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Abstract—A model of focal seizures with automatisms is being developed on a strain of rats selected for
enhanced pendulum�like movements (PM). At a definitive age, 90% of animals of the PM strain
generate seizures to audiogenic stimulation. In contrast to Krushinsky–Molodkina and GEPR�9
(genetically epilepsy�prone rats) strains, populations of which demonstrate generalized seizures,
PM rats generate a clonic cascade of seizures—the stereotyped jumps reaching a height of 0.5 m at a
speed of one jump per second. The PM strain is a new model of epileptiform responses, and it has not
actually been studied in early ontogeny. To detect prodromal symptoms of epilepsy, we set a goal to
study behavioral and hormonal/metabolic characteristics of the PM model during the early neonatal
period. Wistar rats, the initial strain for selection, served as a control. Prodromal symptoms
experimentally detected the PM strain included such characteristics as a slowdown in locomotor
activity, decreased body and testes weights, an inhibited rise in plasma cholesterol levels on days 10 and
14. PM rats showed a peak shift in circular movements and an increased manifestation of excitable
responses, such as vocalizations and paroxysms. A phase change was detected in the plasma triglyceride
level. Correlation analysis revealed that in male Wistar rats, the testosterone level correlates negatively
with body and testes weights and positively with the blood triglyceride level. By contrast, in PM rats the
same correlations were statistically insignificant. These findings indicate a destabilization of the
development of morphophysiological characters in PM rats compared to the control Wistar strain.
Considering the revealed prodromal symptoms characterizing enhanced pendulum�like hyperkinesis
(retarded developmental rate, phase�shifted circular movements and plasma triglyceride levels, altered
relationships between correlated phenotypic characters), the PM rat strain can be considered as a
model for further investigating the biological basis of epileptiform pathology.
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INTRODUCTION

In studies conducted on human populations,
the signs of a “high alert” of the nervous system

for epileptic disorders have been revealed in
infants. These signs include motor reactions with
clonic, tonic and myoclonic seizures, dysplastic
processes, motor response developmental delays,
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delayed body/organ weight gain [1−3], and meta�
bolic imbalance considered as a comorbid mani�
festation [4−6]. All these deviations indicate early
shifts in neurohormonal and metabolic processes
in the organism and can be considered as markers
of genetically determined epileptic disorders
during early ontogeny.

Focal motor seizures with typical automatisms
represent one of the types of epilepsy. The mecha�
nisms behind this syndrome and its relationship
with the functioning of physiological systems are
normally studied on animal models. V.G. Kolpa�
kov generated two rat models of catatonic
responses: GC (genetic catatonia) strain [7] and
PM strain with pendulum�like movements
[7−10]. In terms of general phenotypic manifesta�
tions, both strains are distinguished by increased
stress responses to external impacts and an associ�
ated reduced birthrate. During selection, the
known adrenal�gonadal antagonism leads to the
fact that stress suppresses sexual activity [11]. The
mechanisms of this early ontogenetic phenome�
non in the PM strain have not been studied.

Animals with pendulum�like (hereinafter pen�
dulum) movements (PM) are characterized by
rhythmic side�to�side rocking of the head and
forebody in the absence of locomotion (Fig. 1).

PM occur not only in mice and rats, but also in
albino rabbits and scorpion hamsters [cited in 10,
12]. In rats selected for an increased amplitude of
PM (PM strain), after the 40th generation, audio�
genic seizures began to develop in 80−90% of
cases, in contrast to the initial (control) Wistar rat
population, in which epileptic seizures were
observed only in 25−30% of animals [13]. To date,
according to our data, unselected Wistar rats and
WAG (Wistar Albino Glaxo) rats with PM
develop seizures in response to audiogenic stimu�
lation in 10% of cases. The facts of differential
susceptibility to audiogenic seizures in different
generations of selection indicate the important
role of genetic variation in selection on behavior
[11]. PM rats demonstrated a shift from a catatonic
to an epileptiform type of responses. Appropriate
deviations in brain levels of neurotransmitters
ensued accordingly [13, 14]. In PM rats, these
deviations proved to be similar to those in Krushin�
sky–Molodkina rats and GEPR�9 (genetically
epilepsy�prone rats) [13]. Currently, the following

facts support the use of inbred rats with PM as a
model of focal motor seizures with typical autom�
atisms. Animals of this strain, in contrast to con�
trol Wistar rats, exhibited 50% of abortive
audiogenic seizures [13, 15], a reduced taurine
level in the hippocampus [14], and a positive cor�
relation between the intensity of seizures and the
duration of postictal catalepsy [15]. It was also
shown that during selection for enhanced PM, the
body weight in sexually mature animals, as well as
the fertility rate and the proportion of missed
females, decreased [15].

The perinatal period of ontogeny is critical for
the formation of the nervous system and the
development of postural/motor responses. In
classic studies, a special focus is laid on the forma�
tion of motor behavior as a spatio�temporal pro�
cess [16−18]. In motor behavior, researchers
identify its constituent components, analyze their
appearance, frequency, and degree of manifesta�
tion. These behavioral components include head
movements, trunk turns, locomotion, upright
rearings, grooming. Based on a detailed analysis
of motor behavior, 4 critical points in neonatal
development were identified: day 1 (head move�
ments and crawling), day 7 (maturation of the
corticospinal tract), day 10 (standing on four legs
and quadrupedal locomotion), day 14 (opening of
the ears and eyes, forming of the range of vision)
[16−18].

The rat reproductive system develops in the
neonatal period. A key challenge is to elucidate
the physiological mechanisms that underlie the
transformation of reproductive function due to
behavioral selection, because the very existence of
a species and its evolution depend on the success�
ful reproduction of healthy offspring. A compara�

Fig. 1. A diagram of pendulum�like movements in rats.
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tive analysis of morphological and hormonal
indicators of testis development in early ontogeny
allows identification of those deviations in PM
rats that could be used as predictors of decreased
fertility in this experimental strain as compared to
control Wistar rats. Testosterone, which is synthe�
sized in testicular Leydig cells, affects the devel�
opment and accumulation of the musculoskeletal
mass [19], regulation of spermatogenesis and sex�
ual behavior [20]; it interacts with lipids, such as
cholesterol and triglycerides [21, 22]. Lipids play
a polyfunctional role in ontogeny: they make up
an energy reserve for a developing organism, sta�
bilize cell membranes, serve as precursors of bio�
logically active substances, corticosteroid and sex
hormones.

PM rats with 95% frequency of a stereotyped
hyperkinesis in the form of pendulum�like move�
ments is a new inbred strain. Animals of this strain
have not actually been examined in early ontog�
eny. The goal of this work was to study the devel�
opment of motor responses and to characterize
morphological and hormonal functions of the

gonadal system and lipid metabolism at critical
points of early ontogeny in PM rats. An additional
task was to carry out a comparative analysis of the
data to be obtained in the present work and those
for GC rats, which represent a model of the cata�
tonic type of responses. Such a comparison will
enable the determination of the origin mecha�
nisms of epileptiform responses in PM rats, as
well as the identification of the predictive signs of
epilepsy in PM rats at the definitive age.

MATERIALS AND METHODS

Animals. Experiments were carried out on
inbred PM rats (n = 116) and outbred Wistar rats
(n = 126), a total of 242 animals. Rats were kept
under standard vivarium conditions with a free
access to food and water. All experimental proce�
dures complied with the rules and regulations for�
mulated in the EU Council Directive 1986 (86/
609/EEC) and the Declaration of Helsinki on the
protection of vertebrate animals used in experi�
mental research.

Experimental algorithm.

Part I: testing the activity of motor subsystems and pinch�induced catalepsy.

 Recording 1 2 4 6 8 10 12 14 days

 of rats number 1 7 10 14 days

Part II: blood collection, body and testis weighing, biochemical analysis.

To obtain offspring of the required age, males
were mated to females in the PM and Wistar
strains. In the last week of gestation, females were
placed into individual cages, and the day of birth
was considered as the first day of rat pups’ life.
The number of rat pups was recorded at birth in
each litter. Immediately before decapitation,
males were weighed, while after decapitation,
blood was collected and the testes were excised
and weighed.

Test for the activity of motor subsystems
[16−18]. Testing was carried out on an open plat�
form (20 × 30 cm) heated to 30−35°C; the tem�
perature was maintained at the level of a nest
temperature. Rat behavior was recorded on a
Panasonic video camera for 1 min. The rat pup

was taken by the skin of the dorsal part of the neck
and placed in the middle of the platform with its
tail toward the experimenter. The following
parameters were recorded: the number of head
motor responses, circular movements, pseudo�
swimming movements and locomotions, as well
as immobility time (s). Each pup was tested no
more than 3 times out of 14 days.

Test for pinch�induced catalepsy [23]. Pinch�
induced catalepsy was tested in 2�week�old rat
pups by raising them slightly by the skin of the
dorsal part of the neck. The following parameters
were recorded: immobility time (s), number of
paroxysms, vocalization time and eyes�closed
time (s). Rat behavior was recorded on a Panaso�
nic video camera for 2 min.
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Measurement of serum testosterone in testicular
homogenates was performed as described previ�
ously [24, 25]. In brief, peripheral blood was cen�
trifuged at 3000 rpm and 4°C for 20 min. Both
testes were homogenized in 500 μL of phosphate
buffer and centrifuged, while the supernatant was
stored at −40°C. Serum testosterone in testicular
homogenates was assayed using Steroid IEA�tes�
tosterone�01 kits (Alkor Bio, St. Petersburg, Rus�
sia) according to a manufacturer’s instruction.
The range of testosterone concentrations was
0.2−50 nmol/L, sensitivity 0.2 nmol/L. Serum
testosterone concentration was expressed in
nmol/L.

Measurements of lipid metabolism parameters
were performed as described elsewhere [25]. Total
cholesterol (TCh) and triglyceride (TG) levels
were determined by the enzymatic colorimetric
method on a tablet modification using standard
Vector Best kits (Novosibirsk, Russia) according to
the instruction attached. The range of concentra�
tions was 0.2−50 nmol/L, sensitivity 0.2 nmol/L.

Statistics. The obtained data were processed
using STATISTICA 10.0. In tables and figures,
data are presented as mean ± SEM. When com�
paring the PM and Wistar strains, two�way
ANOVA was used (genotype and age factors).
Data for discrete time points (1, 7, 10, 14 days)
were compared by the LSD post hoc test. Differ�
ences were considered statistically significant at
p < 0.05. Coefficients of correlation (R) among
the parameters of body and testes weights, testos�
terone, cholesterol and triglyceride levels were
calculated using the Correlation Matrices com�
puter program.

RESULTS

A reduced fertility was recorded in the PM
strain (30 broods) compared to Wistar rats (20 lit�
ters): 7.0 ± 0.5 and 10.6 ± 0.9 pups per litters (p <
0.001), respectively.

Behavioral tests. Wistar and PM rats differed in
the test for the activity of motor subsystems. The
main parameters of this test were head move�
ments, circular and pseudo�swimming move�
ments, locomotion, and freezing (Table 1; Figs. 2,
3). Movements were considered pseudo�swim�
ming, when pups moved in a crawling manner

without lifting their abdomens from the platform,
thus resembling true swimming movements. Par�
ticular attention was paid to neonatal day 1. Rat
pups are born with eyes and ears closed, hence
with limited abilities to perceive sensory informa�
tion, and therefore the influence of the genotype
factor can be tracked most clearly because of the
absence of mature visual and auditory receptors
when perceiving external stimuli. The results of
testing are shown in Table 1.

The number of circular movements in the Wis�
tar and PM strain was influenced by the genotype
factor (F(5, 256)= 4.62; p < 0.001). The pups dif�
fered during 2 weeks of testing in the dynamics of
circular movement: the peak in Wistar rats fell on
day 8, while in MD rats it was on day 10.

The parameter of locomotor activity was influ�
enced by the genotype factor (F(5, 237) = 25.45;
p < 0.001) in both rat strains. This influence was

Table 1. Motor responses in Wistar and PM rat pups
on the first day of life

Parameters Wistar (24) PM (18)

Head movements (n) 2.92 ± 0.45 1.00 ± 0.28**

Circular movements (n) 1.56 ± 0.24 1.21 ± 0.20

Pseudo�swimming move�
ments (n)

0.88 ± 0.22 0.16 ± 0.12**

Immobility time (s) 41.8 ± 5.3 52.4 ± 2.0#

Total activity (n) 5.00 ± 0.64 1.72 ± 0.29***

** p < 0.01, *** p < 0.001—differences, # p < 0.09—trend in
differences between Wistar and PM rats, as determined by
the LSD post hoc test, n—number of acts.

Fig. 2. Circular movements in Wistar and PM rats. Differ�
ences are significant for the influence of the genotype factor:
F(5, 256) = 4.62; p < 0.001.
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reflected in the retardation of the locomotor
activity growth rate in PM strain compared to
Wistar rats on days 12 and 14.

Test for pinch�induced catalepsy at the age of
2 weeks [23]. Data on pinch�induced catalepsy
test differed in the Wistar and PM strains
(Table 1). The parameters divided into “positive”
and “negative”. The positive parameters, reflect�
ing the excitability of the nervous system,
included the increased number of paroxysms and
the vocalization time. In both these parameters,
PM rats were superior to Wistar rats. The eyes�
closed parameter reflects a trans�like (dopey)
condition characteristic of cataleptic responses
[26]. Altogether, in terms of the negative parame�
ters, such as the immobility time (Tables 1, 2) and
the duration of the eyes�closed period, PM ani�
mals showed significant differences compared to
the initial Wistar strain. Overall, catatonic traits,
both positive and negative, can be tracked in the
PM strain.

Morphological parameters. The inter�strain
body weight parameters proved to be under the

influence of the factors of genotype (F(1, 58) = 5.0;
p < 0.03) and age (F(3, 58) = 104.1; p = 0.0000)
(see Fig. 4). As a result, body weight gain in PM
rats was progressively decreasing at the critical
developmental points, on days 7, 10 and 14.

The testes weight was changing in a similar way.
The influence of genotype (F(1, 58) = 60.3; p <
0.000) and age (F(3, 58) = 385.9; p < 0.000) was
noted. Figure 5a shows that in terms of the testes
weight, PM rats significantly lagged behind Wistar
rats, beginning from day 10, and the difference
between the testes weight in rats of different
strains increased by day 14. However, the testes
weight to body weight ratio was significantly
higher in PM rats compared to Wistar rats at all
four time points (Fig. 5b). These data indicate the
presence of dysplastic signs and the destabiliza�
tion effect during selection for enhanced pendu�
lum movements in the inbred PM strain.

Hormonal and lipid parameters. The effect of
the genotype (F(1, 58) = 7.37; p < 0.01) and age
(F(3, 58) = 54.3; p < 0.000) factors on cholesterol
level was found (Fig. 6a). In contrast, the plasma
triglyceride level was unaffected by these factors,
although two�way ANOVA revealed a significant
influence of the interaction of the genotype
(F(3, 58) = 6.2; p < 0.001) and age (F(3, 58) = 54.3;
p < 0.000) factors, depending on the critical point
of the neonatal period (Fig. 6b).

In terms of the plasma and testicular testoster�
one levels, no differences were found between
Wistar and PM rats: F(1, 58) = 1.6; p > 0.05 and
F(1, 58) = 1.0; p > 0.05, respectively.

Fig. 3. Locomotor activity in Wistar and PM rats. Differ�
ences are significant for the influence of the genotype factor:
F(5, 237) = 25.45; p < 0.001.

Table 2. Test for pinch�induced catalepsy in Wistar
and PM rats aged 2 weeks

Parameters Wistar (35) PM (33)
Immobility time (s) 63.6 ± 2.4 72.8 ± 3.2*
Number of paroxysms (n) 0.5 ± 0.1 1.9 ± 0.3**
Vocalization time (s) 2.0 ± 0.5 7.8 ± 1.3***
Eyes�closed time (s) 29.7 ± 2.7 47.9 ± 5.3**

* p < 0.05, ** p < 0.01, *** p < 0.001—significant differences
between Wistar and PM rats, as determined by the LSD post
hoc test, n—number of tests.

Fig. 4. Body weight in Wistar and PM rats. Differences are
significant for the factors of genotype F(1, 58) = 5.0; p < 0.03
and age (F(3, 58) = 104.1; p < 0.000).
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Correlation analysis included the following
parameters: body and testes weights, plasma and
testicular testosterone levels, plasma cholesterol
and triglyceride levels. The correlation coefficient
was denoted as R. The highest values in both
strains, R = 0.72 and R = 0.64, were established
between the cholesterol level and body and testicu�
lar weights, respectively. A maximum number of
significant correlations was revealed in the rela�
tionship between the plasma testosterone level and
the above parameters in Wistar rats, but not for the
testicular level of this hormone (Fig. 7). These
parameters, showing a significant R with the
plasma testosterone level in Wistar rats, included
positive (Rtesticular testosterone = 0.44, Rtriglycerides =
0.56) and negative (Rbody weight = −0.38;
Rtestes weight = −0.48) correlations. For the PM

strain, correlation coefficients between the plasma
testosterone level and the above parameters showed
low and nonsignificant values: Rcholesterol = 0.11,
Rtriglycerides = 0.01, Rbody weight = −0.06;
Rtestes weight = −0.21. The latter facts indicate the
effect of destabilization of organismic systems,
which resulted from the selection for enhanced
hyperkinesis in the PM rat strain.

DISCUSSION

In the present work, we tracked the develop�
ment of some phenotypic characteristics of PM
rats in the neonatal period, which became predic�
tors of epileptiform responses in animals at a
definitive age. These responses were divided into
“negative” and “positive” indices. The “nega�

Fig. 5. Testes weight (a) and relative testes weight index (b) in Wistar and PM rats. Differences are significant for the influence
of the genotype (F(1, 58) = 60.3; p < 0.000) and age (F(3, 58) = 385.9; p < 0.000) factors. * p < 0.05, ** p < 0.01, *** p < 0.001—
differences are significant according to LSD post hoc test.

Fig. 6. Plasma levels of cholesterol (a) and triglycerides (b) in Wistar and PM rats. Differences are significant for the influence
of the genotype factor (a): F(1, 58) = 7.37; p < 0.01 and the genotype�age relationship (b): F(3, 58) = 6.2; p < 0.001. * p < 0.05, **
p < 0.01, *** p < 0.001—significant differences and # p = 0.07—trend according to LSD post hoc test.
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tive” indices included those that were delayed in
ontogeny or showed inhibited manifestations.
These parameters reflect the rate of genetic varia�
tion and, as a result, can lead to the appearance of
pathological signs in the PM line. These signs
included a delayed development of locomotor
responses, increased immobility, a longer eyes�
closed period of time, a shift in circular move�
ments, a lag in body weight gain, a slower choles�
terol elevation in PM rats compared to control.
Those signs that had the property of increased
excitability were considered “positive”. These are
a larger number of stereotypic paroxysms and a
longer period of vocalization. Both categories of
signs, negative and positive, are observed to a
large extent in PM rats and show catatonic mani�
festations in the PM strain.

It was important for us to compare the pheno�
typic traits in the PM and GC strains, which was
an additional task in this study. At the early stages
of selection, the responses of animals with PM
were referred by researchers to a catatonic type of
response, because these animals were character�
ized by pendulum hyperkinesis not accompanied
by locomotions [27–29]. However, after the
40th generation of selection, in rats with PM, the
proportion of audiogenic seizures sharply
increased (up to 83%) [13]. The authors of PM
strain selection began to classify the responses of
animals as epileptiform. If at the first stages of PM
strain selection a positive correlation was shown
between PM and spontaneous catalepsy, then at
the last stages, the correlation turned out to be

negative and shaped as an inverted letter U [9].
Currently, GC (genetic catatonia) rats do not
generate PM, while PM rats show audiogenic sei�
zures in 90% of cases.

The results of a comparative phenotypic analy�
sis of PM and GC strains at a definitive age, bred
from the same Wistar population and kept under
the same conditions at the vivarium of the Insti�
tute of Cytology and Genetics (Novosibirsk),
showed the following. Both of these rat strains are
supposed to be a model of a catatonic type of
response [9, 27–30]. Between the catatonia
model (GC strain) and the epilepsy model
(PM strain), there are multidirectional deviations
in phenotypic characteristics. The list of the
oppositely directed parameters included audio�
genic seizures [15, 31], the number of stereotypes
[9, 32, 33], startle reflex [9, 15, 31], blood pres�
sure level [15, 33], spontaneous catalepsy [7, 15,
31]. Similar characteristics were found in animals
of the GC and PM strains. They manifest them�
selves in responses of increased excitability in dif�
ferent test situations. These are epileptiform
responses revealed in GC rats by EEG [34],
aggression toward humans [29, 35], impulsivity
and reduced fertility [36, 37], lower body weight
[15, 31]. All the above characteristics, both antag�
onistic and alike, are observed in epileptic people
[38–40].

In the present work, we studied phenotypic
characteristics of rats with PM in the neonatal
period, and revealed a number of similarities with
the GC strain. During this ontogenetic period,

Fig. 7. Testosterone levels in blood plasma (a) and testes (b) in Wistar and PM rats. Differences are nonsignificant for the
influence of the genotype factor (a): F(1, 58) = 1.69; p < 0.02) and (b): F(1, 58) = 1.0; p < 0.02), respectively.
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rats of both strains demonstrated an increase in
the immobility time, a decrease in locomotor
responses, and a decrease in the birth rate [15,
31]. A distinctive behavioral feature revealed on
the GC model during early ontogenesis were such
predictors of catatonic behavior as dyskinetic
movements and asymmetric postures [41], which
was not shown on the PM model.

When addressing the shifts in the hormonal/
metabolic system, we can see that the endopheno�
types of the GC and PM strains developed in dif�
ferent directions. The total plasma cholesterol
index showed multidirectional deviations in GC
[36] and PM rats (reported in this article) as com�
pared to the control.

In the neonatal period, there occurs male sex�
ual differentiation; during this period, neurose�
cretory hypothalamic centers, forward and
backward connections in the hypothalamic�pitu�
itary�testicular system are formed [42, 43]. In rats,
under normal conditions, the blood level of ste�
roid sex hormones (including testosterone) drops
by the end of this period due to a decrease in their
secretion in testicular Leydig cells and a replace�
ment of the embryonic cell by a definitive one.
The general trend in the plasma testosterone
dynamics in Wistar and PM rats proved to be
downward by the end of the neonatal period. Pre�
viously, it was established that the testosterone
peak shifts to a later time in GC males compared
to Wistar males at an early age [36], whereas in
PM rats, differences in testosterone levels were
found neither in blood plasma nor in testicular
Leydig cells. A change in the level and production
of testosterone in the developing male organism
leads to subsequent changes in metabolism,
decreased muscular and physical strength, and
reduced sexual function in adults [44–46].

Nevertheless, in PM rats, by the results of cor�
relation analysis in the neonatal period, a destabi�
lizing effect of testosterone was revealed. The
blood level of this androgen in PM rats does not
correlate with such parameters as cholesterol and
triglyceride levels, as well as a testicular weight. In
the same experiment, significant correlative levels
were established in Wistar rats for all of the above
parameters, indicating the integratedness of the
endocrine system in animals of the initial (Wistar)
strain. The fact of destabilization of morphophys�

iological parameters was also confirmed in adult
PM rats compared to animals from the Wistar
population [15].

At the time of writing this article, we tested out�
bred Wistar and WAG (Wistar Albino Glaxo) rats
with stereotyped head shaking to identify seizures,
and obtained a total of 10% of audiogenic seizures
in these strains. In the group of unselected
rodents, the amplitude of head and shoulder gir�
dle shaking was 0.5 cm in both directions. At the
same time, in rats of the selected PM group, the
amplitude of pendulum�like movements reached
up to 4 cm in both directions. Previous studies
showed an increase in the frequency of seizures
during selection for enhanced PM in this strain
from 41% (in the 5th generation) to 91% (in the
23rd generation) [9, 13, 30, 31]. Thus, by the
50th generation of selection, a new endopheno�
type with an altered hormonal and metabolic basis
formed in PM rats. To its prodromal characteris�
tics, we referred such parameters as a slowdown in
the growth rate of locomotions and in body and
testis weight gain, delayed appearance of circular
movements, the greater manifestation of excitable
reactions (vocalizations and paroxysms), a
decrease in cholesterol levels, a disruption of cor�
relations between the plasma testosterone level
and morpho�lipid parameters. The selection of
animals for an increase in the amplitude of PM
led from the catatonic signs (immobility and ste�
reotypes) to an enhancement of epileptiform
responses in adults. The prodromal abnormalities
revealed in the neonatal period are nonspecific
and represent a basis for the appearance of pendu�
lum�like movements in the prepubertal and defin�
itive developmental periods. In the future, it is
planned to influence these signs, including by
pharmacological methods, to decrease the risk of
epileptiform pathology.
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