
Glutamatergic synaptic transmission plays an important
role in the genesis of a variety of pathological processes in the
nervous system, particularly the development of convulsive

states [39, 41, 42, 49, 56]. Convulsions can be evoked by the
intense and/or long-lasting excitatory actions of transmitter on
the postsynaptic glutamate receptors of neurons involved in
the pathological process. Blockade of glutamate receptors
can, correspondingly, prevent or cure convulsive states, while
selective glutamate receptor blockers can be used as pharma-
cological tools for detailed studies of the pathogenesis of con-
vulsive phenomena and for researching anticonvulsive drugs.
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Experiments on mice addressed the link between convulsive syndrome and morphological changes in hip-
pocampal neurons occurring on development of pentylenetetrazole (PTZ) kindling. Kindling was induced by
i.p. PTZ (35 mg/kg) three times a week for one month. By the end of this period, 70% of the mice responded
to administration of PTZ with severe clonic or clonic-tonic seizures. Hippocampal sections (stratum pyrami-
dale, field CA1, Nissl staining) from convulsive mice showed large numbers of altered cells (24.7 ± 2.1%).
Most of these were pyramidal neurons. These hyperchromic neurons had reduced body sizes, loss of turgor,
wrinkling of the cell body, and deformation of dendritic processes. These dark-type changes were present in
2.3 ± 2.1% of neurons in the hippocampus of intact mice and mice resistant to the convulsogenic effect of PTZ
(30% of the population). Immunohistochemical studies demonstrated normal expression of NeuN (Fox3) pro-
tein in all hippocampal cells, including dark hyperchromic neurons. This is evidence that neurons did not die
en masse and were relatively viable. Prophylactic s.c. administration of NMDA receptor blockers (0.5 mg/kg
memantine, 0.1 mg/kg IEM-1921, or 1 mg/kg IEM-1958) decreased the proportion of mice developing PTZ
kindling from 70% to 40%. The proportion of altered neurons in the 60% of mice given NMDA blockers and
not developing PTZ kindling or convulsions in the presence of blockers was 0.1 ± 0.06%, which was the same
as in intact mice. Conversely, the hippocampus of mice demonstrating convulsions despite simultaneous
administration of NMDA blockers showed 24.0 ± 5.6% hyperchromic neurons. These results provide evidence
that pathologically altered neurons appeared after convulsive seizures in animals after PTZ kindling and that
blockade of NMDA glutamate receptors could weaken both the development of convulsive syndrome and the
concomitant morphological changes to hippocampal neurons.
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Many models have now been developed for experi-
mental reproduction of convulsive states induced by various
means (administration of glutamate and its agonists, penty-
lenetetrazole (PTZ, corasol), pilocarpine, electrical stimula-
tion of various parts of the brain, electric shock, etc.). These
models have been used to evaluate the therapeutic and pro-
phylactic effects of test anticonvulsive compounds. Experi-
mental treatments can be used once at relatively high doses
to elicit severe convulsive seizures, which can result in
delayed lethal outcomes. The same treatment, but at thresh-
old or subthreshold intensity, can also be used repeatedly
with quite long intervals. This results in increases in the ani-
mal’s sensitivity to the agent inducing convulsions (kin-
dling). Kindling imitates the state of convulsive readiness
seen in patients during the period preceding a successive
epileptic seizure [22, 41, 42, 44]. PTZ is one of the most
commonly used agents for modeling kindling. The convul-
sive action of this compound is based on its suppressing
action on GABA release, as well as its postsynaptic action
[21, 26, 31]. The excitatory synaptic mechanisms mediated
by activation of glutamate receptors are disinhibited. Exten-
sive data have been obtained on the ability of NMDA-type
receptor antagonists to suppress the development of the
convulsive manifestations of PTZ kindling in mice and rats
[9, 29, 41, 42, 56]. Modeling of PTZ kindling also produces
morphological and histochemical changes to neurons [10,
11, 14, 27, 58]. It is not entirely clear that convulsions are
the direct cause of these changes and that these changes are
always evidence of neuron degeneration and death. The aim
of the present work was to study morphological changes in
mouse hippocampal neurons occurring as a result of PTZ
kindling and the possible correlations between the abilities
of NMDA-type glutamate receptor blockers memantine,
IEM-1921, and IEM-1958 to prevent both the convulsive
manifestations of kindling and the accompanying morpho-
logical changes.

Methods
Studies were performed using white male rats (SHR)

weighing 18–20 g from the Rappolovo supplier. Animals
were kept in the animal house with free access to water and
food. The experimental conditions were standardized and
spread in the results was minimized by performing all
experiments at the same time of day, from 11:00 to 14:00.
PTZ (Sigma, USA) was given at the subthreshold dose of
35 mg/kg i.p. Single doses of PTZ did not elicit any changes
in motor activity or behavior. The same dose was repeated
with intervals of at least 48 h three times a week (for one
month). The effects of sequential doses of PTZ were
assessed in terms of increases in the proportion of animals
developing convulsions (kindling). The nature and intensity
of convulsive reactions were evaluated in points using a
modified Racine scale [50]: 0 – no reaction; 1 – mild twit-
ching of the facial musculature; 2 – individual convulsive
waves propagating along the axis of the trunk; 3 – increased
motor activity with severe myoclonic convulsions without

loss of posture; 4 – generalized clonic-tonic convulsions
during which the animal fell onto its side for short periods
but remained able to recover posture; 5 – tonic convulsions
with marked extension of the tail and limbs. During each
experimental day, convulsion intensity was measured in
four groups of animals (at least 10 in each group): a control
group and three experimental groups.

Animals of the control group initially received s.c.
physiological saline, followed 30 min later by a standard
i.p. dose of PTZ (35 mg/kg). Mice of the experimental
groups received an s.c. standard dose of one of the glutamate
blockers of interest 30 min before PTZ. The volumes of all
solutions given were 0.1 ml/20 g body weight. Throughout
chronic experiments, mice of the three experimental groups
received prophylactic doses of NMDA receptor blockers:
the adamantane derivatives memantine and IEM-1958 or
the phenylcyclohexyl derivative IEM-1921 (n = 51). The
doses of NMDA receptor blockers were identified as opti-
mal in a preliminary study of PTZ kindling in mice (n = 9).
All mice remained alive throughout the observation period
(more than one month).

On the day after the last dose of PTZ, mice were taken
from each group for morphological studies. At the light
microscope level, the Nissl method was used to study ner-
vous tissue from the brains of 46 mice (SHR). The animals’
brains were fixed by vital perfusion using transcardiac
administration of fixative: 4% paraformaldehyde solution
(pH 7.4), with subsequent postfixation with 10% neutral
formalin in 0.1 M phosphate buffer (pH 7.4) [1]. Brains
were then placed in 20% sucrose solution for one day.
Sections of thickness 20 μm were cut on a Leica CM 1510S
cryomicrotome. Nervous tissue from the medial part of the
hippocampal field CA1 was studied using an NU2 micro-
scope (Karl Zeiss, Germany). Images were digitized using
an MTN-413 camera (AOZT Alfa Telekom, Russia). The
program Videotest Master-Morfologiya (VideoTest, Russia)
was used to compare total cell densities and the ratios of the
numbers of normal and altered neurons in mouse hip-
pocampal field CA1. The optical density of altered neurons
was more than twice the optical density of other neurons.
The mean numbers of cells in areas of 984.64 μm2 in the
study groups were compared using Student’s t test and
mean numbers of altered (hyperchromic) neurons were
compared using the Mann–Whitney test run on the free
statistics program Mac Anova 5.05 (University of Minne-
sota School of Statistics). An immunohistochemical method
was used to analyze the numbers of NeuN-positive neurons
in the cortical areas of the brain in mice after administration
of PTZ. The distributions of the neuron marker Fox3
(NeuN), expressed only in living, normally functioning
neurons [45], were analyzed using ab104224 primary anti-
bodies (Abcam, diluted 1:1000) and ab90722 FITC-conju-
gated secondary antibodies (Abcam, 1:200). Animal studies
were performed in compliance with the European
Communities Council Directive #86/609 for the Care of
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Laboratory Animals. Data are presented as mean ± error of
the mean.

Results
Studies of possible correlations between the convulsive

manifestations of PTZ kindling and structural changes to hip-
pocampal neurons used five groups of mice: 1) intact mice;
2) control mice given PTZ to develop kindling; 3) mice given
0.3 mg/kg IEM-1921 + PTZ; 4) mice given 1 mg/kg IEM-
1958 + PTZ; and 5) mice given 0.5 mg/kg memantine + PTZ.

PTZ kindling. In mice of the control group, not given
an NMDA receptor blocker, the first dose of PTZ produced
no convulsive reactions. Only mild twitching of the tips of
the ears and whiskers was seen in a small number of the ani-
mals. Starting from the second dose, some mice (not more
than 1–2 of every 10) showed weak and short-lived clonic
convulsions. As the number of identical doses of PTZ
increased, the proportion of mice demonstrating convulsive
seizures increased to reach a maximum (70%) by dose 11–12
(Fig. 1). The latent periods of onset of seizures decreased
and the nature of the seizures changed. Clonic convulsions
acquired a tonic component, with limb and tail extension,
and some animals lost posture. Thus, clonic-tonic convul-
sions were seen in 6–8 of every 10 animals in the control
group (mean score 3.9 points), 2–4 mice being resistant to
PTZ and not developing convulsions during the whole of
the experiment (mean score 0 points). The total mean score
for all 22 mice of the PTZ kindling control group was 2.7.

Structural changes to pyramidal neurons in hip-
pocampal field CA1. Intact mice. Of each group of mice
obtained from the supplier and not given pharmacological
treatments, 2–3 mice were selected for studies of hip-
pocampal architecture (group 1, total eight animals). Of the
total number of neurons studied (75,647), 882 sections
showed a total of only 0.15% altered neurons with dark
cytoplasm, so-called “dark cells” (Fig. 2, a, b).

Control mice with severe signs of PTZ kindling. A total
of 14 animals were selected from this group for morpholog-
ical study: of these, eight mice developed PTZ kindling and
subthreshold doses of PTZ induced clonic or clonic-tonic
convulsions. Another subgroup consisted of six mice which
were resistant to PTZ and developed no convulsions.
Hippocampal sections from mice developing convulsive
seizures showed severe pathological changes (Fig. 2, c). The
stratum pyramidale of hippocampal field CA1 contained
large numbers of altered neurons (24.7 ± 2.1% of the 29,032
examined), most of which were pyramidal neurons. These
cells stained intensely with basic aniline stains. The follow-
ing changes were seen in these cells: loss of turgor, wrin-
kling, and shrinkage, with deformation of dendritic process-
es. Some cells acquired an extended, narrowed shape. In the
literature, this type of neuron degeneration is termed “dark
type” and the cells are called “dark neurons” [3, 23].

Studies of the subgroup of mice in which did not
develop typical kindling despite systematic administration
of PTZ showed that hyperchromic neurons in hippocampal

sections were present in small numbers (2.3 ± 2.3% of the
14,805 examined) (Fig. 2). This can be evaluated as evi-
dence for a cause-effect relationship between convulsive
episodes and the appearance of hyperchromic neurons. To
answer the question of whether hyperchromia is a sign of
severe degenerative changes and/or neuron death, we car-
ried out an immunohistochemical study of parallel brain
sections from both subgroups of mice, which demonstrated
normal NeuN (Fox3) expression in all hippocampal cells,
including dark, hyperchromic cells (Fig. 2, g). There were
no changes in the total number of cells in hippocampal sec-
tions from mice in which PTZ kindling induced seizures
(85.6 ± 2.6 neurons in the section areas studied) compared
with the same brain areas in intact mice (mean 83.7 ± 4.3
neurons) (p < 0.05). This is evidence that neurons did not
die en masse and remained relatively viable.

Effects of the NMDA receptor blocker IEM-1921 on the
development of PTZ kindling and morphological changes to
mouse brain neurons. Mice received 0.3 mg/kg IEM-1921
30 min before the standard subthreshold dose of PTZ (given
by the same scheme as in control animals) for one month.
This significantly slowed the development of PTZ kindling.
A total of 14 of the 20 mice used in this experiment showed
no convulsions after the first seven PTZ doses, convulsions
gradually appearing from dose 8; stable PTZ kindling was
achieved only by the end of the experiment (12 doses of PTZ
+ IEM-1921). The other six mice lacked signs of convul-
sions to the end of the experiment. The mean convulsion
intensity score in the (PTZ + IEM-1921) group was 0.7, i.e.,
3.9 times lower than in the control group.

The brains of six mice in which convulsions did not
develop throughout the experiment were examined. Hippo-
campal field CA1 in these mice showed no pathological
changes to neurons (0.1 ± 0.6% of the 55,271 cells studied)
(Fig. 2, d). Conversely, others of this set of animals, also
given the combination of PTZ + IEM-1921 (five mice) but
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Fig. 1. Weakening of the development of PTZ kindling in mice exposed to
the NMDA receptor blocker IEM-1921 (0.3 mg/kg). The ordinate shows the
proportions of mice developing convulsions; the abscissa shows sequential
dose numbers (three doses/week).



developing PTZ kindling with a significant delay, showed
not only normal cells, but also neurons with wrinkled and
extended bodies and deformed dendrites, i.e., dark-type alte-
rations, in the stratum pyramidale of hippocampal field CA1.
Altered neurons in these animals accounted 24.0 ± 5.6% of
the total 14,213 pyramidal layer neurons studied in the
medial part of hippocampal field CA1 (Fig. 2, d). Thus,

there were statistically significant differences (p < 0.01) in
the numbers of altered pyramidal neurons between groups
of mice demonstrating convulsions and groups not develop-
ing convulsions (Fig. 3).

Effects of the NMDA receptor blocker IEM-1958 on the
development of PTZ kindling and morphological changes to
mouse brain neurons. Using an analogous scheme, another
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Fig. 2. Structural changes in nervous tissue in hippocampal field CA1 in mice after PTZ kindling. Scale bar: 20 μm. a) The rectangle shows the
study area of hippocampal field CA1; b) intact mice, neurons with normal structural organization; c) at the end of PTZ kindling. Arrows show “dark-
type” altered shrunken, hyperchromic pyramidal neurons with deformed dendritic process; c1 – greater magnification (30 μm); d) effective preven-
tion of the development of PTZ kindling on exposure to 0.3 mg/kg IEM-1921; e) ditto, exposure to 1 mg/kg IEM-1958; f) ditto, exposure to
0.5 mg/kg memantine; g) NeuN-positive neurons with decreased turgor in the pyramidal layer of hippocampal field CA1 in mice after PTZ kindling.



new NMDA-type glutamate receptor blocker, IEM-1958,
was studied, this being an adamantane derivative. IEM-1958
was given at a dose of 1 mg/kg 30 min before the standard
subthreshold dose of PTZ. Five of the eight animals in this
series did not develop PTZ kindling before the experiment
ended. In the remaining three mice, the first convulsive
seizures, of level 2–3 points, appeared after the ninth dose,
i.e., prophylactic administration of the agent was effective.

There were no pathological changes to neurons in hip-
pocampal field CA1 on Nissl-stained brain preparations
from mice given PTZ + IEM-1958 and not developing con-
vulsive seizures (Fig. 2, e). In three mice with delayed onset
of PTZ kindling, the proportion of altered hyperchromic
neurons was increased in hippocampal field CA1, more in
one hemisphere than the other. Comparison of the actions of
IEM-1921 and IEM-1958 identified a difference in the
responses of hippocampal field CA1 neurons: animals
demonstrating convulsions and given IEM-1921 had large
numbers of wrinkled altered neurons (24.0 ± 5.6%), while
brain sections from mice developing convulsions despite
IEM-1958 had fewer altered neurons (6.6 ± 0.9% of the
total 6179 cells examined (Fig. 3).

Effects of the NMDA receptor blocker memantine on the
development of PTZ kindling and morphological changes to
mouse brain neurons. Memantine is the only NMDA-type
glutamate receptor channel blocker approved for clinical use
(mainly for the treatment of Alzheimer’s disease), so it was

used in the present study as a reference agent. Of eight mice
given memantine at a dose of 0.5 mg/kg, five did not develop
convulsions and convulsive seizures, in contrast to parallel
controls, were not seen. On Nissl-stained sections, a small
number of hyperchromic cells (1.7% of the total 3397 cells
examined) was seen in hippocampal field CA1 in only one
animal (Figs. 2, f and 3).

Discussion
The morphological consequences of severe forms of

epilepsy in humans and seen in a variety of experimental
models of convulsions in rodents (rats and mice) have been
the subject of numerous investigations. However, the details
of the pathogenetic pathways which lead from different
types of convulsion to biochemical and structural processes
in brain neurons require systematic elucidation. The main
task of the present study was to identify the link between
convulsive syndrome and morphological changes to hip-
pocampal neurons arising during the development of kin-
dling. Kindling provides a convenient experimental
approach to this task, as the gradual increase in the patho-
logical process allows its sequence and interactions to be fol-
lowed. Our studies employed the PTZ kindling model, i.e.,
the state of increased convulsive readiness arising during
systematic (with intervals of 2–3 days) subthreshold doses
of the GABAergic synaptic transmission blocker PTZ [21,
25, 26]. PTZ kindling is used as a suitable model for assess-
ing the activity of anticonvulsant substances [22, 40–42, 44]
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Fig. 3. Relationship between the number of altered pyramidal neurons to the total number of cells in the stratum
pyramidale of the medial area of hippocampal field CA1 in mice, %. Data are presented as mean ± error of the
mean. Statistically significant differences (p ≤ 0.05) between the following groups are shown: intact mice (controls)
and PTZ (with convulsions); PTZ (with convulsions) and PTZ (without convulsions); control and PTZ + IEM-1921
(with convulsions); PTZ (with convulsions) and PTZ + IEM-1958 (without convulsions); PTZ + IEM-1921 (without
convulsions) and PTZ + IEM-1921 (with convulsions); PTZ (with convulsions) and PTZ + IEM-1958; PTZ (with
convulsions) and memantine.



and detecting convulsion-induced degenerative changes to
brain neurons [30, 54, 57].

The first stage of this study was to investigate the rela-
tionship between the state of kindling and the probability of
detecting pathologically altered neurons in Nissl-stained
mouse brain sections. The criterion for these changes was
the appearance of “dark neurons.” In hippocampal sections
from mice developing PTZ kindling, changes consisted
mainly of intensely staining pyramidal neurons, whose
characteristic features were a reduction in cell body size and
shape, with loss of turgor and deformation of the processes.
We measured the frequency of hyperchromic neurons in
hippocampus of intact mice not subjected to any pharmaco-
logical treatments (0.2 ± 0.04%). In the 70% of control
mice with clear signs of PTZ kindling, hyperchromic neu-
rons accounted for 24.7 ± 2.1% of cells. About 30% of mice
were resistant to PTZ and did not develop seizures through-
out the chronic experiment. The frequency of hyperchromic
neurons in the hippocampus of these mice was the same as
that in the intact control group (2.3 ± 2.3%, p < 0.5). The
overall results provided evidence that dark cells appeared as
a result of convulsive seizures developing in the animals
during the development of PTZ kindling.

Similar “dark-type” changes to neurons have been seen
on morphological analysis of very diverse pathological pro-
cesses in the brain – in ischemia [32, 37], hypoglycemia [15,
16], epilepsy [52], and excessive exposure to excitatory
transmitters [35, 53]. However, current views on the nature
of this phenomenon and even its cause-effect relationship
with the pathology of individual neurons is controversial.
Some investigators even assess the appearance of dark cells
as an artifact evoked by abnormal conditions for storing and
fixing tissues [34]. Nonetheless, use of the appropriate con-
trols and identification in each case of the appropriate signs
of a link between neuron hyperchromicity and the patholog-
ical action allows this criterion to be used for assessing the
intensity of the process.

The next convincing argument supporting this rela-
tionship is provided by the ability of the three NMDA-type
glutamate receptor blockers – memantine, IEM-1921, and
IEM-1958 – to prevent the development not only of the con-
vulsive component of PTZ kindling, but also the appearance
of hyperchromic neurons in the hippocampus. The molecu-
lar mechanism of the interaction of these blockers with glu-
tamate-activated NMDA receptors has been studied in
detail [17–19]. Adamantane derivatives (memantine and
IEM-1958) and a phenylcyclohexyl derivative (IEM-1921)
produce voltage-dependent blockade of the open state of the
NMDA receptor channel [12, 17–20], competing with mag-
nesium ions [36, 46]. These blockers are characterized by
high selectivity in relation to open NMDA-type glutamate
receptor channels [18]. These characteristics of the molecu-
lar mechanism of blockade make them a good tool for
studying the involvement of NMDA receptors in various
physiological and pathological processes.

We have previously reported a comparison of the anti-
convulsant activities of memantine and IEM-1921 using sev-
eral models in experiments in mice: acute convulsive states
induced by intraventricular administration of NMDA or
kainate [7], i.p. administration of PTZ [6] or arecoline [8],
PTZ kindling [9], and in experiments on Krushinskii–Mo-
lodkina rats, which are genetically predisposed to audiogenic
seizures [2, 4, 5]. In the present study, equieffective doses in
the range ED40–ED55 were used to address any possible cor-
relation between the anticonvulsant and neuroprotective
actions of noncompetitive NMDA receptor blockers.

The results of our experiments identified such a corre-
lation. In the control group, systematic administration of
PTZ induced a state of kindling in 70% of the mice, which
was apparent as the occurrence of convulsive responses.
Morphological studies of hippocampal field CA1 sections
from these mice demonstrated a significant number of dark
cells. Preventive administration of NMDA receptor block-
ers decreased the proportion of mice developing PTZ kin-
dling, on average from 70% to 40%. The content of altered
neurons in 60% of the mice of the experimental groups in
which PTZ kindling did not develop was 0.1 ± 0.06%, i.e.,
much the same as that in intact mice. This 60% could
include mice resistant to PTZ in the initial state rather than
as a result of the prophylactic actions of the blockers.
However, the proportion of these mice in the control group
was no more than 40%. In addition, the appearance of con-
vulsive seizures in the experimental groups of mice was sig-
nificantly delayed as compared with controls. Even after
PTZ dose No. 7, none of the mice developed convulsions,
while these occurred in 50% of control animals at this stage
(Fig. 1). These results suggest that blockade of NMDA
receptors can not only slow and weaken the development of
PTZ kindling and, thus, convulsive reactions, but can also
prevent the appearance of dark neurons in the hippocampus.

As regards the cause-effect relationship between con-
vulsions and the phenomenon of dark neurons, contradicto-
ry data have been reported. First is the question of whether
dark cells appear in the rat brain after single doses of 70–80
mg/kg of PTZ, eliciting convulsions [13], or whether dark
cells can only be seen as a result of repeated dosage with
PTZ [14], as there are reports of the brains of animals with
severe convulsive manifestations and the visible absence of
the same [10]. According to the results obtained here, PTZ
kindling in mice, preceding convulsive syndrome, is an
indispensable condition for detecting dark cells in the hip-
pocampus. The divergence in the data may be based on dif-
ferences in the study systems (rats, mice), assessments of
convulsion intensity, and criteria for morphological changes.

It is important to know whether or not these changes in
neuron shape and affinity for aniline stains are obligatory evi-
dence for cell death. This can be tested using a set of neuron
markers [43]. The present studies included analysis of the
distribution of neuron marker Fox3 (NeuN), which is expre-
ssed only in living, normally functioning neurons [38, 45];
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expression of this marker in all hippocampal cells was
found, including in dark, hyperchromic neurons (Fig. 2, c1).
This indicates that dark cells may be the precursors for the
further development of the neuron pathology obligatorily
required for death of the cell. Little is known of the further
fate of dark cells after the occurrence of a pathological focus
in the brain; such data are required for a better understanding
of their nature [28, 35, 47]. Results from complex studies of
the processes of the degeneration of mature neurons and the
proliferation of young neurons in nervous tissue growth areas
have been reported recently [14, 24, 33, 48, 55]. Studies in
this direction may throw light on the general problem of the
cellular mechanisms of epilepsy. Further information on the
role of glutamate in the sequence of processes leading to
damage to brain tissue induced by convulsive syndrome is
also required, especially regarding whether or not glutamate
increases the release of calcium ions in neurons via the
opening of glutamate receptor ion channels.
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