. Purves, D., Snider, W.D., and Voyvodic, J.T.,
Trophic regulation of nerve cell morphology and
innervation in the autonomic nervous system,
Nature, 1988, vol. 336, pp. 123–128.

30. Oppenheim, R.W., Cell death during develop�
ment of the nervous system, Annu. Rev. Neurosci.,
1991, vol. 14, pp. 453–501.

31. White, L.D. and Barone, S. Jr., Qualitative and
quantitative estimates of apoptosis from birth to
senescence in the rat brain, Cell Death Differ.,
2001, vol. 8, pp. 345–356.

32. Gilbert, E.A., Lim, Y.H., Vickaryous, M.K., and
Armstrong, C.L., Heterochronic protein expres�
sion patterns in the developing embryonic chick
cerebellum, Anat. Rec. (Hoboken), 2012, vol. 295,
pp. 1669–1682.

33. Nalivaeva, N.N., Turner, A.J., and
Zhuravin, I.A., Role of prenatal hypoxia in brain
development, cognitive functions and neurode�
generation, Front. Neurosci., 2018, vol. 12, p. 825.

34. Zhuravin, I.A., Tumanova, N.L., and
Vasiliev, D.S., Changes in the adaptive mecha�
nisms of the brain in the ontogenesis of rats sub�
jected to prenatal hypoxia, Dokl. Akad. Nauk,
2009, vol. 425(1), pp. 123–125.

35. Rees, S. and Inder, T., Fetal and neonatal origins
of altered brain development, Early Hum. Dev.,
2005, vol. 81, pp. 753–761.

36. Vasilev, D.S., Dubrovskaya, N.M.,
Tumanova, N.L., and Zhuravin, I.A., Prenatal
hypoxia in different periods of embryogenesis dif�
ferentially affects cell migration, neuronal plas�
ticity and rat behavior in postnatal ontogenesis,
Front. Neurosci., 2016, vol. 10, p. 126.

37. Zhuravin, I.A., Dubrovskaya, N.M., and
Tumanova, N.L., Postnatal physiological devel�
opment of rats after acute prenatal hypoxia, Ross.
Fiziol. Zh. im I.M. Sechenova, 2003, vol. 89,
pp. 522–532.

38. Kassil, V.G., Otellin, V.A., Khozhai, L.I., and
Kostkin, V.B., Critical periods of development of
the global brain, Ross. Fiziol. Zh. im I.M. Seche�
nova, 2000, vol. 86(11), pp. 1418–1425.

39. Kochkina, E.G., Plesneva, S.A., Zhuravin, I.A.,
Turner, A.J., and Nalivaeva, N.N., Effect of
hypoxia on the activity of cholinesterases in the
sensorimotor cortex of rat brain, Zh. Evol. Bio�
khim. Fiziol., 2015, vol. 52, pp. 95–102.

40. Barkhatova, V.P., Neurotransmitter organization
and functional significance of the cerebellum, Ann.
Clin. Exp. Neurol., 2010, vol. 4(3), pp. 44–49.

41. Dubrovskaya, N.M., Nalivaeva, N.N.,
Vasiliev, D.S., Bagrova, D.I., and Zhuravin, I.A.,
Mechanisms of short�term working memory defi�
cit, Short�Term Memory: New Research,
Kalivas, G. and Petralia, S.F., Eds., Nova Science
Publishers. Inc., NY, 2012, vol. 6, pp. 155–173.

42. Zhuravin, I.A., Tumanova, N.L.,
Dubrovskaya, N.M., and Fedoseeva, K.N., Dis�
order in the formation of the old and new cerebral
cortex in changing conditions of embryonal devel�
opment, Zh. Evol. Biokhim. Fiziol., 2003,
vol. 39(6), pp. 608–618.

43. Tumanova, N.L., Vasiliev, D.S., and
Dubrovskaya, N.M., Ultrastructural changes in
the sensorimotor cortex with a lag in the develop�
ment of motor behavior in the early ontogenesis of
rats undergoing prenatal hypoxia, Tsitol., 2018,
vol. 5, pp. 390–397.

44. Hasseimo, M.E., The role of acetylcholine in
learning and memory, Curr. Opin. Neurobiol.,
2006, vol. 16, pp. 710–715.

45. Zhang, Y., Wang, Q., Chen, H., Liu, X., Lv, K.,
Wang, T., Wang, Y., Ji, G., Cao, H., Kan, G.,
Li, Y., and Qu, L., Involvement of cholinergic
disfunction and oxidative damage in the effects of
stimulated weightlessness on learning and memory
in rats, BioMed. Res. Intern. Art, 2018,
ID:2547532.

46. Ha, Z.Y., Mathew, S., and Yeong, K.Y., Butyryl�
cholinesterase: a multifaceted pharmacological
target and tool, Curr. Protein Pept. Sci., 2020,
vol. 21, pp. 99–109.

47. Kawashima, K., Fujii, T., Moriwaki, Y., and Mis�
awa, H., Critical roles of acetylcholine and the
muscarinic and nicotinic acetylcholine receptors
in the regulation of immune function, Life Sci.,
2012, vol. 91, pp.1027–1032.

48. Chen, V.P., Gao, Y., Geng, L., Stout, M.B., Jen�
sen, M.D., and Brimijoin, S., Butyrylcholinester�
ase deficiency promotes adipose tissue growth and
hepatic lipid accumulation in male mice on high�
fat diet, Endocrinol., 2016, vol. 157, pp. 3086–
3095.

49. Zhuravin, I.A., Nalivaeva, N.N., Kozlova, D.I.,
Kochkina, E.G., Fedorova, Ya.B., and
Gavrilova, S.I., The activity of blood serum cho�
linesterases and neprilysin as potential biomarkers
of mildcognitive impairment and Alzheimer’s dis�
ease, Zh. Nevrol. Psikhiatr. Im. S.S. Korsakova,
2015, vol. 115(12), pp. 110–117.


