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Abstract

In limbic seizures, neuronal excitation is conveyed from the entorhinal cortex directly to CA1 and 

subicular regions. This phenomenon is associated with a reduced ability of CA3 to respond to 

entorhinal cortex inputs. Here, we describe a lesion that destroys the perforant path in CA3 after 

status epilepticus (SE) induced by pilocarpine injection in 8-week-old rats. Using magnetic 

resonance imaging, immunohistochemical, and ultrastructural analyses, we determined that this 

lesion develops after 30 minutes of SE and is characterized by microhemorrhages and ischemia. 

After a longer period of SE, the lesion invariably involves the upper blade of the dentate gyrus. 

Adult rats treated with subcutaneous diazepam (20 mg kg−1 for 3 days) did not develop the dentate 

gyrus lesion and had less frequent spontaneous recurrent seizures (p < 0.01). Young (3-week-old) 

rats rarely (20%) developed the CA3 lesion, and their spontaneous seizures were delayed (p < 

0.01). To investigate the role of the damaged CA3 in seizure activity, we reinduced SE in adult and 

young epileptic rats. Using FosB/ΔFosB markers, we found induction of FosB/ΔFosB 

immunopositivity in CA3 neurons of young but not in adult rats. These experiments indicate that 

SE can produce a focal lesion in the perforant path that may affect the roles of the hippocampus in 

epileptic rats.
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INTRODUCTION

The role of the hippocampus in temporal lobe epilepsy (TLE) remains unclear (1, 2). 

Kindling experiments have shown that the hippocampus is rather slow to develop seizures 

compared with other limbic areas (3). Conversely, studies assessing the expression of 

immediate early genes have revealed that c-Fos is rapidly expressed in the hippocampus of 

kainic acid–treated rats (4) and in a model of self-sustaining limbic status epilepticus (SE) 

(5). Moreover, intense c-Fos staining was found in the hippocampal formation (i.e. 

entorhinal cortex [EC], dentate gyrus, hippocampus, and subiculum) 30 minutes after 

spontaneous seizures in pilocarpine-treated mice (6). Thus, the hippocampus is readily 

recruited during SE and during subsequent recurrent seizures.

We have previously reported that the various hippocampal regions are differentially affected 

by seizures in pilocarpine-treated animals (7). Both CA1 and CA3 are extensively stained 

with antibodies against FosB/ΔFosB antigens 24 hours after SE induction, implying that the 

entire hippocampus participates in epileptic activity. In contrast, after the occurrence of 

spontaneous recurrent seizures, the CA3 region is devoid of FosB-/ΔFosB-positive neurons. 

This observation remains unexplained because pyramidal neurons are only partially lost after 

SE in this model (7). In addition, inputs from the dentate gyrus to CA3 are preserved, as are 

the responses of dentate granule cells to epileptogenic stimuli (7). Interestingly, in the 

kindling paradigm, the granule cells develop transient inhibitory properties due to the 

appearance of a γ-aminobutyric acidergic phenotype, which reduce the probability of CA3 

pyramidal cell activation (8). Evidence of similar changes has yet to be obtained in the 

pilocarpine model.

The downregulation of CA3 activity in the pilocarpine model is intriguing. In vitro studies in 

normal rats have shown that CA3 is the most responsive hippocampal region in combined 

hippocampus-EC slices stimulated with 4-aminopyridine or pilocarpine (1). In fact, neuronal 

synchronous activation is first recorded in CA3 and resembles the interictal spiking observed 

in TLE patients. This interictal-like activity is followed by ictal-like discharges that are 

generated in EC and spread to other areas. Notably, ictal-like discharges disappear after a 

few hours but are reinstated by disconnecting the hippocampus from EC, a process that 

prevents the spread of interictal-like activity to the EC (1). These results suggest that the 

hippocampus controls the propensity of EC networks to generate ictal-like discharges and 

led us to postulate that an impairment of hippocampal outputs might facilitate seizures (1). 

Consistent with this hypothesis, pilocarpine-treated rats show a reduction in the occurrence 

of interictal activity and a decreased response of the CA3 region (1,7). These phenomena 

remain unexplained.

While investigating the role of astrocytes in epileptogenesis, we recently found gliosis in the 

stratum lacunosum–moleculare of CA3 in rats 3 weeks after pilocarpine treatment (9). These 

data suggested the possibility that a previously uncharacterized lesion may develop in the 

perforant path (PP) terminal field of the CA3 region after pilocarpine-induced SE. Here, we 

tested this hypothesis in rats treated with pilocarpine using several neuronal, glial, and 

vascular lesion markers. We have discovered an area of focal ischemia-like pannecrosis 

centered in the CA3 stratum lacunosum–moleculare that is associated with decreased 
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activation of pyramidal neurons. Interestingly, this lesion is accompanied by an increased 

propensity of pilocarpine-treated animals to produce spontaneous seizures.

MATERIALS AND METHODS

Animals and Treatments

Young (3-week-old) and adult (8-week-old) male Sprague-Dawley rats (Harlan, S. Pietro al 

Natisone, Italy) were used. They were housed under controlled temperature (23 ± 1°C), 

humidity (~60%), and daylight cycle (light from 7 AM to 7 PM). All experimental 

procedures were approved by the respective institutional animal care committees. A first set 

of experiments were conducted in adult rats treated with intraperitoneal pilocarpine (380 mg 

kg−1), as reported by Biagini et al (7, 9). A second set of experiments involved both adult 

and young rats. In these experiments, young rats were treated with 200 mg kg−1 of 

intraperitoneal pilocarpine (10). To prevent discomfort caused by peripheral muscarinic 

receptor stimulation, rats were treated with subcutaneous scopolamine methylnitrate (1 mg 

kg−1) 30 minutes before the pilocarpine injections. Animal behavior was monitored after 

pilocarpine injection and scored according to Racine classification (11). Rats that did not 

reach a Stage 5 response to pilocarpine (i.e. continuous tonic-clonic seizures) were not used 

for the study. A Stage 5 response for 30 minutes was considered to be SE. In adult rats, 

seizures were discontinued after 180, 120, 60, or 30 minutes with intraperitoneal diazepam 

(20 mg kg−1) (9). A subgroup (hereafter named “neuroprotected”) that experienced 30-

minute SE was treated with subcutaneous diazepam (20 mg kg−1) for 3 additional days. In 

young rats, the seizures were discontinued by diazepam injection after 60-minute SE to 

improve survival. Control rats were injected intraperitoneally with saline. Non-epileptic 

control and pilocarpine-treated epileptic rats were killed 1 to 3 days or 1 to 8 weeks after the 

initial injection.

In a third set of experiments, SE was reinduced in epileptic rats that had been previously 

treated with pilocarpine at 3 weeks (young) or 8 weeks (adult) of age. For these studies, we 

followed the protocol of repeated injections of subthreshold pilocarpine doses proposed by 

Glien et al (12). In brief, after scopolamine administration, we injected a 200-mg kg−1 

pilocarpine dose. In the absence of seizure activity, we injected additional 100-mg kg−1 

doses every 30 minutes (up to a maximum of 6 repeated treatments) until SE was attained. 

Status epilepticus was then discontinued after 60 minutes as previously reported. Age-

matched nonepileptic control rats were used to determine possible changes in the threshold 

for seizures of epileptic rats. In these experiments, the animals were killed 24 hours after the 

pilocarpine treatment.

Monitoring of Spontaneous Seizures

After recovering from SE, every animal was video-recorded 8 hours per day, 7 days a week 

to identify the time of appearance and to estimate the frequency of spontaneous seizures. 

The seizures consisted of facial automatisms, head nodding, forelimb clonus, rearing, and 

eventual generalization, but only Stage 5 (i.e. generalized tonic-clonic seizures) were scored.
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Nuclear Magnetic Resonance Imaging

For magnetic resonance imaging evaluations, rats were anesthetized with 2% isoflurane in 

70% N2/30% O2 and investigated using a 4.7-T Bruker spectrometer (AMX3). A 3-

orthogonal-plane, gradient-echo scout acted as a geometric reference; then, axial T2-

weighted (T2W), reference, and diffusion-weighted images were acquired with eight 1.5-

mm-thick contiguous slices and a field of view of 56 × 56 mm2 that contained the whole 

brain. The fast spin-echo T2W (Bruker RARE), with 16 echoes per excitation, 10-

millisecond interecho time, 85-millisecond equivalent echo time, and 4-second repetition 

time was acquired with 256 × 256 points providing an in-plane resolution of 220 μm. The 

spin-echo reference and diffusion-weighted images (echo time, 40 milliseconds; repetition 

time, 1 second) were acquired with 128 × 128 points, resulting in an in-plane resolution of 

440 μm. Diffusion weighting was obtained by adding to a spin-echo multislice sequence two 

10-millisecond-long, 24.7-millisecond-spaced, 8-G cm−1 rectangular gradients, giving a b 
value of approximately 1,000 seconds mm−2. Four averages were acquired in 8.5-minute per 

gradient direction. Trace of diffusion tensor maps was computed from reference and 

diffusion-weighted images.

Histopathology and Immunohistochemistry

For tissue analysis, rats were anesthetized with chloral hydrate (450 mg kg−1, i.p.) and 

perfused via the ascending aorta with 100 ml of saline, followed by 100 ml of 4% 

paraformaldehyde and picric acid (0.3%) dissolved in 0.1 mol L−1 of phosphate buffer (pH 

6.9). Brains were then postfixed overnight in the same fixative at 4°C, and, after 

cryoprotection by immersion in 15% and 30% sucrose-phosphate-buffered solutions, were 

frozen and cut horizontally with a freezing microtome in serial 50-μm-thick sections. 

Sections were incubated with several antibodies (Table). Immunohistochemistry was 

performed using the avidin-biotin complex technique and diaminobenzidine as chromogen, 

as previously described (7, 9). Nerve fibers were stained with the Black-Gold method (13). 

Degenerating neurons were visualized with Fluoro-Jade (Histo-Chem, Inc., Jefferson, AR), 

as previously described (7). All the chemicals were from Sigma-Aldrich (Milan, Italy) 

unless otherwise specified.

Image Analysis

Stained sections were analyzed by the KS300 (Carl Zeiss, Vision, Munich, Germany) image 

analysis software, as previously detailed (7, 9, 14). Briefly, fields (1.18 mm2) of glial 

fibrillary acidic protein (GFAP), microtubule-associated protein 2 (MAP2), laminin, and 

metabotropic glutamate receptor 2/3 (mGluR2/3) immunoreactivity were acquired in CA3 

by an Axioskop (Carl Zeiss) microscope using a Sony charge-coupled device-IRIS BW 

video camera. After having selected the GFAP-, MAP2-, and mGluR2/3-specific 

immunoreactivities, areas of loss of immunostaining were delimited and measured in 5 serial 

sections separated from each other by 0.3 mm. Volumes were calculated as 

 for n−1 serial levels, in which ri is the radius at the ith 

level and d is the interlevel distance (14). Laminin immunoreactivity was measured as field 

area values, corresponding to the summing up of areas of the specific profiles obtained after 
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discrimination from the background staining. Background values were obtained in 

hippocampal areas devoid of specific immunostaining.

Electron Microscopy

Perfusion-fixed brains from rats exposed to 30-minute SE and control rats were removed 1 

or 3 days after treatment and sectioned by a vibratome in 1-mm-thick horizontal slices that 

were postfixed at 4°C for a further day using 2.5% glutaraldehyde in Tyrode solution (pH 

7.2). After isolation of the hippocampus, the samples were washed in Tyrode solution, 

postfixed with 1% osmium tetroxide for 2 hours at room temperature, dehydrated in graded 

ethanols, and embedded in Spurr resin (Polysciences, Inc., Warrington, PA). Semithin 

sections (1-μm thick) were cut on a Reichert-Jung ultramicrotome, postpolymerized on a 

150°C hot plate, and finally observed under a Zeiss Axiophot microscope (Zeiss) to identify 

the hippocampal structures. Thin sections cut from the same cross-oriented samples were 

collected on 200 mesh nickel grids, stained with uranyl acetate and lead citrate, and 

examined using a JEOL 1200 EX II electron microscope.

Data Analysis

Statistical analysis was performed using the Statistical Package for the Social Sciences, 

version 8.0 (SPSS, Chicago, IL). Results were analyzed with 1-way analysis of variance and 

the Fisher least-significant-difference method for multiple comparisons. The Kaplan-Meier 

method was used to estimate the time-dependent changes in lesion detection and the onset of 

Stage 5 spontaneous seizures after SE (11). These curves were compared by the logrank test. 

Data are presented as mean ± SEM and were considered significant if p < 0.05.

RESULTS

Microhemorrhages in CA3 After SE

We screened for the presence of damage in rats exposed to 180-minute SE (Fig. 1) at 7 days 

after pilocarpine injection (n = 11) and found microhemorrhages in 5 of 11 rats. These 

lesions consisted of extravasated erythrocytes close to the walls of markedly dilated arteries 

(Fig. 1B; arrows) or perivascular erythrocyte cuffs (Fig. 1B; arrowheads). In addition, we 

observed a sector of extensive cell loss localized in the upper blade of the dentate gyrus (Fig. 

1B; double arrows). This lesion was found consistently in all pilocarpine-treated rats (n = 

11) and contrasted with the apparent integrity of the other sectors of the dentate gyrus 

(compare the lower blades of control and pilocarpine-treated rats in Figs. 1A and B, 

respectively). Areas of neuronal loss were also detected in CA3 in 2 of 11 rats (Fig. 1B; 

asterisk). Interestingly, these areas contained branches (Fig. 1B; double arrowheads) of the 

dilated blood vessel located in the stratum lacunosum-moleculare (Fig. 1B; arrowheads). 

Fluoro-Jade staining of sections from rats killed 1 to 3 days after SE (n = 4 and 6, 

respectively) revealed clusters of necrotic granule cells in the upper blade of the dentate 

gyrus (Fig. 1C; arrow) corresponding to the sector of cell loss close to the lesion centered in 

the CA3 stratum lacunosum-moleculare (Fig. 1B; double arrows). This finding contrasted 

with the sparse distribution of the other necrotic cells in the hilus of dentate gyrus (Fig. 1C; 

double arrows) or in other sectors of the granule cell layer (Fig. 1C; arrowheads).
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In CA3, we also found an increase in immunostaining for heme oxygenase 1, an enzyme that 

is mainly expressed in microglial cells involved in removing hemoglobin from tissue (15) 

(compare the control immunostaining in Fig. 2A, n = 4, with that obtained from pilocarpine-

treated rats in Fig. 2B, n = 11). Some heme oxygenase 1-positive cells were localized in the 

wall of the dilated vessels (Fig. 2B; arrow). These data prompted us to look for vascular wall 

lesions that might explain the presence of microhemorrhages. An antibody against laminin 

(16) detected increased immunostaining of vessel walls after SE especially in the CA3 

subfield (compare the control staining in Fig. 2C with that in a pilocarpine-treated rat; Fig. 

2D) but never in the EC (compare the control staining in Fig. 2E with that in the pilocarpine-

treated rat in Fig. 2F).

Evidence of Ischemic-Like Lesion in the CA3 Region

Next, we looked for concomitant ischemia in CA3 by evaluating the integrity of glial cells 

(17, 18) in rats killed 3 (n = 6), 7 (n = 8), or 14 (n = 8) days after 180-minute SE. Using an 

antibody against GFAP (Fig. 2G), we identified a well-defined area of astrocyte loss (Fig. 

2G; arrows) surrounding the microhemorrhage in the CA3 subfield (Fig. 2G; arrowhead) in 

pilocarpine-treated rats 3 days after SE. This focal loss of GFAP immunostaining was found 

in all pilocarpine-treated rats 3 or 7 (Fig. 2H; top panel) days after SE, including in animals 

that did not have red blood cell extravasation. We did not detect any areas of GFAP loss 

(Fig. 2H; top panel) in rats killed 14 days after SE. In fact, the area of GFAP loss in rats after 

a week of SE was significantly decreased (−75%; p < 0.01) versus rats examined 3 days after 

SE (Fig. 2H; top panel). Statistical analysis using the logrank test showed significant 

differences (p < 0.01) between rats studied 3 and 7 days after SE and the control group (n = 

4). In contrast, rats studied 14 days after SE were significantly different (p < 0.01) from the 

other pilocarpine-treated rats but not from controls. These changes coincided with a 

significant increase (~500% of basal values; p < 0.01) in laminin immunoreactivity that was 

evident 3 days after SE but not present 2 weeks later (Fig. 2H; middle panel). No changes 

were observed in the EC (Fig. 2H; bottom panel).

Evaluation of Nerve Fiber Loss in the CA3 Region

We also examined the integrity of axons reaching the stratum lacunosum-moleculare by 

staining myelin with the Black-Gold method (n = 4, controls; n = 11, pilocarpine-treated). 

Fibers of the temporodentate or temporoammonic projections of the PP (identified as TD 

and TA, respectively, in Fig. 3A) were clearly delineated in horizontal sections of control 

hippocampi. By contrast, in all rats experiencing 180-minute SE, the PP terminal field in the 

CA3 stratum lacunosum-moleculare was undetectable with Black-Gold staining (Fig. 3B). 

This unstained area (Fig. 3B; asterisks) was seed-shaped, with the bottom filling the stratum 

lacunosum-moleculare in CA3 and the top covering the adjacent dentate gyrus edge and the 

temporoammonic projection, which seemed to be truncated when approaching CA3. In 

addition, fibers of the temporodentate projection that reach the upper blade tip of the dentate 

gyrus were also completely damaged. Higher magnification revealed varicosities (arrows in 

Fig. 3D; the control staining in a corresponding area is shown in Fig. 3C) along the myelin 

sheath of nerve fibers located at the border of the lesion. These varicosities were also 

identified in the molecular layer of the dentate gyrus (arrows in Fig. 3F; the corresponding 
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control region is shown in Fig. 3E), which is reached by temporodentate projections of the 

EC (19).

Distribution of Lesions in Extrahippocampal Regions

By comparing the pattern of GFAP immunostaining in pilocarpine-treated rats exposed to 

180-minute SE with control sections, we also detected lesions similar to those found in the 

hippocampus in other brain regions (Fig. 4A and B; obtained from rats killed 3 days after 

SE; n = 6). In particular, loss of GFAP immunostaining was evident in the piriform and 

insular cortex (Fig. 4B; arrowhead) and in regions of the ventral forebrain such as the 

basolateral amygdala and endopiriform nucleus (not shown). Other areas of GFAP loss were 

consistently found in the substantia nigra pars reticulata. Microhemorrhages were always 

observed in the hypothalamus and thalamus and sometimes in the septum and striatum; 

however, these microhemorrhages were never associated with loss of GFAP immunostaining 

(Fig. 4B; arrows).

Limiting SE to 30 minutes attenuated extrahippocampal lesions (Fig. 4C). Specifically, after 

30-minute SE, we detected hemorrhagic lesions in the hippocampus in only 2 of 8 rats. 

Clearly defined areas of GFAP loss were detected in the piriform (4/8 rats), insular (4/8), 

and perirhinal (1/8) cortices. Conversely, the amygdala, endopiriform nucleus, and 

substantia nigra were preserved. The hippocampus was consistently affected; focal GFAP 

loss was detected in 7 of 8 rats studied 3 days after 30-minute SE. The extent of this 

hippocampal lesion, however, was greatly reduced (not quantified in these experiments). 

Interestingly, even when the area of GFAP loss was very small, we found a large increase in 

laminin immunoreactivity (compare Figs. 4F and I, obtained from a pilocarpine-treated rat 

exposed to 30-minute SE, with Fig. 4D and G from a control rat) in the stratum lacunosum-

moleculare of CA3 of all rats (n = 8). This change in laminin immunostaining was restricted 

to vessels located in CA3 and was independent of the presence or absence of GFAP loss 

(Fig. 4H, I). In contrast, changes in laminin immunoreactivity observed in other 

extrahippocampal areas (Fig. 4E, F) were not as striking or localized as they were in CA3.

Ultrastructural Analysis of the Vessel Damage

We analyzed at the ultrastructural level the development of vascular lesions in the CA3 of 

rats exposed to 30-minute SE and killed 1 (n = 3) or 3 days later (n = 3) compared with 

control nonepileptic rats (n = 3). As shown in Figure 5, minimal changes suggestive of 

neuron/astrocyte swelling were detected in the stratum lacunosum-moleculare 24 hours after 

SE (compare Fig. 5A, obtained from a control rat, and Fig. 5B). In contrast, 3 days after SE, 

there were marked changes in the morphology of brain capillaries and surrounding tissue 

consisting of (1) the appearance of several microvilli on the surface of endothelial cells 

(arrows in Fig. 5C), which suggests activation of transport processes; (2) presence of large 

vacuoles within the endothelial cell cytoplasm (Fig. 5C, asterisks), which also indicates 

maximal activation of intracellular transport; (3) detachment of pericytes from the vessel 

wall (“P” in Fig. 5C), probably migrating within the parenchyma; (4) marked swelling of 

astrocyte end-foot processes (“AS” in Fig. 5C); (5) axon degeneration (arrowheads in Fig. 

5C), indicated by myelin sheath splitting, axon shrinkage, and axoplasm condensation; and 

(6) tissue edema, indicated by enlargement of the periaxonal space.
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Time Course of the CA3 Lesion

To characterize the development of the lesion in the hippocampus, we investigated 

pilocarpine-treated rats using magnetic resonance imaging (Fig. 6). Brain lesions were 

detected in T2W images (Fig. 6A) and in apparent diffusion coefficient of water maps (Figs. 

6B, C). Changes in T2W images, detected as bright zones of signal hyperintensity, were 

found bilaterally in the hippocampi (arrow in Fig. 6A at the level 5.6 mm from bregma; the 

area of damage extends to levels 4.1 and 2.6 mm) and in other brain regions, including the 

amygdala and periamygdaloid cortex, endopiriform nucleus, ventral subiculum, EC and 

piriform cortex (located at level 8.6 mm), and the insular cortex (7.1 mm from bregma) in 

pilocarpine-treated rats 24 hours after a 180-minute SE (n = 3). Interestingly, the bright 

zones enlarged from the ventral (5.6 mm) to the dorsal (2.6 mm) hippocampal levels (20).

The evolution of bright zones depended on whether SE was interrupted at 120, 60, or 30 

minutes from its onset (Fig. 6B). Bright areas of signal hyperintensity (arrows in T2W 

images) were detectable in the hippocampus 24 hours after a 120-minute SE (n = 7) and 

increased in size 1 day later. In contrast, after 60-minute SE (n = 6), the bright zones 

appeared only 48 hours after pilocarpine treatment, whereas animals that had experienced a 

30-minute SE (n = 6) exhibited T2W hyperintensity in the hippocampus 72 hours after SE 

(Fig. 6C). Apparent diffusion coefficient maps (Figs. 6B, C) also revealed regions of 

hypointensity (arrows in Tr(D) images) in the core of T2W hyperintense areas in the 

hippocampus, suggesting cytotoxic edema (21). Both magnetic resonance imaging changes 

were prevented by protecting rats (n = 6) exposed to 30-minute SE by the administration of 

diazepam (20 mg kg−1 24 hours−1) for 3 days, starting 24 hours after SE (Fig. 6C).

Protective Effects of Diazepam Treatment

We next determined whether preventing CA3 lesions by post-SE administration of diazepam 

affected the length of the latent period or the seizure frequency. Of 14 rats subjected to 30-

minute SE and then protected with diazepam, 12 became epileptic. Within the first 9 days 

after SE, 50% of these epileptic animals exhibited spontaneous seizures. Similarly, 50% of 

rats exposed to 120-minute SE (n = 18) developed spontaneous seizures within 10 days after 

pilocarpine injection, and all became epileptic in approximately 4 weeks. The curves of 

seizure appearance, analyzed by the logrank test, were similar in these 2 groups of 

pilocarpine-treated rats (Fig. 6D); however, rats exposed to 30-minute SE followed by 

diazepam exhibited a lower seizure frequency compared with the animals exposed to 120-

minute SE; this difference was significant during the first (p < 0.01) and last (p < 0.05) 10-

day periods of observation (Fig. 6E).

To investigate the efficacy of diazepam neuroprotection in preventing CA3 lesions further, 

we performed neuron-specific nuclear protein, mGluR2/3, GFAP, laminin, and MAP2 (a 

neuronal marker of ischemic lesions; [22]) immunostaining in the stratum lacunosum–

moleculare of animals exposed to 30-minute SE followed by diazepam and then killed 7 

days later. As shown in Figure 7, diazepam treatment prevented the appearance of the CA3 

lesion in 9 of 16 pilocarpine-injected animals. The criterion used to differentiate damaged 

from protected rats was the presence of an area of reduced GFAP extending bilaterally for 

more than 1 brain level (>300 μm). In the animals in which neuroprotection was not 
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attained, the lesions showed increased laminin immunoreactivity and disappearance of 

GFAP-positive astrocytes in the same area; these findings were similar to those observed in 

animals exposed to a longer SE (Fig. 2). Although the neuronal cell bodies, identified by the 

neuron-specific nuclear protein immunostaining, were preserved both in CA3 and DG (in 

which we did not detect any damage in the upper blade), we nevertheless noticed, enclosed 

within the area of reduced GFAP, regions devoid of MAP2 and mGluR2/3 

immunoreactivities, suggesting damage to distal dendrites of pyramidal cells and to PP 

terminal fibers of the EC-projecting neurons, respectively (Fig. 7). Although we found no 

sign of damage in neuroprotected animals, we detected reactive astrocytes surrounding 

dilated blood vessels in the stratum lacunosum–moleculare of CA3 (see the GFAP 

immunostaining in the central column of Fig. 7), suggesting enhanced vulnerability of this 

region.

Detection of the CA3 Lesion in Young Rats

We next examined whether the probability of developing CA3 lesions was further reduced in 

young (3-week-old) compared with adult (8-week-old) animals both exposed to 60-minute 

SE (Fig. 8). We limited SE to 60 minutes because this time interval resulted in optimal 

survival for young animals, whereas it induced CA3 lesions in all adult rats (Fig. 6). Our aim 

was to obtain 2 different populations of rats that could be discriminated on the basis of the 

integrity of the direct PP pathway to examine the involvement of CA3 pyramids in epileptic 

activity. All adult pilocarpine-treated rats (n = 18) exhibited lesions in the CA3 hippocampal 

subfield that were characterized by a marked disappearance of GFAP (not shown) and 

MAP2 immunostaining (Fig. 8A). Immunoreactivity for mGluR2/3 in the same area was 

also reduced, corresponding to loss of Black-Gold–labeled myelinated fibers (arrowheads in 

Figs. 8A and B). In contrast, in young animals, the CA3 stratum lacunosum–moleculare was 

less frequently damaged; only 6 of 26 rats showed bilateral loss of GFAP immunoreactivity 

in more than 1 brain level (Fig. 8C). The GFAP-unstained areas also exhibited loss of 

immunoreactivity for mGluR2/3 receptors in 6 of 26 rats, suggesting that the PP terminal 

field was damaged in these animals. In contrast, using the neuronal marker MAP2, which 

clearly stained neuronal dendrites in control rats (Fig. 7), we did not detect any loss in 

immunoreactivity in the young group (Fig. 8A); this suggests that pyramidal cells were not 

damaged in these animals.

The extent of damage, quantified in the various groups of pilocarpine-treated rats as the 

volume of GFAP, mGluR2/3, and MAP2 disappearance in CA3, is illustrated in Figure 8D. 

Overall, the volume of GFAP loss roughly corresponded to the sum of MAP2 and mGluR2/3 

lesion volumes in adult rats or to mGluR2/3 in the young group. This suggests that the lesion 

developed from the outmost region of stratum lacunosum–moleculare toward the pyramidal 

cell layer. In adult rats that had experienced 60-minute SE, the average lesion size (evaluated 

with GFAP immunostaining) was 3-fold larger than that in the neuroprotected group and 7-

fold larger than that in young damaged rats. For all of the markers, the areas of loss of 

immunoreactivity in CA3 were significantly lower in neuroprotected adults and young rats 

compared with animals exposed to 60-minute SE (p < 0.01; Fig. 8D).
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We next examined the time to onset and frequency of spontaneous seizures in both age 

groups. Adult rats developed Stage 5 spontaneous seizures starting from the first week after 

SE and invariably (n = 11) became spontaneously epileptic within a month from the 

pilocarpine injection (Fig. 9A). In contrast, only 2 of 10 pilocarpine-treated young rats 

exhibited Stage 5 spontaneous seizures starting 3 weeks after SE. The remaining young 

animals had only Stage 1 to 2 spontaneous seizures. The frequency of Stage 5 seizure in 

adult rats was similar to that observed in young rats measured 3 weeks after SE.

Recruitment of CA3 Pyramids in Seizure Activity by SE Reinduction

We next examined whether a lesion of the PP terminal field in CA3 was associated with a 

decreased probability of CA3 activation during seizures. Because of the very low occurrence 

of Stage 5 spontaneous seizures in young rats, we provoked seizures by reinjecting 

subthreshold doses of pilocarpine as suggested by Glien et al (12). All animals developed 

seizures after pilocarpine; however, 8 of 10 young rats exhibited SE after a single 

pilocarpine (200 mg kg−1) injection, whereas only 3 of 15 adults developed SE with the 

same dose (Fig. 9A). In addition, after repeated pilocarpine injections, some of the 

remaining adult rats displayed only discontinuous seizure activity (n = 8), whereas others (n 

= 4) finally developed SE. Latency to SE was also shorter in the young group of epileptic 

rats but not statistically different from the adult group. Of 10 control nonepileptic 8-week-

old rats treated with this procedure, 6 developed SE after repeated injections. This group was 

statistically different from young epileptic rats with respect to threshold (p < 0.01) and 

latency (p < 0.05).

In this series of experiments, both young and adult animals were killed 24 hours after 

pilocarpine to examine the possible induction of FosB/ΔFosB immunoreactivity in the CA3 

subfield. As previously reported (7), FosB/ΔFosB immunoreactivity was induced in all 

regions of the hippocampal formation in control animals. Young epileptic rats were similar, 

although areas devoid of positive cells were identified in relation to previous cell loss (Fig. 

9B; medial entorhinal cortex Layer III). In particular, the CA3 pyramidal layer of young rats 

(~80%) exposed to the second SE was FosB/ΔFosB-immunopositive, whereas only sparse 

cells were present in the adult group even in animals in which SE was reinstated (Fig. 9B). 

This difference in CA3 FosB/ΔFosB expression found in young and adult rats was not 

explained by differences in the integrity of the CA3 pyramidal layer, as shown by neuron-

specific nuclear protein antibodies (Fig. 9B). FosB/ΔFosB immunostaining was also 

detected in the other brain regions of the hippocampal formation in both groups. On the 

other hand, a clear loss of the PP nerve terminals was evident in all adult rats, whereas it was 

found in only 2 animals (20%) in the young group (Fig. 9C). In these animals, the same in 

which we observed Stage 5 spontaneous recurrent seizures, we did not detect FosB-/ΔFosB-

positive cells in the CA3 pyramidal layer.

DISCUSSION

We describe here a novel type of hippocampal lesion that is consistently observed in adult 

pilocarpine-treated rats exposed to at least 30-minute SE. This lesion causes disarrangement 

of the PP temporoammonic projection in CA3, contributing to abnormal function in this 
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region. In addition, with a 180-minute SE, the lesion enlarged, involving also the PP 

temporodentate fibers and granule cells found in the upper blade tip of dentate gyrus. This 

lesion was initially suggested by the presence of microhemorrhages surrounding dilated 

blood vessels, consistent with the development of vessel wall damage during SE. The 

presence of microhemorrhages was further supported by the appearance of an infiltrate of 

microglial cells positive for heme oxygenase 1, an enzyme typically induced by the presence 

of hemoglobin in the tissue (15). Microhemorrhages were also found in extrahippocampal 

areas such as the hypothalamus and thalamus of rats exposed to 180-minute SE, indicating 

that they were not an exclusive feature of damage to the hippocampus. Nevertheless, 30-

minute SE evoked microhemorrhages in the hippocampus of some animals but not in other 

brain regions. Cerebral hemorrhages are not unique to the pilocarpine model because they 

have also been described after kainic acid–induced SE both in the hippocampus and 

thalamus (23).

In addition to microhemorrhages, in the CA3 stratum lacunosum–moleculare, we identified 

other modifications typically found in brain areas of pannecrosis (17, 18, 24). Among these 

changes, the finding of increased laminin immunostaining in the basement membrane of 

some blood vessels is intriguing. This result may indicate angiogenesis that was presumably 

triggered by blood-brain barrier damage, as recently shown in the pilocarpine model and in 

tissue from TLE patients (25). This interpretation is consistent with the increased laminin 

immunostaining in regions in which we did not find pannecrosis. Alternatively, increased 

laminin immunoreactivity can be interpreted as the consequence of degradation of the 

basement membrane caused by release of proteases in damaged blood vessels (16). This 

phenomenon is also observed in brain regions exposed to ischemia (26). Interestingly, 

ischemia has recently been identified in the neocortex of pilocarpine-treated rats (27). 

Indeed, the lesion described in the hippocampus was characterized by the complete loss of 

GFAP and MAP2 immunoreactivities, as found in areas of ischemic/hemorrhagic brain 

damage (17, 22, 24, 28).

We hypothesize that the CA3 lesion may alter the degree of pyramidal cell activation, thus 

altering the hippocampal network that drives seizure activity (7). Accordingly, the 

pannecrotic lesion we found in pilocarpine-treated animals was associated with decreased 

responsiveness of CA3 pyramids during SE reinduction; in fact, they did not show FosB/

ΔFosB immunoreactivity. Similarly, Peng and Houser (6) have found a very low expression 

of c-Fos in CA3 at the onset of spontaneously recurrent seizures in pilocarpine-treated mice. 

In contrast, active pyramidal neurons were clearly immunostained for FosB/ΔFosB in the 

other hippocampal regions such as CA1 and the subiculum. A switch in the hippocampal 

circuitry (including the subiculum) from the trisynaptic to a monosynaptic dialog with the 

EC has been suggested in previous studies (29, 30). According to this hypothesis, the CA3 

region can play a critical role by decreasing the probability of relaying epileptic discharges 

to CA1 (30).

Several lines of evidence also support the hypothesis that the excitatory transfer via the 

dentate gyrus is decreased in epileptic rats (8, 31). When we compared the effects of dentate 

gyrus stimulation in pilocarpine-treated rats versus controls, we found significantly reduced 

responses in the epileptic CA3 (7). Ang et al (30) have also reported that even a PP burst 
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stimulation protocol is unable to activate the CA3 subfield over control values in 

pilocarpine-treated epileptic rats. Although this result has been interpreted as the 

consequence of a well-preserved gate-keeping function in the epileptic dentate gyrus, it can 

also be related to the degree of maintenance of PP direct projections to CA3 (32). In fact, it 

has been reported in the normal brain that activation of CA3 pyramidal neurons after mossy 

fiber stimulation depends to a great extent on feed forward excitatory inputs arising from 

direct PP fibers localized in the stratum lacunosum–moleculare (33). Thus, we suggest that 

the severe PP lesion identified in pilocarpine-treated animals may impede CA3 activation in 

response to inputs arriving through the trisynaptic pathway. This effect can be accentuated 

by the apical dendrite lesion identified in CA3 pyramidal cells with MAP2 immunostaining.

In TLE patients and pilocarpine-treated rats, the medial EC is selectively damaged in Layer 

III, which is composed by neurons projecting to CA1 and the subiculum (34, 35). Neurons 

projecting to the dentate gyrus and CA3 are instead located in the spared Layer II (7, 34, 

35). Accordingly, both young and adult rats showed intense FosB/ΔFosB immunoreactivity 

in the EC Layer II after SE reinduction. However, the CA3 subfield of adult rats was 

unstained, whereas the dentate gyrus displayed FosB/ΔFosB immunopositivity. These data 

suggest that EC Layer II neurons are active during spontaneous seizures, but the damage we 

identified in the stratum lacunosum-moleculare of this region precludes activation of CA3 

pyramidal cells. This view is further supported by results showing FosB/ΔFosB 

immunoreactivity in the CA3 of young rats, a group that is more resistant to PP damage. 

Similarly to CA3, the dentate gyrus is also affected by the large lesion in the adult rats 

exposed to 180-minute SE. This involves both granule cells and PP fibers in the upper blade 

tip. In fact, Scharfman et al (36) found the upper blade to be less responsive to PP 

stimulation when compared with the lower blade.

The young animal group showed a decreased threshold to pilocarpine-induced SE compared 

with adult epileptic or control rats. Similar alterations in seizure threshold have been 

reported for rats exposed to kindling at P18 (37) or treated with lithium-pilocarpine at P10 

(38) and later examined when they are adults. The decreased threshold to kainic acid-

induced seizures documented in lithium-pilocarpine–treated rat pups is paralleled by 

downregulation of the ionotropic glutamate receptor subunits GluR1 and GluR2, as well as 

by overexpression of the excitatory amino acid carrier 1 (38). Nonetheless, despite this 

increased sensitivity to convulsants, the young rats in our study had less severe seizures 

when they became epileptic, as has also been found in other studies (39). According to 

Sankar et al (39), differences in time to the first seizure are not explained by the extent of the 

lesion. We also did not notice differences in young and adult rats exposed to 60-minute SE 

apart from the CA3 stratum lacunosum-moleculare.

We found the response to SE reinduction to be impaired in the group of adult rats, which 

showed more pronounced damage to EC-CA3 connections. Notably, the findings in the adult 

group are similar to those in rats with ablated lateral EC, which are less responsive to drug-

induced seizures (40). This result was interpreted as a direct consequence of lateral EC 

damage because the EC is a critical region for ictogenesis both in humans and animal 

models of TLE (1). When EC-damaged rats developed seizures in response to 4-

aminopyridine, however, they displayed a significantly longer tonic component than sham 
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animals, indicating that loss of EC inputs to the hippocampus results in more severe seizures 

(40). Conversely, Zhang et al (41) showed that rats treated with multiple subthreshold kainic 

acid and pilocarpine injections, which did not develop neuronal damage during SE, 

presented less frequent seizures than rats in which SE was associated with neuronal loss. 

These data are in line with our observations showing a higher seizure frequency and a more 

damaged PP terminal field in rats undergoing 120-minute SE compared with those exposed 

to 30-minute SE.

In conclusion, we have identified in adult pilocarpine-treated epileptic rats a novel neuronal 

network damage developing just after a 30-minute SE. The nature of this lesion is probably 

ischemic, as suggested by loss of staining for neuronal soma and fiber markers, as well as by 

the disappearance of astrocytes and damage to vessel walls. Apparently, the presence of this 

lesion is consistently associated with more severe seizures. In particular, the adult animals 

damaged both in the CA3 stratum lacunosum–moleculare and in the dentate gyrus upper 

blade had more frequent seizures than the animals with damage only in CA3. In addition, the 

young animals were resistant to both lesions and presented a delayed development of 

generalized seizures. These data suggest the existence of a gradient in seizure severity that is 

explained by the extent of the PP lesion. Furthermore, hippocampal sclerosis is associated 

with intractable seizures in TLE patients (2). It remains to be established whether the 

changes we described in the pilocarpine model occur in the hippocampus of TLE patients 

and whether these changes aggravate seizures or limit the efficacy of drug treatment in these 

individuals.
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FIGURE 1. 
Photomicrographs illustrating the presence of a focal hemorrhagic lesion centered in the 

CA3 stratum lacunosum–moleculare 1 week after exposure to 180 minutes of status 

epilepticus (SE). (A, B) Toluidine blue staining of the CA3 region in a nonepileptic control 

animal (A) and in a pilocarpine-treated rat (B). (B) Note the presence of perivascular 

extravasated erythrocytes (arrowheads) and focal hemorrhages (arrows) close to an area of 

granule cell disappearance in the dentate gyrus (double arrow); an area of marked cell loss in 

CA3 (asterisk) is reached by dilated branches (double arrowheads) of the vessel surrounded 

by the microhemorrhages. (C) A cluster of necrotic cells visualized by the Fluoro-Jade 

method in the upper blade of the dentate gyrus 3 days after SE (C; arrow); only a few 

positively stained cells are identified outside of the lesion (arrowheads) or in the dentate 

hilus (double arrowhead). Scale bars = (A, B) 300 μm; (C) 100 μm.
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FIGURE 2. 
Changes in immunoreactivity of markers for glial cells and blood vessel wall. (A, B) 
Distribution of immunoreactivity for heme oxygenase-1 in a control rat (A) and in a 

pilocarpine-treated rat (B); the arrow points to a dilated blood vessel in which many heme 

oxygenase-1-positive cells can be identified. Immunoreactivity for laminin in basal 

condition (C, E) and in a pilocarpine-treated rat (D, F) in CA3 (C, D) and in the entorhinal 

cortex (E, F). (G) Distribution of glial fibrillary acidic protein (GFAP)-positive astrocytes in 

a control rat. In the pilocarpine-treated rat, note the clear-cut area devoid of 

immunoreactivity in the CA3 stratum lacunosum-moleculare (arrows) surrounding a focal 

microhemorrhage (arrowhead). (H) The top panel shows the quantification of the area of 

GFAP loss after status epilepticus (SE). *, p < 0.01 versus 3 days after SE group using 

analysis of variance, followed by the least-significant-difference test for multiple 

comparisons. Quantification of laminin immunoreactivity is shown in middle and bottom 

panels. *, p < 0.05; **, p < 0.01 versus controls. Analysis of variance, followed by the least-

significant-difference test for multiple comparisons. Scale bars = (A–F) 300 μm; (G) 500 

μm. NEC, nonepileptic control.
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FIGURE 3. 
Staining of nerve fibers with the Black-Gold method in a nonepileptic control animal (A) 
and in a pilocarpine-treated rat with a large lesion (delimited by asterisks) in the CA3 

stratum lacunosum-moleculare (B). (A) The perforant path (PP) projection is clearly 

detectable and consists either of fibers crossing the hippocampal fissure to reach the dentate 

gyrus molecular layer (TD) or fibers crossing the hippocampus and terminating in the CA3 

stratum lacunosum-moleculare (TA). (C–F) Show the regions magnified in the following 

panels. (C, D) Magnification of PP nerve fibers in CA3, in control, and in pilocarpine-

treated rats. (D) Note the fiber loss and the presence of punctuate stained beads and 

varicosities (arrows). (E, F) Details of PP nerve fibers reaching the dentate gyrus are shown 

in control (E) and pilocarpine-treated rats (F). Note the presence of intensely stained nerve 

fiber beads and varicosities (arrows) (F). Scale bars = (A, B) 250 μm; (C–F) 100 μm. TA, 

temporoammonic projection; TD, temporodentate projection.
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FIGURE 4. 
Lesions in extrahippocampal regions. (A) The immunostaining with a polyclonal antibody 

against glial fibrillary acidic protein (GFAP) is shown in a control animal. (B) Glial fibrillary 

acidic protein immunostaining reveals a focal area devoid of immunoreactivity in the 

hippocampus of a rat exposed to 180-minute status epilepticus (SE). There is also an 

irregular zone almost devoid of GFAP-positive cells at the boundary between the piriform 

and insular cortices (arrowhead). Microhemorrhages are visible in the hypothalamus and 

thalamus (arrows). Hemorrhagic lesions were not present when SE was limited to 30 

minutes (C). In sections close to those used for GFAP immunostaining, laminin 

immunoreactivity was increased in the basement membrane of blood vessels of rats exposed 

to 180- (E) or to 30-minute (F) SE compared with a control (D). The increase in laminin 

immunostaining was clearly focal (H and I are higher magnifications of the hippocampi 

shown in E and F, respectively). The hippocampus of a control rat is shown (G). Scale bars 

= 1 mm.
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FIGURE 5. 
Electron photomicrographs of vascular lesions in the CA3 of rats exposed to 30 minutes of 

status epilepticus (SE) and killed 1 to 3 days later. (A) A blood vessel with preserved 

morphology from a control nonepileptic rat; astrocytic end-foot processes (ASs) are close to 

endothelial cells (Es) delimiting the vessel wall. (B) A pilocarpine-treated rat studied 1 day 

after SE. (C) A pilocarpine-treated rat 3 days after SE. The capillary shows reduction in the 

lumen (L). There are several microvilli on the surface of endothelial cells (arrows) and large 

vacuoles within their cytoplasm (asterisks). There is also an apparently migrating pericyte 

(P), marked edema of ASs, and axon degeneration (arrowheads). Scale bar = 1 μm (original 

magnification, ×4,000).
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FIGURE 6. 
Nuclear magnetic resonance imaging illustrating the distribution of brain lesions after status 

epilepticus (SE) in pilocarpine-treated rats and neuroprotection with diazepam. (A) 
Horizontal T2-weighted (T2W) images from bregma level 8.6 to 2.6 mm (20) are shown for 

an nonepileptic control (NEC) rat and a pilocarpine-treated rat exposed to 180-minute SE. 

Note the appearance of hyperintense signals in several brain regions, including the 

hippocampal CA3 subfield (5.6; arrow). (B) The hyperintense signals in T2W and the 

hypointense signals in Tr(D) images are progressively delayed by shortening the SE duration 

(arrows). (C) Hyperintense signals in T2W and hypointense signals in Tr(D) images are 

observed in rats exposed to 30-minute SE 72 hours after pilocarpine injection. 

Neuroprotection of these animals with repeated diazepam administration prevented the 

changes in signal intensities. (D) Rats exposed to 30-minute SE and neuroprotected 

developed spontaneous recurrent seizures with a time course similar to that seen in rats 

exposed to 120-minute SE. (E) The seizure frequency seemed to be significantly lower in 

rats exposed to 30-minute SE. *, p < 0.05, **, p < 0.01; analysis of variance followed by the 

least-significant-difference test for multiple comparisons.
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FIGURE 7. 
Protective effects of repeated diazepam treatment in pilocarpine-treated rats exposed to 30-

minute status epilepticus (SE). The lesion was investigated with antibodies against neuronal 

(neuron-specific nuclear protein [NeuN]; metabotropic glutamate receptor 2/3 [mGluR2/3]; 

microtubule-associated protein 2 [MAP2]), glial (glial fibrillary acidic protein [GFAP]) and 

blood vessel (laminin) antigens in serial sections of pilocarpine-treated and control rats. 

Frames shown (A; defective neuroprotection) illustrate a rat in which diazepam did not 

preclude the development of damage in the CA3 stratum lacunosum-moleculare. The arrows 

indicate the pyramidal cell layer in the respective frames. (B; effective neuroprotection) A 
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pilocarpine-treated rat that experienced 30-minute SE in which the protocol of diazepam 

administration prevented the appearance of unstained areas and increased laminin 

immunoreactivity. The control is shown (C). Scale bars = 150 μm.
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FIGURE 8. 
Photomicrographs of the CA3 lesion occurring after exposure to 60-minute status epilepticus 

(SE) in serial sections of adult (8-week-old) and young (3-week-old) rats. (A) The CA3 

lesion is identified in adult 8-week-old rats by microtubule-associated protein 2 (MAP2) and 

metabotropic glutamate receptor 2/3 (mGluR2/3) staining. The correlation of mGluR2/3 

immunoreactivity to disappearance of perforant path axons was confirmed using Black-Gold 

staining (arrowheads). This staining is shown at higher magnification (B). The fibers were 

detected in the young animals (arrows). (C) Bars indicate the percentages of animals with 

the CA3 focal lesion. *, p < 0.05, **, p < 0.01 versus 8-week-old 60-minute SE group. (D) 
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Quantification of the volume of glial fibrillary acidic protein (GFAP), MAP2, and mGluR2/3 

disappearance. **, p < 0.01 versus 8-week-old 60-minute SE group. Analysis of variance, 

followed by the least-significant-difference test for multiple comparisons were used (C, D). 
Scale bars = 200 μm.
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FIGURE 9. 
Differences in epileptogenesis, status epilepticus (SE) reinduction, CA3 activation, and 

perforant path (PP) lesion in rats receiving the initial pilocarpine treatment when either 3 or 

8 weeks old. (A) Kaplan-Meier analysis of period when spontaneous Racine Stage 5 

seizures appeared (shown on the left; **, p < 0.01; logrank test). In the right panels, the 

effects of SE reinduction obtained by injecting subthreshold pilocarpine doses in the 

epileptic rats or in nonepileptic control (NEC) animals. In the top panel, SE reinduction 

reveals a significantly decreased threshold in the young (3-week-old) group of rats. The 

bottom panel shows a significantly lower latency. (*, p < 0.05, **, p < 0.01 versus NEC; ##, 

p < 0.01 versus adult epileptic rats; analysis of variance, followed by the least-significant-

difference test for multiple comparisons). (B) FosB/ΔFosB and neuron-specific nuclear 

protein (NeuN) immunostaining in serial sections of the hippocampal formation in young 

and adult epileptic rats 1 day after SE reinduction. FosB/ΔFosB immunoreactivity was found 

in the CA3 of 8 of 10 young rats. Differences in other areas or in NeuN staining are not 

evident. (C) Metabotropic glutamate receptor 2/3 (mGluR2/3)-immunostained perforant 

path nerve terminals in a young (left) and an adult (center) rat corresponding to the 
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respective FosB/ΔFosB immunostaining (B). On the right, the percentage of animals with 

mGluR2/3 loss in stratum lacunosum-moleculare is indicated for each group. Scale bars = 

150 μm. DG, dentate gyrus; MEC, medial entorhinal cortex; Sub, subiculum.
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