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Abstract:Valproate (VPA) is a widely used antiepileptic drug. A serious neurological-outcome defined as val-
proate encephalopathy (VE) may rarely occur during VPA therapy. Structural abnormalities within neurons are
postulated as one of the reasons for VE. The aim of this study was to assess the ultrastructure of neurons in the
hippocampal cortex during the course of chronic application of VPA to rats. VPA was chronically administered
to rats, intragastrically, once daily at a dose of 200 mg/kg b.w. for 1, 3, 6, 9 and 12 months. The samples of
hippocampal cortex, after routine laboratory preparation, were examined by electron microscopy. The drug
induced pronounced ultrastructural changes in the population of pyramidal neurons within the hippocampal
cortex after 9 and 12 months of VPA administration. The most expressed abnormalities were observed within
the mitochondria and manifested by fragmentation of crests and almost complete disappearance of intramito-
chondrial granules. Mitochondria of numerous neurons resembled large vacuolar structures. Widening, short-
ening and irregular distribution of rough endoplasmic reticulum was also found. A characteristic feature of
damaged neurocytes in the last two phases of the experiment was the disintegration of nuclear chromatin and
the presence of numerous lipofuscin deposits within hyaloplasm. These cells assumed the look of “dark neu-
rons” and presented the ultrastructural features of apoptosis and necrosis. Our results indicate that long-term
VPA administration to rats leads to aponecrosis of hippocampal neurons. (Folia Histochemica et Cytobiologica
2013, Vol. 51, No. 1, 31–37)
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Introduction

Valproic acid (VPA, 2-propylvaleric acid) and its de-
rivate, valproate, are commonly used antiepileptic
drugs with a high effectiveness in seizure control [1].
Additionally, VPA is widely used as a mood-stabiliz-
er in bipolar disorder [2], in the treatment of schizo-
phrenia [3], neuropathic pain [4] as well as migraine
headache prophylaxis [5]. Due to its beneficial activ-
ity in reducing the incidence of both generalized and
partial seizures in adults and children, the drug be-
longs to the so called “first-line” anticonvulsive agents

and belongs to the most often prescribed antiepilep-
tic drugs. VPA is generally considered a safe and well-
tolerated drug, especially when compared with older
antiepileptic agents such as phenobarbital and pheny-
toin. Adverse effects associated with the drug are usu-
ally mild and transient. Gastrointestinal disturbanc-
es (nausea, dyspepsia), weight gain, tremor, hair loss
and elevation of liver enzyme activity are commonly
reported [1, 6]. On the other hand, rare but serious
complications such as encephalopathy [7], parkin-
sonism and a progressive dementia-like syndrome [8,
9] may occur in the course of VPA-treatment.

Valproate encephalopathy (VE) is a serious neu-
rological-outcome associated with long-term VPA ap-
plication. In contrast to VPA intoxication, which is
closely connected with a toxic concentration of the
drug in blood serum, VE can occur even if VPA se-
rum-concentration is within a therapeutic range [10].
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The clinical picture of VE is complex and shares ele-
ments of various neurological symptoms, originating
mainly from cerebellum (ataxia, nystagmus), the ex-
trapyramidal system (tremor, parkinsonism) and hip-
pocampus (memory disturbances, dementia-like syn-
drome). The exact pathomechanism of VE still re-
mains not fully elucidated. VE is frequently accom-
panied by hyperammonemia without signs of liver
failure. Hyperammonemia has been regarded as one
of the most important causative factors of VE [7, 11].
However, in many patients with clinical features of
VE, the ammonia serum level was only slightly ele-
vated or normal [12, 13]. Thus, elevated serum am-
monia cannot fully explain the encephalopathic ef-
fect of VPA. Based on these observations, VE might
be rather of multi-factorial origin than only second-
ary to hyperammonemia. The adverse effects of VPA,
including VE, have been investigated carefully by
neuropharmacologists, however, neuropathologic in-
vestigations, are extremely scarce. Therefore, the ba-
sic aim of this study was to assess the ultrastructure
of neurons in the cortex of the hippocampal gyrus
during the course of chronic application of VPA. This
study is a continuation of earlier investigations per-
formed in our research center. It supplements our
previously reported ultrastructural investigations of
the other brain regions in the same model of chronic
experimental VE [14–18].

Material and methods

Two groups of three-month-old male Wistar rats of an ini-
tial body mass of 160–180 g, preselected according to stan-
dard pharmacological screening tests, were used in the ex-
periment. The animals were kept in a well-lit room at 18–
–20°C and fed standard granulated rat chow and tap water.
All procedures were carried out in strict accordance with
the Helsinki Convention guidelines for the care and use of
laboratory animals. The study was approved by the Ethical
Committee of the Medical University of Bialystok.

Group I consisted of 30 rats receiving sodium valproate
(Vupral, Polfa) once daily in a fasting state through an in-
tragastric tube, at the effective dose of 200 mg/kg b.w. for 1,
3, 6, 9 and 12 months (six animals in each subgroup).

Group II contained 10 control animals matched in re-
spect to age with the experimental animals, receiving phys-
iological saline in the same way as the group I rats treated
with VPA. All rats were weighed every two weeks to verify
the effectiveness of VPA in the group I. Serum concentra-
tions of VPA in group I were measured by gas chromatog-
raphy and ranged between 60 and 135 mg /mL (mean 111.33
mg/mL; SD 21.61).

In the final stage of the experiment, 24 h after the ter-
mination of VPA administration, the animals were sacri-

ficed under Nembutal anesthesia using a dose of 25 mg/kg
b.w. by intravital intracardiac perfusion with 2.5% glutaral-
dehyde in 0.1 M cacodylate buffer, pH 7.4, at a constant
pressure of 80mmHg. Small tissue blocks (1 mm3 volume)
were taken from the gyrus hippocampal cortex (using
a magnifying glass), fixed in 3.6% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4) for 2.5 h and washed in the same
buffer for 18 h. They were then postfixed in 2% osmium
tetroxide in 0.1 M cocodylate buffer (pH 7.4) for 1 h. Sub-
sequently, the material, after dehydration in ethanol and
propylene oxide, was embedded in Epon 812. Ultra-thin
sections were double contrasted with 2% uranyl acetate and
lead citrate, and examined under an OPTON 900 PC trans-
mission electron microscope (Zeiss, Oberkochen, Germa-
ny) [14, 15]. The material obtained from the hippocampal
cortex of the control group was processed using the same
techniques as for the VPA-receiving rats.

Results

The first ultrastructural abnormalities within the pop-
ulation of hippocampal neurons were observed after
6 months of valproate administration. In this group,
perikarya of only few neurons were slightly or mod-
erately enlarged and swollen. Structural abnormali-
ties related to the mitochondria and granular (rough)
endoplasmic reticulum (RER). Some mitochondria
were enlarged and showed rarefaction of the matrix
and partial loss of cristae. Quite frequently, the gran-
ular endoplasmic reticulum of the perikarya had ir-
regularly arranged channels, which were dilated and
shortened (Figure 1).

After 9 and 12 months of VPA administration
prominent ultrastructural changes were observed in
the perikarya of hippocampal neurons as well as their
dendritic processes. Usually, pathological changes
within the perikarya were more prominently expressed
than in dendrites. Two types of neuronal injury were
found. The cells were either enlarged and swollen or
contracted with cytoplasm showing increased electron
density. The ultrastructure of these cells correspond-
ed with aponecrotic dark neurons. Sometimes, both
types of neurons adhered to one another (Figure 2).

Electron microscopic examination of the hippoc-
ampal neurons revealed the most prominent abnor-
malities within mitochondria. The mitochondria of
the damaged neurons exhibited features of regressive
changes of differing severity. Often, these organelles
would group in the peripheral areas of the hyaloplasm
(Figures 2, 3). Mitochondrial damage was manifest-
ed by fragmentation of crests, including their break-
down, as well as almost complete disappearance of
intramitochondrial granules. Sometimes mitochon-
dria resembled large electron-translucent vacuoles
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(Figures 3, 4). It should be noted that pathological
features were not found in all mitochondria, since
some preserved normal ultrastructure (Figure 5).

A high degree of abnormalities were also observed
within the granular endoplasmic reticulum. In com-

parison with rats subjected to shorter periods of VPA
exposure, which neurons contained reticulum chan-
nels forming regular parallel formations, in rats with
long exposure to VPA the RER channels were usual-
ly characterized by a significant widening, shortening

Figure 1. Perinuclear zone of the pyramidal neuron in
hippocampus. Nuclear membrane with deep protrusion
toward nucleoplasm, large nucleolus. Some swollen
mitochondria (M) of a deserted matrix with focal break-
down of the mitochondrial crests, shortened channels of
granular endoplasmic reticulum (>). After 6 months of
VPA administration. Original magnification 7 000 ×

Figure 2. Adjacent perikarya of two neurons. One appears
as a dark neuron and shows marked disintegration of
karyoplasm and cytoplasm; cluster of swollen mitochondria
inside the cytoplasm; G-Golgi apparatus. The other
neuron’s perikaryon (on the left) is swollen; intracellular
organelles are quite well preserved. Lipofuscin deposits are
visible. 9 months of VPA administration. 4400 ×

Figure 3. Fragment of perikarya of pyramidal neuron
containing massively swollen mitochondria (M) and large
cluster of lipofuscin granules. Channels of granular
endoplasmic reticulum (ger) with a fairly well-preserved
structure are chaotically scattered throughout the cyto-
plasm. Numerous polysomes and free ribosomes,
G - Golgi. After 9 months of VPA administration. 7000 ×

Figure 4. Fragment of perikarya of pyramidal nerve cell
(NC) with increased electron density of cytoplasm, conta-
ining numerous changed mitochondria and scattered small
lipid deposits. In the upper part capillary with a narrowed
lumen (L) is present. After 9 months of VPA administra-
tion. 3000 ×
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and irregular distribution in different areas of the
hyaloplasm (Figure 3). Most pronounced abnormali-
ties of granular endoplasmic reticulum were observed
in the „dark neurons”. Inside these neurons RER
exhibited complete degeneration, and their place was
filled with dark microgranular, sometimes homoge-
neous material. The Golgi body in this group of ex-
perimental animals was characterized by a consider-
able degree of expansion, which was significant both
for the dark, shrunk neurons, as well as those with
features of swelling. Golgi was visible in the form of
elongated and widened, arranged in several rows of
tubular connections and cisternae with vesicles locat-
ed at the periphery. Extensive structures of the Golgi
apparatus were spread throughout the area of the
hyaloplasm, also close to plasma membrane. „Dark
neurons” were characterized by significant disintegra-
tion and degeneration of nuclei and endoplasmic
structures (Figures 2, 5, 6, 7).

The nuclei of these neurocytes were shrunk with dense,
granular nucleoplasma. Areas devoid of organelles, filled
with homogeneous dark microgranular or homogeneous
material, were also found in hyaloplasm. A characteris-
tic feature of neurocytes which demonstrated both types
of damage was the presence within their hyaloplasm of
numerous lipofuscin granules (Figures 2, 3, 4).

Ultrastructure of the hippocampal neurons in age-
matched control rats (treated with vehicle) was nor-
mal at each stage of the experiment (Figure 8).

After 9 and 12 months of the experiment, single
lipofuscin granules within the hyaloplasm of a few
neurons were found (Figure 9).

Discussion

The results of experimental and clinical studies indi-
cate that commonly used long-term antiepileptic
drugs may cause several, sometimes very serious, ad-
verse effects. It can be assumed that the basis of such
states as drug-induced encephalopathy, including val-
proate encephalopathy, may be not only functional
but also structural disorders of brain nerve tissue. In
this paper, we presented the results of ultrastructural
assessment of hippocampal neurons in a model of
chronic valproate encephalopathy. The choice of

Figure 5. Dark, shrunk, aponecrotic neuron with total
disintegration of karyoplasm. Mitochondria cells are fairly
well preserved. Protoplasmatic astrocyte (AC) adjacent to
a neuron. After 12 months of VPA administration. 4400 ×

Figure 6. A fragment of dark, lethally damaged neuron.
Visibly damaged mitochondria (M). After 12 months of
VPA administration. 7000 ×

Figure 7. Image of a dark, shrunken neuron. After 12
months of VPA administration. 7000 ×
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studying the ammonal cortex was not random. It is
known that hippocampus has a specific sensitivity to
both endogenous and exogenous damaging agents;
furthermore in the archicortex structure, we observed
the highest concentrations of the studied drug, sodi-

um valproate and its metabolites, compared with oth-
er areas of the brain [19, 20]. Therefore, we assumed
that any neuropathological lesions will be found and
will be the most likely expressed in the ammonal cor-
tex. In a long-term experimental rat model intragas-
trically administered VPA for 1, 3, 6, 9 and 12 months
at a dose of 200 mg/kg of body weight/day resulted in
discrete pathological changes in the ultrastructure of
hippocampal neurons after 6 months of the experi-
ment, and significant changes only in the later phases
of the experiment, that is after 9 and 12 months. The
abnormalities found were mainly in endocellular or-
ganelles, and to a lesser extent in cell nuclei. With
increasing duration of VPA administration we ob-
served a gradual intensification of changes. While in
the group of rats after 6 months of exposure to VPA
changes were observed almost exclusively within mi-
tochondria, in the subsequent phases of the experi-
ment these anomalies not only intensified significant-
ly, but were also accompanied by other, related to
other cytoplasmic and karyoplasmic structures. Start-
ing from the 9th month of the experiment, we found
numerous nerve cells with pleated cell membrane,
shrunk, containing the nucleus of a dark, uniformly
condensed nucleoplasma with organelles expressing
variously severe degrees of disintegration, including
degeneration. Often such cells bordered with neurons
of a normal ultrastructure. The above type of dam-
age to the nerve cells of the hippocampal cortex, which
was also characteristic for cortical cerebellar Purkin-
je cells in the same experimental model of VPA [14],
corresponded to the image of the so-called ‘dark neu-
rons’ described in the literature as typical for the is-
chemic processes of the central nervous system [21–
–23]. Recent electron-microscopic observations sug-
gested that similar ‘dark neurons’ were found in trau-
matic [24], electric [24], chemical [25] and hypogly-
cemic [26] models of neuronal injury. These cells have
the ultrastructural features of both apoptosis (disin-
tegration and focal concentration of nuclear chroma-
tin) and necrosis processes (severe damage to mito-
chondria, disintegration of granular endoplasmic
reticulum, dilation of channels and cisterns of Golgi
and accumulation of lipofuscin deposits). These ob-
servations suggest that the pathways of VPA-mediat-
ed damage to neurons are complex. It is generally
accepted that death of a nerve cell can occur as a re-
sult of necrosis or apoptosis. Necrosis occurs in
a short time and is the result of sudden intracellular
change in ion concentrations, swelling of the cell and
lysis. In contrast to necrosis, apoptosis involves a se-
ries of biochemical phenomena that lead to the de-
struction of genetic material and programmed cell
death [27]. Recent studies have proved that both these

Figure 9. Perinuclear zone of the pyramidal neuron
cytoplasm. N-cell nucleus containing homogenously
distributed euchromatin and small clusters of heterochro-
matin; visible nucleolus. Regular, row arrangement of
channels of the granular endoplasmic reticulum (ger),
numerous ribosomes. A single lipofuscin granule (>).
Control group (after 12 months of observation); 7000 ×

Figure 8. Normal ultrastructure of the perinuclear zone of
the pyramidal neuron. Nucleus (N) with homogenously
distributed euchromatin; small densities of heterochroma-
tin. Well preserved endocellular organelles: mitochondria
(M), granular endoplasmic reticulum (ger), Golgi appara-
tus (G); neuropil (NI). Control group (after 9 months of
observation). 4400 ×
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phenomena usually occur simultaneously and are re-
ferred to as aponecrosis [28]. The mechanism of this
process is extremely complex, because it combines the
unfavorable interaction of calcium ions, excitatory
amino acids, the products of lipid cell membrane deg-
radation, oxygen free radicals and autoimmune re-
sponse. An extremely important role in the patho-
genesis of neuron death is played by mitochondria
and endoplasmic reticulum, which are intracellular
deposits of calcium ions. Oxygen free radicals together
with calcium ions cause the opening of so-called mega-
channels in the mitochondrial membrane, which ir-
reversibly destroys these organelles and interferes with
the mechanisms of ATP generation [29]. These phe-
nomena are also accompanied by the overexpression
of pro-apoptotic genes [30, 31]. Ca2+ and its move-
ments into and out of the cell present an important
mechanisms in the control of normal cell physiology
[32]. Any dysfunction in the movement from outside
to inside the cell or between organelles may have ex-
tremely negative effects, and the disturbance may lead
to aponecrosis [33, 34]. In our opinion, disturbances
in Ca2+ fluxes, pathological alterations of reduction/
/oxidation pathways, irreversible mitochondria dam-
age followed by aponecrosis may contribute to the
demonstrated VPA-mediated toxicity within hippoc-
ampal neurons.

Conclusions

The first, mildly-expressed ultrastructural changes
within the hippocampal neurons were observed only
after 6 months of VPA administration. After 9 and
12 months of VPA exposure, many neural cells of the
hippocampal pyramidal layer were severely damaged.
These cells assumed the look of dark neurons and
presented the ultrastructural features of both apop-
tosis and necrosis processes. Thus, long-term VPA ad-
ministration to rats leads to aponecrosis of hippoc-
ampal neurons.
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