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Spatial and temporal evolution of neuronal activation, stress and
injury in lithium–pilocarpine seizures in adult rats

Jacques Mottea,b, Maria José da Silva Fernandesa,1, Tallie Z. Baramc, and Astrid Nehliga,*

aINSERM U 398, Faculté de Médecine, Strasbourg, France
bAmerican Memorial Hospital, Centre Hospitalier Universitaire, Reims, France
cDepartments of Pediatrics and Anatomy, and Neurobiology, UCI, Irvine, CA 92697, USA

Abstract
In order to follow the spatial and temporal evolution of neuronal damage, cellular activation and
stress responses subsequent to lithium–pilocarpine seizures of various durations in the adult rat,
we analyzed the expression of Fos protein and local cerebral glucose utilization as markers of
cellular activation, HSP72 immunoreactivity and acid fuchsin staining as indicators of cellular
stress and injury, and Cresyl violet staining for the assessment of neuronal damage. The
expression of Fos appeared very early, 2–30 min after the onset of polyspikes and intensified
during the following 4 h. Fos immunoreactivity was especially high in the hippocampus, cerebral
cortex, amygdala and anterior olfactory nuclei. Local cerebral glucose utilization measured during
the second hour of seizures was largely increased (350–580%) over control levels in cortical areas,
amygdala, dentate gyrus, caudate nucleus and mediodorsal thalamus. HSP72 immunoreactivity
never appeared earlier than 40–50 min after the onset of polyspikes, and was most prominent in
hippocampal CA3 area, cerebral cortex (except the piriform cortex) and anterior olfactory nuclei.
Acid fuchsin staining was maximal in the piriform cortex and the polymorphic layer of the dentate
gyrus. Staining was moderate in the sensorimotor cortex and the amygdala. Neuronal damage was
extensive in the piriform and entorhinal cortices, the hippocampal CA3 area and the polymorphic
layer of the dentate gyrus, basal amygdala, mediodorsal thalamus and anterior olfactory nuclei. In
conclusion, the present study shows that brain regions with the highest expression of Fos and the
largest metabolic activation were also highly stained with acid fuchsin and most heavily damaged.
Conversely, there is no clear relationship between HSP72 expression, cellular activation and
neuronal damage.

Keywords
Limbic seizure; Lithium–pilocarpine; Fos protein; HSP72; Stress response; Neuronal damage; 2-
Deoxyglucose

1. Introduction
The lithium–pilocarpine model is a well-studied model of partial limbic seizures that
progress to secondary generalized status epilepticus (SE) [3,12,24,29,38]. SE starts usually
within 50–60 min after pilocarpine injection and lasts for up to 8–12 h, is followed by
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recurrent seizure episodes for up to 24–48 h. This acute seizure period is followed by a
‘silent’ seizure-free phase lasting for 4–44 days, after which all animals exhibit spontaneous
recurrent seizures [3]. In this model of epilepsy, neuronal damage is preferentially located
within the hippocampal formation, the piriform and entorhinal cortices. Cell loss is also
recorded in the septum, olfactory tubercle, thalamus, amygdaloid complex, neocortex and
substantia nigra [3,5,12,38]. The extent of neuronal damage in the hippocampal formation
correlates directly with the duration of the initial SE. No damage is observed in rats with
seizures lasting less than 1 h [15]. However, there are no data on the spatiotemporal
evolution of neuronal stress, injury and damage in this model of SE.

The measurement of local cerebral metabolic rates for glucose (LCMRglcs) provides a
precise mapping of the areas of cellular activation [34,35]. Likewise, the c-fos proto-
oncogene is a reliable marker of cellular hyperactivation and undergoes a rapid, transient
increase following a variety of external stimuli. The expression of its encoded protein
product, Fos, appears in specific brain regions after the induction of various types of
seizures [6,14,21,22,31]. Brain cells are able to express HSP72 (heat shock protein) in
response to various types of insults, such as hyperthermia [16], hypoxia–ischemia [7,9,37]
and seizures [7,18,30,39]. The expression of HSP72 represents a response to excitation-
induced stress and potential brain cell injury. Finally, acid fuchsin staining is a reliable
marker of dying neurons after hypoglycemia [1], seizures [18,32,36] or ischemia [37].

Since there is a correlation between the duration of the seizures and the extent of neuronal
damage in the pilocarpine model of SE [15], we wondered how cellular activation, stress
and injury could be affected by the interruption of the seizures at different times after their
onset. Therefore, in the present study, the expression of all the markers cited above was
mapped after different durations of SE induced by lithium–pilocarpine in adult rats.

2. Materials and methods
2.1. Animals and treatment

For the study, a total number of 79 adult male Sprague–Dawley rats weighing 200–290 g
were used. In the experiments related to the study of the expression of Fos and HSP72
proteins, and the staining with acid fuchsin, 43 rats were implanted over the right and left
frontoparietal cortices with 4 electrodes under light halothane anesthesia and were allowed a
4-day period of recovery. For the measurement of local cerebral metabolic rates for glucose
(LCMRglc), catheters were inserted into the femoral artery and vein of 4 saline- and 6
lithium–pilocarpine-exposed rats on the day before the experiment. The 26 rats used for
Cresyl violet staining did not undergo any surgery. Lithium chloride (3 meq/kg) was
administered i.p. to all rats 18–24 h before the subcutaneous injection of pilocarpine (30 mg/
kg) to the experimental group or saline to the control group. The electroencephalographic
(EEG) activity was recorded continuously from freely moving animals, starting 30 min
before the injection of pilocarpine, and lasting throughout the entire duration of SE and
recovery periods, in order to assess the exact onset and duration of SE. Because of the
incomplete efficacy of conventional anticonvulsants such as phenobarbital, diazepam or
clonazepam, which stop the behavioral signs of lithium–pilocarpine-induced SE while
abnormal paroxysmal discharges persist on the EEG, paraldehyde was used (800 mg/kg) to
stop SE at different time lengths ranging from 2 to 240 min [23]. SE duration was defined as
the duration of continuous polyspikes and periodic paroxysmal activity lasting for 2 min or
more on the EEG. All paroxysmal EEG activity was totally suppressed within a few min
after paraldehyde injection. All experimentation was conducted in conformity with the
‘Guiding Principles for Research Involving Animals and Human Beings’.
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2.2. Fos and HSP72 immunocytochemistry
Since we were interested in the spatiotemporal evolution of Fos and HSP72 expression
according to the duration of the initial seizure event, both markers were studied at a single
time point corresponding to their maximal expression, i.e., 4 h or 24 h after the cessation of
the seizures consecutive to the injection of paraldehyde, for Fos or HSP72, respectively.

The immunocytochemical detection of Fos protein was performed in one group of control
rats (n = 2) and two groups of lithium–pilocarpine-treated animals, subjected to a 2–30 min
(n = 6) or a 30–240 min long SE (n = 6). Within the latter group, two rats were used for
immunocytochemical control.

The study of HSP72 expression was performed in one group of control animals (n = 2) and
in four groups of rats with continuous seizures. In the first group (n = 7), SE lasted for 8–38
min, and in the second (n = 2), continuous polyspikes were recorded for 40–50 min before
being stopped with paraldehyde. In the third group (n = 6), the duration of SE ranged from
90 to 180 min, while the fourth group of rats, which did not receive any antiepileptic
treatment, had continuous polyspikes for 8–10 h (n = 12). Brains were removed,
immediately frozen in isopentane and stored at −80°C until being cut into 25-µm serial
coronal sections in a cryostat.

Brain sections were fixed for 7 min in 4% paraformaldehyde dissolved in phosphate buffer
saline (PBS) at pH 7.4. Sections were then sequentially incubated twice in PBS, once in
0.6% hydrogen peroxide in PBS, and twice in PBS containing 0.4% normal goat serum
(Vector Laboratories, Burlingame, CA, USA) for Fos or horse serum (Vector) for HSP,
0.25% Triton-X100 and 1.5% serum albumin (BSA). Sections were then incubated
overnight at 20°C with the primary antibody, a rabbit affinity-purified polyclonal antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA; dilution 1:500 in PBS containing goat
serum) for Fos or a monoclonal anti-72-kDa HSP antibody (Amersham, Les Ulis, France;
dilution 1:200 in PBS containing horse serum) for the detection of HSP72. The sections
were rinsed twice in PBS containing the appropriate serum and incubated for 1 h at 20°C
with the secondary antibody, biotinylated goat anti-rabbit antibody, dilution 1:400 for Fos
(Vector) and biotinylated anti-mouse antibody, dilution 1:50 for HSP72 (Vector) in the
corresponding serum/Triton-X100/BSA/PBS mixture. Sections were rinsed twice in the
latter medium and covered with the ABC reagent (Vectastain Kit, Vector) for 1 h at 20°C.
Sections were rinsed twice in PBS and incubated for 5–8 min in a mixture of 0.025%
diaminobenzidine, 0.01% nickel chloride and 0.05% hydrogen peroxide in PBS. Thereafter,
sections were dehydrated in ethanol and coverslipped. In addition to control animals
exposed to lithium and saline, immunocytochemical control sections from 2 animals
subjected to a 8–10 h SE (2 for Fos and 2 for HSP72) underwent the procedures described
above except for the exposure to the primary antibody.

The distribution of positive neurons was recorded from the forebrain to the cerebellum.
Direct visual counting of the density of Fos or HSP72-expressing neurons was performed
without knowledge of seizure duration by using a grading scale of 0–3, with 0 corresponding
to the absence of reactive cells and 1, 2 and 3 to low-, moderate- and high-density labeled
cells, respectively, according to the examples shown in Fig. 1 in the anterior cingulate
cortex. The nomenclature used was that described by Paxinos [28].

2.3. Measurement of local cerebral glucose utilization
LCMRglcs were measured by the [14C]2-deoxyglucose (2DG) [35]. The 2DG (4.625 MBq/
kg; spec. act., 1.65–2.04 GBq/mol; Isotopchim, Ganagobie, France) was injected as an i.v.
pulse (125 µl/100 g) only at one time, i.e., at 1 h after the onset of SE, or an equivalent time
after saline injection in controls. Timed arterial blood samples were drawn during the
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following 45 min for determination of the plasma concentration of 2DG and glucose. At
approximately 45 min after the pulse of 2DG, the animals were killed by decapitation.
Brains were rapidly removed and frozen in isopentane chilled to −30°C and stored at −80°C.
Coronal brain sections, 20-µm thick, were autoradiographed along with calibrated
[14C]methylmethacrylate standards [35]. Adjacent sections were fixed and stained with
thionin for histological identification of specific nuclei. The autoradiographs were analyzed
by quantitative densitometry. Tissue 14C concentrations were determined in 18 brain
structures from the optical densities of the autoradiographic representations of the tissues
and a calibration curve obtained from the standards. LCMRglcs were then calculated from
local tissue concentration of 14C, time courses of the plasma 2DG and glucose
concentrations, and appropriate constants [35].

2.4. Acid fuchsin and Cresyl violet staining
Acid fuchsin staining was performed on dry mounted frozen sections from animals
sacrificed 24 h after the onset of SE in four groups of rats subjected to various durations of
SE, as well as in a control group sacrificed together with the experimental ones. For acid
fuchsin staining, brain sections used were adjacent to those that were used for the
immunocytochemical detection of HSP72. Sections were placed sequentially in 4%
paraformaldehyde for 20 min, PBS for 10 min and water for 2 min. Slides were then dipped
into a solution of 10 mg/ml acid fuchsin and 0.1% acetic acid in water for 20 s, washed in
water twice for 20 s, dehydrated in 100% ethanol for 2 min and coverslipped [4]. The
distribution of stained neurons was recorded from the forebrain to the cerebellum. Direct
visual counting of bright pink neurons was performed using a grading scale of 0–3,
corresponding to the density of acid fuchsin stained neurons.

Cresyl violet staining was performed on dry mounted sections from frozen brains obtained
from control rats (n = 4) and animals that underwent SE for either 1 h (n = 9) or 8–10 h (n =
13). Half of the animals were sacrificed at 24 h and the other half at 6 days after pilocarpine
administration.

3. Results
3.1. Behavior and EEG

Lithium–pilocarpine affected both behavior and EEG as previously described [3,29,38].
Within 5 min after pilocarpine injection, rats developed diarrhea, piloerection and other
signs of cholinergic stimulation. During the following 15–20 min, rats exhibited stereotyped
and exploratory behavior, such as head bobbing, scratching and chewing, but they remained
reactive to external stimuli. During that period, the cortical EEG was unaltered.

Recurrent limbic and motor seizures started around 20–25 min after pilocarpine
administration, and lasted for about 10 min. The motor seizures included alternating
episodes of bilateral forelimb clonus with rearing and falling lasting less than 1 min and
accompanied by high-voltage polyspikes on the EEG (Fig. 2). These recurrent seizures
progressed to SE at about 50 min after pilocarpine. At that time, the animals developed head
and forelimb myoclonus concurrent with a continuous train of high-voltage spikes lasting
for about 2 1/2 h followed by 1 1/2 h of polyspikes and waves (1–1.5 Hz). After that period,
the EEG was characterized by sharp/slow waves of 0.5 Hz amplitude that lasted until the
end of SE. Paraldehyde was effective in stopping continuous polyspikes within a few min
after injection.
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3.2. Expression of c-Fos
No Fos immunoreactivity was detected in control animals. In rats injected with pilocarpine,
the induction of Fos was very rapid, occurring as early as within 2 min of polyspikes. Strong
Fos immunoreactivity was present in the piriform cortex (Figs. 3 and 5a) and a moderate
density of Fos occurred in the polymorphic layer of the dentate gyrus and the amygdala
(Figs. 4 and 6a) and the dorsomedial thalamus. At this early time point, all other regions
exhibited a weak and inconsistent expression of Fos that was not present in all animals.
Between 30 and 240 min of SE, the expression of Fos spread to all the regions studied, and
was especially prominent in the piriform, cingulate and sensorimotor cortices, the amygdala
and the anterior olfactory nuclei (Figs. 3–5a). In the hippocampal subfields, moderate Fos
labelling could be seen in CA1, CA3, and weak c-Fos expression was recorded in the
granular layer of the dentate gyrus (Fig. 4). Within thalamus, Fos expression was high in the
ventrolateral (Fig. 3) and very weak in the dorsomedial and dorsolateral nuclei.

3.3. Local cerebral metabolic rates for glucose
LCMRglcs measured during SE were largely increased over control values in 17 of the 18
brain regions studied (Table 1 and Fig. 7). Metabolic increases were highest (> 300%) in all
cortical areas, especially in the piriform cortex, in the nucleus accumbens, amygdala and
dentate gyrus, caudate nucleus, substantia nigra and mediodorsal thalamic nucleus.
Metabolic increases were lowest (74–98%) in the hippocampal CA1 area and cerebellar
cortex. LCMRglcs were similar in control and lithium–pilocarpine-treated animals in a
single brain region, the inferior colliculus.

3.4. Expression of HSP72
No expression of HSP72 could be detected in control rats, as well as in animals with
continuous polyspikes lasting less than 40 min. The first low-density expression of HSP72
occurred after 40–50 min of polyspikes, and was located only in the polymorphic layer of
the dentate gyrus (Figs. 4 and 6c) and in the sensorimotor cortex (Fig. 3). After 90–180 min
of polyspikes, the expression of HSP72 was strong in amygdala, cingulate and sensorimotor
cortices, and anterior olfactory nuclei, and moderate in hippocampal CA3 area, piriform
cortex and ventral thalamus (Figs. 3 and 4). The hippocampal CA1 area and the granular
layer of the dentate gyrus were devoid of any HSP72 immunoreactive cells. After 8–10 h of
SE, HSP72 expression was quite prominent in hippocampal CA3 area, the polymorphic
layer of the dentate gyrus, amygdala, cingulate and sensorimotor cortices, as well as anterior
olfactory nuclei (Figs. 3 and 4). Within thalamus, the ventrolateral and paraventricular
thalamic nuclei expressed HSP72 moderately already at 90–180 min after pilocarpine (Fig.
3), while the dorsal nuclei exhibited HSP72 staining very weakly and only after 8–10 h of
SE.

The globus pallidus, ventral pallidum and nucleus accumbens never expressed HSP72. After
several hours of SE, occasional stained neurons were found in the caudate-putamen and the
deep layers of the piriform cortex (Fig. 5c). The substantia nigra was devoid of HSP72
immunoreactivity in all animals but 2, in which the expression was weak and located in
astrocytes.

3.5. Acid fuchsin staining
No acid fuchsin staining was observed in control rats and in animals with SE lasting less
than 40 min. The first brain regions stained by this marker were the polymorphic cells of the
dentate gyrus (Figs. 4 and 6b), and the sensorimotor cortex (Fig. 3) at 40–50 min after the
onset of continuous polyspikes. After 90–180 min of seizures, staining was strong in the
polymorphic layer of the dentate gyrus (Figs. 4 and 6b) and moderate in hippocampal CA3
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area, amygdala, piriform and sensorimotor cortices, as well as the anterior olfactory nuclei
(Figs. 3–5b). After 8–10 h SE, acid fuchsin staining was observed in all regions except for
the granular layer of the dentate gyrus, anterior cingulate cortex and ventrolateral thalamus.
The staining was robust in the polymorphic layer of the dentate gyrus (Figs. 4 and 6b) and
the piriform cortex, and moderate in amygdala, sensorimotor cortex, hippocampal CA3 area,
dorsomedial thalamus and anterior olfactory nuclei (Figs. 3 and 4).

3.6. Neuropathology
Neuronal damage observed on Cresyl violet stained sections was more extensive in rats
subjected to protracted SE than in those in which SE was stopped after 1 h. Neuronal
damage was already observed at 24 h after SE and fully developed by 6 days (Fig. 5d,e, Fig.
6d,e), and was similar to previous reports [12,38]. Briefly, in some areas such as piriform
(Fig. 5d,e) and entorhinal cortices, hippocampal CA3 area and the polymorphic layer of the
dentate gyrus (Fig. 6d,e), basal and cortical amygdala, mediodorsal thalamus and anterior
olfactory nucleus, there was almost a complete neuronal loss with edema. The few
remaining neurons and astrocytes were swollen or dark. Less affected areas showed a partial
neuronal loss with shrunken and pycnotic neurons. These regions were all other neocortical
areas, the ventrolateral thalamus, nucleus accumbens, lateral septum and substantia nigra
pars reticulata. In the remaining cerebral areas, only isolated degenerating neurons could be
seen.

4. Discussion
The results of the present study show the very early onset of c-Fos expression occurring as
soon as 2 min after the first seizures and spreading to most brain regions within 30 min.
Conversely, the first and weak expression of HSP72 immunoreactivity and acid fuchsin
positivity could only be recorded after 50 min of seizure activity. Several hours of SE were
necessary to allow the spread of these markers to the whole brain.

4.1. Localization of neuronal activation induced by lithium-pilocarpine SE
Lithium–pilocarpine SE is a model of limbic seizures induced by the injection of a
cholinergic muscarinic agonist [26] whose potency is enhanced by lithium. This model is
characterized by early behavioral and EEG changes confirming the primary involvement of
the limbic system. In the present study, strong Fos protein expression was evident in the
piriform cortex, as well as in the amygdala within 2 min after the onset of polyspikes. At
that time, Fos immunoreactivity could also be detected in the polymorphic layer of the
dentate gyrus. The early expression of Fos protein in the hippocampus, the amygdala and the
piriform cortex correlates with the limbic onset of lithium–pilocarpine seizures in the brain
regions containing a high density of muscarinic receptors [13,25]. These data are also in
accordance with previous studies showing that isolated focal seizures induced by moderate
doses of pilocarpine induce Fos expression in the piriform cortex, the amygdala and the
olfactory tubercle [2]. Likewise, large increases in c-fos mRNA expression have been
reported in the cerebral cortex and the hippocampus after lithium–pilocarpine seizures [41].
Thus, all of these data including ours, support the initiation of lithium–pilocarpine induced
seizures in the piriform cortex, the amygdala and the dentate gyrus, among which the
piriform cortex could be the primary structure potentially involved in the generation of the
seizures [2]. Conversely, using the 2DG method, Clifford et al. [5] focused on the role of the
hippocampus and the nucleus accumbens as pacemakers for seizure activity in the lithium–
pilocarpine model. However, a 45-min experimental time window is necessary for the full
quantification of LCMRglcs by the 2DG technique. Therefore, this method provides less
accurate information about the putative structures involved in the initiation and propagation
of the seizures. More recently, a semi-quantitative study using 2DG accumulation over 10
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min showed the primary involvement of rostral and piriform cortices, basolateral
amygdaloid nuclei, but also of some striatal areas in the initiation of lithium–pilocarpine
seizures [10]. These results are similar to the data of the early Fos expression reported in the
present study, except that the rate of 2DG uptake in the hippocampus did not differ between
control and lithium–pilocarpine-treated rats over the first 10 min after the pilocarpine
injection [10] as opposed to the early, but modest expression of Fos protein observed in that
structure in the present study.

In the subsequent, generalized seizure phase of the lithium–pilocarpine model, i.e., between
30 and 240 min after the onset of SE, Fos expression spread all over the brain reflecting
prolonged generalized cellular activation. During this phase, Fos immunoreactivity reached
high levels in all cortical areas, including the piriform cortex, as well as in anterior olfactory
nuclei, hippocampus, and dorsal thalamic nuclei. These data are in accordance with previous
studies on the regional distribution of Fos immunoreactivity [2] and the expression of the c-
fos gene during SE induced by pilocarpine or lithium–pilocarpine [40,41].

In most brain regions, there was good concordance between the expression of Fos and the
increase in LCMRglcs. Indeed, metabolic activation measured quantitatively over 45 min
during the second hour of SE was particularly marked in the structures where the highest
expression of Fos was detected. LCMRglcs were mostly increased over control levels (>
450%) in the piriform cortex, the amygdala and the dentate gyrus, and also largely enhanced
(260–380%) in all cortical regions, nucleus accumbens, hippocampal CA3 area, striatum and
mediodorsal thalamus. These data are in agreement with the regional increases in cerebral
metabolic activity reported previously during pilocarpine or lithium–pilocarpine-induced SE
[5,10,11,27]. However, metabolic activity was also significantly increased compared to
control animals in regions where Fos expression was very weak or absent, such as substantia
nigra and ventrolateral thalamic nuclei. The anatomical discrepancy between activated
LCMRglcs and Fos expression likely reflects the fact that Fos immunocytochemistry reveals
gene activation within specific cell nuclei at the site of activation [21], while changes in
metabolic levels reflect changes in the activity of the whole cell body, and can reflect either
the activity at the site of action of the drug, along the whole neuronal pathway affected, or
only at the target area [34]. Moreover, as shown recently, glucose is primarily metabolized
by astrocytes before being released as lactate to neurons, and the 2DG accumulation may
rather reflect increased astrocyte metabolic activity [20].

4.2. Neuronal stress and injury induced by lithium–pilocarpine SE
The initial brain structures expressing HSP72 and stained with acid fuchsin were the
polymorphic layer of the dentate gyrus and the sensorimotor cortex. The expression of the
two markers appeared simultaneously in those two regions after 40–50 min SE. Thus, a
longer duration of SE is required for HSP72 as compared to the 2 min of SE required for Fos
activation. The primary expression of HSP72 and acid fuchsin neuronal staining in the
dentate gyrus is likely related to the primary limbic expression of the seizures and to the
high density of muscarinic receptors in that area [13,25]. The expression of HSP72 and acid
fuchsin staining in sensorimotor cortex probably reflects the rapid appearance of recurrent
motor seizures occurring immediately after partial limbic seizures. In the subsequent phase
of generalized seizure activity, i.e., at 1 1/2–10 h after the onset of SE, HSP72
immunoreactivity spread throughout the brain and was particularly intense in the
hippocampal CA3 area, the granular layer of the dentate gyrus, the amygdala, the anterior
olfactory nuclei and the neocortex. Conversely, HSP72 expression was weak in hippocampal
CA1 area, the polymorphic layer of the dentate gyrus, piriform cortex and dorsomedial
thalamus.
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In the lithium–pilocarpine model of SE, neuronal damage was mainly described in the
hippocampus, piriform and entorhinal cortices, central and basal amygdaloid nuclei and
dorsal thalamus [Refs. [5,12,26,38] and the present study]. Acid fuchsin staining was
especially strong in the piriform and sensorimotor cortices, the polymorphic layer of the
dentate gyrus, and the amygdala. This dye positivity has been shown to correlate with
neuronal death after various insults to the adult brain such as hypoglycemia [1], traumatic
brain injury [19], seizures [18,32,36] or ischemia [37]. In the present study, acid fuchsin
staining was present mainly in the structures that undergo damage after lithium–pilocarpine
induced SE, i.e., piriform cortex, amygdala, the polymorphic layer of the dentate gyrus and
mediodorsal thalamus. These were also the regions in which the metabolic increases
recorded during lithium–pilocarpine induced SE were the largest. A similar relationship was
previously shown in seizure models induced by systemic bicuculline [8,33] or kainic acid
[17]. Conversely, acid fuchsin staining was quite moderate in the hippocampal CA1 and
CA3 areas that are also largely damaged in this model, but undergo a more moderate
metabolic increase.

The comparison of the regional distribution of HSP72 expression and acid fuchsin staining
shows a quite heterogeneous distribution of both markers. However, within the cerebral
cortex, HSP72 immunoreactivity was strong in anterior cingulate and sensorimotor regions,
while acid fuchsin staining and neuronal damage was mainly observed in piriform cortex, as
reported previously [5,12,26]. Likewise, in the thalamus and amygdaloid complex, HSP72
expression and neuronal damage were not distributed in the same subregions. Indeed, in
amygdala, HSP72 immunoreactivity was essentially present in the laterodorsal nucleus,
while acid fuchsin staining was recorded in the basal and medial parts. In the thalamus, the
ventrolateral and paraventricular nuclei expressed HSP72, whereas acid fuchsin staining was
located in the dorsomedial part. Conversely, in the hippocampal CA1 and CA3 and in the
polymorphic layer of the dentate gyrus that undergo neuronal damage in this model, both
HSP72 expression and acid fuchsin staining are recorded, while there is only an expression
of HSP72 in the granular layer of the dentate gyrus. Thus, as shown in Figs. 4 and 5, there
was some overlap between HSP72 expression and acid fuchsin staining in most brain areas
after lithium–pilocarpine induced SE in the adult rat. Therefore in this model of SE, there is
no clear relationship between HSP72 expression and neuronal injury.

In conclusion, the present study demonstrates that Fos induction is very rapid after lithium–
pilocarpine-induced seizures, while HSP72 immunoreactivity appears only with prolonged
40–50 min of polyspikes. During SE, brain areas with highest expression of Fos, acid
fuchsin staining and largest metabolic activation are those in which most damage occurs.
Conversely, there is no clear relationship between HSP72 expression, cellular activation and
neuronal damage.
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Fig. 1.
Temporal evolution and grading scale of the density of HSP72 positive neurons in the
anterior cingulate cortex. (A) grade 1 recorded after 90 min of SE, (B) grade 2 recorded after
2 h of SE and (C) grade 3 recorded after 4 h of SE. Scale bar: 100 µm.
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Fig. 2.
Typical example of cortical EEG recording of seizure activity induced by the administration
of lithium (3 meq/kg) and pilocarpine (60 mg/kg) in the adult rat. The EEG was recorded
through frontoparietal epidural electrodes. Abbreviations: RF–RP: right frontal–right
parietal, LF–LP: left frontal–left parietal.
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Fig. 3.
Effect of increased durations of lithium–pilocarpine-induced seizures on c-Fos and HSP72
immunoreactivity, and acid fuchsin staining in the cortex and thalamus of adult rats. Values
are expressed as arbitrarily labeled cell density units as defined in Section 2 and shown in
Fig. 1. Abbreviations: PIRCX: piriform cortex, CINGCX: anterior cingulate cortex, SMCX:
sensorimotor cortex, DMTHAL: dorsomedial thalamus, AON: anterior olfactory nuclei.
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Fig. 4.
Effect of increased durations of lithium–pilocarpine-induced seizures on c-Fos and HSP72
immunoreactivity, and acid fuchsin staining in the limbic forebrain of adult rats expression
of HSP72. Values are expressed as arbitrarily labeled cell density units as defined in Section
2 and shown in Fig. 1. Abbreviations: CA1, CA3: CA1, CA3 hippocampal subfields,
DGGL: granular layer of the dentate gyrus, DGPL: polymorphic layer of the dentate gyrus,
AMY: amygdala.
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Fig. 5.
Expression of activation, stress and injury markers in sections taken at the level of the
piriform cortex. (A) expression of Fos protein in animals sacrificed after 4 h of SE, (B) acid
fuchsin staining in animals subjected to 8 h of SE and sacrificed 24 h after SE onset, (C)
HSP72 immunoreactivity in animals exposed to 8 h of SE and sacrificed 24 h after SE onset,
(D) Cresyl violet staining in control rats, (E) Cresyl violet staining in animals subjected to 8
h of SE and sacrificed 24 h after SE onset and (F) Cresyl violet staining in rats undergoing 8
h SE and sacrificed 144 h after SE onset. Note the high number of nuclei expressing Fos in
layer IV of the piriform cortex (A), together with a quite elevated number of neurons stained
with acid fuchsin in that area (B) where neuronal damage is also highest (E and F).
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Conversely, HSP72 is not expressed in layer IV of the piriform cortex, and there are only a
few scattered HSP72 positive nuclei in the deeper layers of the cortex (C). Note also the
extensive neuronal damage with a complete disorganization and destruction of the piriform
cortex in the animals subjected to complete SE and sacrificed 144 h later (F) compared to
more limited damage in those sacrificed at 24 h (E). Scale bar: 60 µm.
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Fig. 6.
Expression of activation, stress and injury markers in sections taken at the level of the
dentate gyrus. (A) expression of Fos protein in animals sacrificed after 4 h of SE, (B) acid
fuchsin staining in animals subjected to 8 h of SE and sacrificed 24 h after SE onset, (C)
HSP72 immunoreactivity in animals exposed to 8 h of SE and sacrificed 24 h after SE onset,
(D) Cresyl violet staining in control rats, (E) Cresyl violet staining in animals subjected to 8
h of SE and sacrificed 24 h after SE onset and (F) Cresyl violet staining in rats undergoing 8
h of SE and sacrificed 144 h after SE onset. Note the high number of nuclei expressing Fos
in the polymorphic layer of the dentate gyrus (A), together with a quite elevated number of
neurons stained with acid fuchsin in that area (B) where neuronal damage is quite marked,
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as shown by the almost complete disappearance of neurons (E and F). Conversely, HSP72 is
not expressed in the polymorphic layer of the dentate gyrus, but rather in the hippocampal
CA3 area (C). Note also the extensive neuronal damage in the animals subjected to complete
SE and sacrificed at 144 h after the seizures in which all hippocampal subfields show an
increased number of very dark, swollen and pycnotic neurons (F). Scale bar: 60 µm.
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Fig. 7.
Autoradiographic sections taken at the level of the caudate nucleus (CAU), the hippocampus
(HI) and the substantia nigra (SN) of control and lithium–pilocarpine exposed rats.
Compared to control animals, the grain density was largely increased especially in the whole
neocortex, the piriform (PIR) and the primary olfactory cortex (PO), as well as in caudate
nucleus, amygdala (AMY), thalamus (THAL), hippocampus and septum (SEPT). In the
dorsal hippocampus, the increase was prominent in dentate gyrus (DG), while the pyramidal
cell layer of the CA3 area was no longer visible. A large increase in tracer levels also
occurred in thalamus (THAL) and substantia nigra, while grain density increased moderately
in ventromedian hypothalamus (HY) and medial geniculate body (MG). Abbreviations:
CING: anterior cingulate cortex, SM: sensorimotor cortex, PAR: parietal cortex, AUD:
auditory cortex, ENT: entorhinal cortex.
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Table 1

Effect of lithium–pilocarpine induced seizures on local cerebral glucose utilization in rats

Brain structure Control (n = 4) Seizures (n = 6) Variation (%)

Cerebral cortex

Frontal cortex 71.0 ± 7.8 375.9 ± 32.4*** +429

Cingulate cortex 75.7 ± 5.3 330.9 ± 23.0**** +337

Olfactory cortex 69.1 ± 6.0 288.0 ± 24.8**** +317

Piriform cortex 47.5 ± 3.1 288.3 ± 26.6**** +507

Limbic structures

Nucleus accumbens 47.7 ± 5.0 226.6 ± 49.8*** +376

Amygdala 33.2 ± 3.3 226.9 ± 34.6*** +582

Hippocampus, CA1 51.9 ± 6.6 103.3 ± 8.7** +98

Hippocampus, CA3 68.3 ± 4.4 243.6 ± 18.4**** +257

Dentate gyrus 40.2 ± 3.3 223.2 ± 23.7*** +455

Striatum and related areas

Caudate nucleus 66.6 ± 5.9 319.1 ± 43.3*** +379

Substantia nigra pars reticulata 40.0 ± 2.7 167.2 ± 30.6*** +318

Hypothalamus

Anterior 40.1 ± 5.7 118.7 ± 15.5*** +196

Ventromedian 41.9 ± 3.6 126.7 ± 23.4*** +203

Thalamus

Ventrolateral 78.7 ± 6.6 233.7 ± 38.4**** +197

Mediodorsal 80.7 ± 5.5 374.5 ± 30.1**** +364

Medial geniculate body 86.3 ± 9.8 231.0 ± 41.3*** +168

Brainstem

Inferior colliculus 138.9 ± 24.3 113.8 ± 18.8 −19

Cerebellar cortex 43.6 ± 5.1   76.0 ± 15.3* +74

Values are means ± S.D. of the number of animals in parentheses.

*
p < 0.05,

**
p < 0.01,

***
p < 0.001,

****
p < 0.0001, statistically significant differences from controls (Student’s t-test).
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