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Abstract

In refractory temporal lobe epilepsy, seizures often arise from a shrunken hippocampus exhibiting

a pattern of selective neuron loss called “classic hippocampal sclerosis.” No single experimental

injury has reproduced this specific pathology, suggesting that hippocampal atrophy might be a

progressive “endstage” pathology resulting from years of spontaneous seizures. We posed the

alternate hypothesis that classic hippocampal sclerosis results from a single excitatory event that

has never been successfully modeled experimentally because convulsive status epilepticus, the

insult most commonly used to produce epileptogenic brain injury, is too severe and necessarily

terminated before the hippocampus receives the needed duration of excitation. We tested this

hypothesis by producing prolonged hippocampal excitation in awake rats without causing

convulsive status epilepticus. Two daily 30-minute episodes of perforant pathway stimulation in

Sprague-Dawley rats increased granule cell paired-pulse inhibition, decreased epileptiform

afterdischarge durations during 8 hours of subsequent stimulation, and prevented convulsive status

epilepticus. Similarly, one 8-hour episode of reduced-intensity stimulation in Long-Evans rats,

which are relatively resistant to developing status epilepticus, produced hippocampal discharges

without causing status epilepticus. Both paradigms immediately produced the extensive neuronal

injury that defines classic hippocampal sclerosis, without giving any clinical indication during the

insult that an injury was being inflicted. Spontaneous hippocampal-onset seizures began 16–25

days post-injury, before hippocampal atrophy developed, as demonstrated by sequential magnetic

resonance imaging. These results indicate that classic hippocampal sclerosis is uniquely produced

by a single episode of clinically “cryptic” excitation. Epileptogenic insults may often involve

prolonged excitation that goes undetected at the time of injury.
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Introduction

Acquired mesial temporal lobe epilepsy (MTLE) with hippocampal sclerosis is a common,

often medically refractory neurological disorder thought to be initiated by a brain insult

(Chang and Lowenstein, 2003). Refractory MTLE is associated with a characteristic pattern

of selective and extensive hippocampal neuron loss that results in hippocampal atrophy

(Bruton, 1988; Meldrum and Bruton, 1992). The atrophic hippocampus is one apparent

source of the electrical events that cause spontaneous epileptic seizures (Spencer and

Spencer, 1994; Spencer, 1998), and its surgical removal produces clinical improvement

(Falconer and Taylor, 1968), a result consistent with the view that hippocampal sclerosis is

an epileptogenic pathological entity (Falconer, 1974).

Suspected causes of acquired temporal lobe epilepsy with hippocampal sclerosis include

prolonged febrile seizures in childhood, and seizures, head trauma, or infection at any age

(Marks et al., 1992; Maher and McLachlan, 1995; Mathern et al., 1995; Jackson et al., 1999;

Sokol et al., 2003; Cendes, 2004; Lewis, 2005). However, the precise cause of the extreme

hippocampal atrophy often associated with refractory MTLE has remained a mystery for

more than a century (Sommer, 1880; Bratz, 1899; Margerison and Corsellis, 1966; Meldrum

and Bruton, 1992) because no single experimental brain insult replicates classic

hippocampal sclerosis in animals. Paradoxically, many patients with classic hippocampal

sclerosis on initial imaging (Lehericy et al., 1997; Van Paesschen et al., 1997) report no

antecedent febrile seizures, or any identified brain insult, which raises the question in these

cases: if no known injury caused their hippocampal atrophy, did a more subtle, “cryptic”

injury occur, and if so, what was its nature?

Efforts to model epileptogenic brain injury have most frequently employed systemic

chemoconvulsants (Purpura and Gonzalez-Monteagudo 1960; Meldrum et al., 1974; Turski

et al., 1983; Tauck and Nadler, 1985). Although chemoconvulsant-induced status epilepticus

(SE) produces a permanent epileptic state in rats (Pisa et al., 1980; Nadler, 1981; Cavalheiro

et al., 1982), the available data indicate that prolonged convulsive SE in animals is a severe,

often lethal insult that causes more extra-hippocampal injury than hippocampal injury

(Schwob et al., 1980; Clifford et al., 1987). In contrast to the extensive hippocampal atrophy

and limited extra-hippocampal pathology of human mesial temporal lobe epilepsy with

classic hippocampal sclerosis, convulsive SE in rodents, whether initiated by kainate,

pilocarpine, or electrical stimulation, causes variable hippocampal damage and extensive

extra-hippocampal damage (Roch et al., 2002; Tongiorgi et al., 2004; Nairismägi et al.,

2004; Fabene et al., 2003; 2007; Harvey and Sloviter, 2005; Bumanglag and Sloviter, 2008;

Navarro Mora et al., 2009). Even a much longer duration (24 hrs) of hippocampal excitation

in urethane-anesthetized rats only causes limited hippocampal injury (Sloviter and Damiano,

1981; Sloviter, 1987; 1991b), which resembles human “endfolium sclerosis” more closely

than classic hippocampal sclerosis (Margerison and Corsellis, 1966; Bruton, 1988). In cases

of chemoconvulsant-induced SE in which extensive hippocampal injury does follow hours

of seizures, granule cell and pyramidal cell loss often involves a vascular abnormality that

causes ischemic, rather than excitotoxic injury (Sloviter, 2005; Biagini et al., 2008), and the

resulting pattern of pathology is not classic hippocampal sclerosis.

The failure of any single experimental brain injury to produce classic hippocampal sclerosis,

and the presence of classic hippocampal sclerosis in many patients with no history of febrile

seizures, brain infection, or traumatic head injury (Hauser and Hesdorffer, 1990; Meldrum

and Bruton, 1992), has led to the hypothesis that classic hippocampal sclerosis may be a

progressive “end-stage” pathology, rather than the result of a single initial insult (Mathern et

al., 1995; Briellmann et al., 2002). According to this view, epileptogenesis might be initiated

by an injury or a pre-existing structural hippocampal abnormality (Fernandez et al., 1998),
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but classic hippocampal sclerosis is ultimately produced only by incremental and cumulative

neuron loss that occurs with each spontaneous seizure (Cavazos and Sutula, 1990; Mathern

et al., 1995; Kälviäinen et al., 1998; O’Brien et al., 1999; Tasch et al., 1999; Briellmann et

al., 2002). However, the recent finding that spontaneous epileptic seizures in animals do not

produce any detectable hippocampal neuron loss (Pitkänen et al., 2002; Gorter et al., 2003),

suggests that classic hippocampal sclerosis may be caused by an as yet unidentified single

initial insult, a possibility with significant implications for understanding the etiology of

hippocampal sclerosis, identifying epileptogenic mechanisms, and knowing when to attempt

therapeutic strategies to prevent pathology and interfere with the epileptogenic process.

We formulated a “cryptic injury” hypothesis, which holds that the extensive hippocampal

neuron loss and limited extra-hippocampal pathology often associated with refractory

MTLE is caused by a single excitatory event of long duration, but limited intensity, that

stays sequestered within the temporal lobe. We hypothesized that this focal activity is

insufficiently intense to spread to the motor pathways that need to be activated to cause

convulsive SE and to produce the widespread brain damage that convulsive SE can cause

(Schwob et al., 1980; Clifford et al., 1987; Fujikawa et al., 2000; Mikaeloff et al., 2006).

This “cryptic injury” hypothesis is consistent with the observations that few patients report

episodes of convulsive SE prior to the development of MTLE (Hauser and Hesdorffer, 1990;

French et al., 1993), and that prolonged convulsive status epilepticus in humans, which can

result in severe cognitive impairment and widespread brain damage (Fujikawa et al., 2000;

Mikaeloff et al., 2006), is distinct from the limited pathology found in otherwise

neurologically normal patients with refractory MTLE (French et al., 1993; Engel, 1996).

If classic hippocampal sclerosis is caused by a single episode of prolonged excitation that is

less intense than the excitation that causes convulsive SE, and the duration of excitation is a

critical factor, then why does perforant pathway stimulation for 24 hours in urethane-

anesthetized rats produce endfolium sclerosis (mainly hilar cell loss), but not classic

hippocampal sclerosis (Sloviter, 1991b)? We observed that direct unilateral stimulation of

the CA3 pyramidal cell layer in urethane-anesthetized rats produced extensive bilateral

damage to CA3 and CA1 pyramidal cells (Sloviter, 1991b), a finding that confirmed the

vulnerability of nearly all pyramidal cells, and the injuriousness of forced CA3 discharge

under urethane anesthesia. Thus, we posited that during perforant pathway stimulation,

which involves excitation one synapse removed from CA3 activation, urethane anesthesia

suppresses CA3 pyramidal cell discharge in response to granule cell excitation, thereby

preventing CA3 pyramidal cells from destroying their area CA3 and CA1 target cells and

causing classic hippocampal sclerosis. Therefore, we sought a way to produce simultaneous

dentate granule cell and CA3 pyramidal cell excitation in awake animals for a prolonged

period (8 hours) without producing the seizure spread and lethal convulsive SE that causes

widespread brain damage and requires premature termination of the experiment.

To find a way to evoke hippocampal excitation in awake animals without causing

convulsive SE, we utilized an approach developed in other laboratories to decrease the

seizure intensity and neuronal injury caused by prolonged convulsive SE. Kelly and

McIntyre (1994) and Penner and colleagues (2001) reported that kindling stimuli decreased

the brain damage caused by a subsequent episode of convulsive SE. In addition, other

studies have shown that a brief episode of chemoconvulsant-induced seizures decreased the

seizure intensity and the extent of damage evoked by a subsequent chemoconvulsant

treatment (Sasahira et al., 1995; El Bahh et al., 1997; Najm et al., 1998; Kondratyev et al.,

2001; Hatazaki et al., 2007), even if behavioral SE still develops (Zhang et al., 2002).

Because our primary purpose was to evoke prolonged, focal hippocampal excitation in

awake rats without producing convulsive SE, we determined whether two relatively brief

daily episodes of hippocampal excitation in Sprague-Dawley rats effectively reduced the
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intensity of granule cell afterdischarges evoked by stimulation on the third test day, and

permitted 8 hours of stimulation to be delivered to awake animals without causing lethal

convulsive SE. A second approach involved simply using a less intense stimulation

paradigm in rat strains inherently more resistant than Sprague-Dawley rats to developing

convulsive SE (Long-Evans and Brown-Norway; Xu et al., 2004; Young et al., 2009). Using

these methods, we determined whether a single focal excitatory episode can immediately

cause the selective pattern of temporal lobe injury that: 1) defines classic hippocampal

sclerosis; 2) involves the limited extra-hippocampal injury that defines mesial temporal

sclerosis (Meldrum and Bruton, 1992), and; 3) produces a permanent epileptic state.

Materials and Methods

Animal treatment

Sixty-four male Sprague-Dawley rats, forty-nine male Long-Evans rats, and four male

Brown-Norway rats (300–400g; Harlan Sprague Dawley; Indianapolis, IN) were treated in

accordance with the guidelines of the National Institutes of Health for the humane treatment

of animals. The University of Arizona Institutional Animal Care and Use Committee

approved all methods used.

Perforant pathway stimulation paradigms

Rats were implanted bilaterally with unipolar recording electrodes in the dentate granule cell

layer of the dorsal hippocampus, and with bipolar stimulating electrodes in the angular

bundles of the perforant pathway, as previously described (Harvey and Sloviter, 2006;

Bumanglag and Sloviter, 2008). Bipolar stainless-steel stimulating electrodes (Rhodes

Medical Instruments, Summerland, CA) were placed bilaterally in the angular bundles of the

perforant pathway (~4.5 mm lateral from the midline suture and immediately rostral to the

lambdoid suture). Unipolar recording electrodes, fabricated from Teflon-coated 0.003-inch-

diameter stainless-steel microwires (7910; A-M Systems, Inc., Carlsborg, WA) were

lowered into the brain bilaterally (~2 mm lateral from the midline, ~3 mm caudal to bregma,

and 3.5 mm below the brain surface). Final tip locations in the granule cell layer were

reached by optimizing the potentials evoked by perforant pathway stimulation (Andersen et

al., 1966). A layer of dental acrylic cement attached the electrodes to the screws and skull.

Plastic connectors (Ginder Scientific, Ottawa, Ontario, Canada) were fitted to the electrodes

and then embedded in acrylic cement to form a mechanically stable cap. The scalp was

restored around the cap using a single staple at the caudal end of the incision.

All stimulation protocols in Sprague-Dawley rats utilized a paradigm designed to evoke and

maintain hippocampal granule cell afterdischarges throughout the period of stimulation

(Sloviter, 1983). Stimulation consisted of continuous, bilateral 2 Hz paired-pulse stimuli,

with a 40 msec interpulse interval, plus a 10 sec train of 20 Hz single-pulse stimuli delivered

once per minute. All pulses (0.1 msec duration) were delivered at 15 V, as this voltage

evoked granule cell epileptiform discharges in all animals without producing the tissue-

damaging hydrolysis at the electrode tips that is caused by higher stimulus voltages.

After 3 hours of continuous stimulation, which reliably produced convulsive status

epilepticus in naive animals, electrographic seizure activity and behavioral seizures were

terminated abruptly by isoflurane inhalation, and their re-occurrence was suppressed by a

sub-anesthetic dose of urethane (0.8 g/kg sc). Animals stimulated for 30 minutes on two

consecutive days required only isoflurane to terminate status epilepticus. Eight hour

stimulation on the third day did not cause convulsive SE, or epileptiform electrographic

activity that outlasted the stimulation, and therefore did not require pharmacological

termination. Stimulations in Long-Evans and Brown Norway rats utilized a different
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stimulation paradigm, which was designed to cause focal hippocampal discharges over a

period of 8 hours. In this case, stimulation involved only 10 sec-long trains of 20 Hz, single-

pulse stimuli delivered once per minute. This paradigm did not cause convulsive SE in

Long-Evans or Brown Norway rats, or epileptiform electrographic activity that outlasted the

stimulation, and therefore, these animals also required no treatment to terminate seizure

activity.

Electrophysiological and video monitoring methods

Electrical stimulation utilized stimuli (0.1 msec duration) generated by a Grass S88

stimulator, which was used in conjunction with a stimulus isolation unit (Grass Instruments,

West Warwick, RI). Granule cell layer activity during and after perforant pathway

stimulation was amplified and recorded digitally at 10 kHz using Chart 5 software (AD

Instruments, Mountain View, CA). Immediately following perforant pathway stimulation,

spontaneous granule cell layer activity was recorded continuously (24/7), and stored

digitally and automatically in 3-hour epochs. Each day, the preceding 24 hours of recordings

were assessed visually, and all events with amplitudes obviously larger than baseline were

analyzed. Each confirmed seizure was related to behavior on the timestamped video

recordings, as described below. Continuous (24/7) video monitoring began immediately

following stimulation utilizing Panasonic model 9622 color CCD day/night infrared

cameras. Video files were captured at 30 frames/sec and time-stamped for integration with

the electrophysiological data using automated surveillance software (Ben Software, London,

United Kingdom), and stored digitally. Spontaneous behavioral seizures were scored

according to the Racine scale (Racine, 1972).

Perfusion-fixation and tissue treatment

Rats were anesthetized with urethane (1.25 g/kg ip) and perfused through the aorta by

gravity feed with normal saline for 2 minutes, followed by either 4% paraformaldehyde or

1.5% glutaraldehyde/1% paraformaldehyde, both in 0.1 M phosphate buffer, pH 7.4, for 10

minutes. Other rats, intended for Timm staining (Sloviter, 1982), were perfused with saline

and 0.1% sodium sulphide in 0.1M phosphate buffer, pH 7.4, for one min each prior to the

saline and aldehyde solutions described above. After overnight fixation in situ at 4° C,

brains were removed from the skull and 40-μm-thick sections were cut in 0.1 M

hydroxymethylaminomethane buffer, pH 7.6 (Tris), using a Vibratome. Brains were first cut

in the horizontal plane from the base of the brain, and then the remaining tissue was cut

coronally. All histological and immunocytochemical procedures were performed as

previously described (Sloviter et al., 2006).

Immunocytochemistry protocol

Sections were mounted on Superfrost Plus slides, air dried, and placed in 0.1 M Tris buffer.

Slides were then immersed in 85°C Tris for 1 minute, washed in room temperature Tris, and

placed in Tris containing 0.25% bovine serum albumin (BSA; fraction V; Sigma) and 0.1%

Triton X-100 (Sigma), pH 7.6. Slides were incubated overnight in primary mouse anti-NeuN

(diluted 1:10,000; MAB377; lot No. 22021251; Chemicon). Anti-NeuN was raised against

purified cell nuclei from mouse brain, and recognizes 2–3 bands in Western blots in the 46–

48 kDa range, and possibly another band at approximately 66 kDa, which constitutes

unknown nuclear proteins (Mullen et al., 1992). NeuN was used solely as a neuronal marker.

Although NeuN is constitutively expressed in all temporal cortical neurons, to our

knowledge, it is not expressed by all neurons of all species (Sarnat et al., 1998; Weyer and

Schilling, 2003; Kumar and Buckmaster, 2007), and its expression can become undetectable

after brain insults that do not result in neuronal death (McPhail et al., 2004; Unal-Cevik et

al., 2004; Collombet et al., 2006). Therefore, Nissl staining was used to verify that loss of

NeuN expression was due to cell death.
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After primary antibody incubation, slides were washed in Tris-BSA-Triton buffer (2 × 5

minutes minimum). Slides were then incubated in biotinylated secondary antibody solution

(1:2,000 dilution of goat anti-mouse or goat anti-rabbit; Vector, Burlingame, CA) in Tris-

BSA-Triton buffer for 2 hours, washed in the same buffer, and then incubated for 2 hours in

avidin-biotin-HRP complex (Vector Elite Kit diluted 1:1,000 in Tris-BSA-Triton buffer).

Slides were then washed in Tris (3 × 5 minutes minimum) and incubated in a hydrogen

peroxide-generating diaminobenzidine (DAB) solution (100 ml Tris containing 50 mg DAB,

40 mg ammonium chloride, 0.3 mg glucose oxidase, and 200 mg β-D-glucose). After

incubation in DAB solution for 20–30 minutes, slides were rinsed in Tris, dehydrated in

graded ethanols and xylene, and coverslipped with Permount. Sets of matched sections were

Nissl stained with 1% cresyl violet or stained with the neurodegeneration marker Fluoro-

Jade B (Schmued and Hopkins, 2000).

Light microscopy imaging methods

Brightfield images were acquired digitally on a Nikon E800M microscope with a

Hamamatsu C5180 camera. Adobe Photoshop CS3 was used to acquire images and optimize

contrast and brightness, but not to change the image content.

Quantitative assessment of neuron loss

To assess the approximate extent of acute injury caused by 8 hours of perforant pathway

stimulation in Sprague-Dawley rats, we analyzed five non-adjacent sections from the dorsal

hippocampus of naïve and experimental animals (30,30,8) that were immunostained for

NeuN, a neuronal marker protein (Mullen et al., 1992). Ventral sections involved so much

hippocampal shrinkage that horizontal sections often contained no hippocampal tissue.

Therefore, quantitative analysis was limited to the dorsal hippocampus. We used matching

coronal sections from the dorsal hippocampus of control and experimental animals, which

were based on the identification of extra-hippocampal brain regions, e.g. the dorsal thalamic

nuclei and the shape of the third ventricle. Cell counts of immunopositive neurons included

all neuronal somata that contained a visible nucleus. In the hilus of the dentate gyrus,

counted neurons included somata not in contact with the granule cell layers, and those that

were outside the somal and dendritic regions of area CA3c. In the naïve sections,

immunoreactive neurons counted in the pyramidal cell layers included somata in apparent

contact with at least one other neuron. In this way, only neurons that were part of the

pyramidal cell layer were counted. In stimulated animals with hippocampal atrophy, in

which strata boundaries were eliminated, all immunoreactive neurons within the remaining

hippocampus, but located outside the dentate gyrus, were counted. Quantitative neuron

counts should be regarded as approximations of the extent of neuronal loss and survival.

Neurons were not counted in Nissl-stained sections because neurons could not be reliably

differentiated from the many glial cells that proliferate after seizure-induced damage.

We measured the nuclear diameter of each cell population (hilus, CA3, CA1) in both naïve

and stimulated animals using the CS3 Adobe Photoshop measuring tool because over-

counting of neurons can occur if a significant difference in cell size exists within one class

of cells between control and experimental groups. We applied Abercrombie’s correction

method (Abercrombie, 1946; Saper, 1996) to the cell counts per unit area. The number of

counted cells with visible nuclei per unit area in sections 40um thick was divided by the

section thickness plus the diameter of the CA3 pyramidal cell nucleus, for example,

according to the formula: N=n*t/t+d, where N is the true value (cells per unit area), “n” is

the observed cell count per unit area, t is the section thickness, and d is the diameter of the

object counted.
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Hippocampal volume measurement

To estimate the extent of hippocampal atrophy produced by 8 hours of stimulation in

Sprague-Dawley rats, we calculated whole hippocampal volumes. This was done by

collecting the entire series of 40μm-thick coronal sections that contained any hippocampal

tissue, and then measuring the areas of the hippocampus in every other section (e.g. sections

1,3,5,7, etc). Measurements were made in 4 sham control rats, 4 rats stimulated for 3 hr, 4

rats stimulated 2 × 30 min (30,30,0-group), and 4 rats stimulated 2 × 30 min plus 8 hours on

the third day (30,30,8-group). All rats used for area measurements were perfusion-fixed with

4% paraformaldehyde at least 9 weeks post-stimulation. Areas were measured using the

Adobe Photoshop CS3 Extended Measurement feature to calculate the area bounded by an

irregular border. Whole hippocampal area included the dentate gyrus and the hippocampus

“proper,” excluding the fimbria. The total hippocampal volume was calculated by

multiplying the area of each section by the thickness of two sections (80 μm), as every other

section was measured. The accuracy of area measurement was verified by measuring the

area of a 1 mm square on a micrometer, which yielded an area of 1.003 mm2 by the Adobe

Photoshop CS3 Extended Measure program. Group means were compared using Student’s t-

test.

Magnetic resonance imaging (MRI)

MRI experiments were performed on animals in which all metal electrodes had been

removed within 24 hours of the end of stimulation or sham stimulation. Images were

obtained using a Bruker Biospec Tomograph (Bruker Medical, Ettlingen, Germany)

equipped with an Oxford, 33 cm bore, horizontal magnet operating at 4.7 T and a Bruker

gradient insert (maximum intensity 20 G/cm), as previously described in detail (Fabene et

al., 2006). Rats were anesthetized by inhalation of a mixture of oxygen and air (1 l/min)

containing 1% halothane (initial dose 4% halothane); rectal temperature and heart rate were

monitored by a Small Animal Monitoring and Gating System (SA Instrument, Stony Brook,

NY) and were similar in control and experimental animals. The rats were placed into a 7.2

cm inside diameter bird cage transmitter coil. The signal was received through a helmet coil,

optimized for the rat brain, actively decoupled from the transmitter coil and placed directly

on the animal’s head. Three mutually perpendicular slices were acquired through the brain

as scout images. A T1W-SpinEcho image was acquired in the sagittal plane in order to

localize the olfactory bulbs. Twenty contiguous, transversal, T2W, 1-mm-thick slices were

imaged starting 1 mm posterior to the olfactory bulbs. T2W images were acquired using a

RARE sequence with the following parameters: repetition time (TR) = 5117 ms; echo time

(TE) = 65 ms, RARE factor = 8; field of view (FOV) = 3.5×3.5m2, matrix size 256 × 256

corresponding to an in-plane resolution of 137×137 μm2.

RESULTS

Three hours of confirmed hippocampal status epilepticus plus months of spontaneous
epileptic seizures did not cause classic hippocampal sclerosis

A single, prolonged episode of chemoconvulsant-induced status epilepticus (SE) fails to

cause classic hippocampal sclerosis (Schwob et al., 1980; Harvey and Sloviter, 2005), in

part, because chemoconvulsant treatment rarely produces continuous hippocampal seizure

activity (Sloviter et al., 2003). Therefore, we determined whether 3 hour of verified,

continuous hippocampal electrographic status epilepticus ever produces classic hippocampal

sclerosis. Bilateral electrical stimulation of the perforant pathways in awake, chronically

implanted rats at 2 Hz continuously, with additional 10 sec-long 20 Hz trains delivered once

per minute, evoked granule cell population spikes during the 20 Hz trains and epileptiform

discharges during the 2 Hz stimulation between successive 20 Hz trains (Fig. 1, A1). This

stimulation paradigm reliably evoked behavioral status epilepticus, which was lethal in all
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animals tested (n=6) when stimulation was continued for 4 hours or more. When convulsive

status epilepticus was terminated pharmacologically after 3 hours of continuous dentate

granule cell seizure discharges, all animals survived. Fluoro-Jade B staining (Schmued and

Hopkins, 2000) 4 days later revealed acute injury to hilar neurons and scattered CA1 and

CA3 pyramidal cells, but no evidence of extensive hippocampal pyramidal cell injury (n=9;

Fig. 1, D). These results confirm that a single episode of continuous hippocampal seizure

activity for 3 hours in awake rats that also caused convulsive SE does not produce the

extensive or nearly complete pyramidal cell loss that defines human classic hippocampal

sclerosis (Meldrum and Bruton, 1992).

Analysis of identically treated animals (n=5) that survived for 2–14 months after 3 hours of

stimulation-induced SE, and had exhibited months of spontaneous epileptic seizures,

revealed that there was no detectable evidence of acute neuronal death as reflected by

Fluoro-Jade B staining (data not shown), and no significant hippocampal atrophy

characteristic of classic hippocampal sclerosis in any rat (Fig. 1, E). The absence of Fluoro-

Jade B-positive cells in all analyzed brain sections from animals that were actively

exhibiting spontaneous epileptic seizures in the days preceding perfusion-fixation is

consistent with previous studies indicating that spontaneous epileptic seizures do not cause

any detectable neuron death (Pitkanen et al., 2002; Gorter et al., 2003). This lack of acute

seizure-induced damage to vulnerable hippocampal neurons following a succession of

individual spontaneous seizures is distinct from the report that individual seizures increase

the rate of dentate granule cell turnover (Bengzon et al., 1997), which is a naturally-

occurring granule cell death process distinct from seizure-induced, excitotoxic cell death of

vulnerable hilar and pyramidal layer neurons (Sloviter et al., 1996). That the lack of FJB

staining after individual seizures was not due to an inability of FJB to detect injury in

chronically epileptic rats was demonstrated in one previously stimulated animal that

developed spontaneous convulsive SE ~8 months after stimulation and months of

spontaneous epileptic seizures. In this animal, spontaneous convulsive SE that lasted for

more than 8 hours caused widespread brain damage that included extensive hippocampal

injury to areas CA1 and CA3 (data not shown).

Two brief daily episodes of perforant pathway stimulation prevent convulsive status
epilepticus on the third day of stimulation

The failure of 3 hours of confirmed hippocampal electrographic SE and convulsive SE to

produce extensive hippocampal pyramidal cell loss led us to develop a pre-stimulation

paradigm designed to attenuate the duration of hippocampal epileptiform discharges evoked

by perforant pathway stimulation, thereby decreasing the spread of hippocampal focal

seizure activity to motor pathways. In this way, we hypothesized that less intense

hippocampal excitation might remain sequestered within the temporal cortical region and

not cause lethal behavioral status epilepticus, thereby allowing a longer period of

hippocampal excitation to be delivered. We found in pilot experiments that 30 minutes of

stimulation on two consecutive days (continuous 2 Hz stimulation with paired pulses 40

msec apart plus 10 sec long 20 Hz trains of single stimuli added once per minute) prevented

behavioral status epilepticus from developing on the third day in response to the identical

stimulation paradigm.

Granule cell paired-pulse inhibition, as defined and assessed previously (Sloviter, 1991a)

was markedly and reliably increased on the third day by the two 30 min-long stimulations on

the two preceding days in all 9 rats tested. Evoked responses (an average of 5 evoked

potentials) on the third day were compared to the responses evoked in the same animals on

the first day (Fig. 2, A). Prior to the first 30 min-long stimulation, the average amplitude of

the second of two paired pulses evoked by perforant pathway stimulation at 0.1 Hz was 3.7

± 2.5 mV (n=9). One day after the second of two daily 30 min stimulations, the average
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amplitude of the second of two paired pulses in the same nine animals was 0.7 ± 0.8 mV.

This 81% decrease in second population spike amplitude with minimal change in the

amplitude of the first population spike (Fig. 2, C) was significant (n=9; p<0.001; paired t-

test). Consistent with the observed increase in granule cell paired-pulse inhibition, the

durations of granule cell epileptiform discharges evoked during the 30 min episodes of

perforant pathway stimulation were decreased by 74% on the day following the two 30 min-

long stimulation episodes (Fig. 2, B). On the first day of the 30 min pre-stimulation, granule

cell epileptiform discharges during the 50 sec intervals between each 20 Hz stimulus train

were an average of 43.4 ± 4.6 sec in duration (n= 266 afterdischarges from 9 rats). On the

third stimulation day, during the first 30 min of stimulation, the duration of granule cell

epileptiform discharges between each 20 Hz stimulus train in the same animals was 11.4 ±

3.9 sec (26% of the discharge duration on the first test day; Fig. 2,D), which was a

significant mean difference (n=8; p<0.001; paired t-test). These two daily 30 min

stimulations prevented the development of lethal behavioral status epilepticus, and permitted

a prolonged, 8 hour-long stimulation to be delivered on the third day. This 8 hour-long

stimulation caused “wet-dog” shakes and a few brief seizures, but mostly what appeared to

be normal eating, drinking, and exploratory behaviors.

Perhaps the most reliable observation made during live monitoring of 49 rats during

stimulation on 3 consecutive days was the obvious causal relationship between the

prolonged granule cell epileptiform discharges that occurred between stimulus trains, and

the occasional occurrence of behavioral seizures. In naïve rats, the 20 Hz stimulus trains

delivered once per minute were reliably followed by prolonged epileptiform discharges that

nearly filled most or all of the 50 sec periods between the 20 Hz stimulus trains (Fig. 2, B1a;

expanded trace), and these epileptiform discharges were accompanied by the continuous

behavioral seizures that define convulsive status epilepticus. Conversely, after the two 30

min stimulations on days 1 and 2 that decreased the inter-train epileptiform discharge

duration (Fig. 2,D), stimulation on the third day of stimulation caused only 15–20 brief

behavioral seizures in response to the 480 stimulus trains delivered during 8 hours of

stimulation. In every case (216 behavioral seizures observed in 12 rats during 8 hour

stimulation on day 3), the brief behavioral seizures were always preceded by a prolonged

granule cell epileptiform discharge between the two 20 Hz trains. That is, most 20 Hz

stimulus trains (>95%) evoked granule cell discharges during each stimulus train, but only

brief afterdischarges during the 50 sec periods between the trains (Fig. 2, B2a; expanded

trace). These truncated afterdischarges were never associated with behavioral seizures.

Conversely, whenever a 20 Hz stimulus train was followed by a rare prolonged epileptiform

afterdischarge during the 50 sec inter-train interval (as shown in Fig. 2, B1a), a behavioral

seizure lasting approximately 1 min invariably occurred. Thus, the appearance of a

prolonged granule cell epileptiform discharge during the 50 sec-long period between 20 Hz

trains was perfectly predictive of an immediately impending behavioral seizure that started

within seconds of the prolonged granule cell population discharges. In no case did a

behavioral seizure occur without an immediately preceding prolonged granule cell

epileptiform discharge. This same apparently causal relationship between granule cell

epileptiform discharges and behavioral seizures was evident when spontaneous epileptic

seizures developed; all seizures were preceded by spontaneous granule cell epileptiform

discharges (see below).

Hippocampal pathology after conditioning and test stimulation in awake Sprague-Dawley
rats

Acute pathology—Male Sprague-Dawley rats stimulated bilaterally for two 30-minute

periods on two consecutive days, with- (30,30,8) or without (30,30,0) a subsequent 8 hour-

long stimulation on day 3, were perfusion-fixed 4 and 7 days after the end of stimulation to
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assess acute neuronal injury. FJB-positive neurons were not detected anywhere in the brain

in any 30,30,0-group animals (n=6). In addition, the two 30 min stimulation episodes

prevented the hippocampal damage produced by 3 hours of stimulation on day 3, a duration

of stimulation that always involved extensive hilar neuron injury in naive (not pre-

stimulated) rats (Fig. 1,D). Thus, the “neuroprotective” effect of relatively short seizures

before a longer seizure episode (Sasahira et al., 1995;El Bahh et al., 1997;Najm et al.,

1998;Kondratyev et al., 2001;Zhang et al., 2002;Hatazaki et al., 2007), was the apparent

result of a seizure-induced increase in inhibition that decreased the intensity of the main

insult, i.e. fewer epileptiform granule cell afterdischarges and therefore less glutamate

released onto monosynaptic target cells (hilar neurons and CA3 pyramidal cells).

Although 3 hours of stimulation on day 3 caused no detectable hippocampal injury (n=4),

indicating apparent “neuroprotection” (3 hours of normally injurious stimulation produced

no detectable damage), continuation of the same stimulation for 5 additional hours on day 3

immediately produced the extensive hippocampal neuron loss that results in classic

hippocampal sclerosis. Staining of brain sections with the degeneration marker FJB was not

necessary to detect the acute seizure-induced hippocampal injury produced by 8 hours of

stimulation on day 3 (30,30,8-group). Microscopic examination of freshly cut, unstained

brain sections under brightfield illumination revealed the full pattern of hippocampal brain

injury (Fig. 3,A) because degenerating neurons apparently change shape, and their

membranes reflect light out of the path of the objective lens (in the manner of a darkfield

condenser), making dying cells appear darker than adjacent undamaged tissue that faithfully

transmits light into the objective lens. Similarly, dying neurons in unstained sections appear

autofluorescent in the green wavelength, making degenerating neurons in unstained sections

appear as though they have been weakly FJB-stained (data not shown). FJB staining of the

same sections facilitated the visual assessment of degeneration, but the pattern of

degeneration was the same. In animals stimulated for 8 hours on day 3 (30,30,8-group), FJB

staining was mainly restricted to the hippocampus, thalamic nuclei, the lateral septum, and

the entorhinal cortex (Figs 3 and 4). Granule cells of the dentate gyrus, and neurons of the

subiculum, presubiculum, and parasubiculum, were reliably and conspicuously spared (Fig.

3). Despite this extensive temporal cortical injury, prolonged stimulation did not produce the

widespread brain damage caused by chemoconvulsant-induced SE (Schwob et al.,

1980;Clifford et al., 1987;Chen and Buckmaster, 2005;Harvey and Sloviter, 2005).

Furthermore, there was no evidence in stimulated rats of the hippocampal vascular

abnormalities that cause significant ischemic injury and pyramidal neuron loss following

kainate- or pilocarpine-induced status epilepticus (Fabene, 2003;Sloviter, 2005;Biagini et

al., 2008). Another notable difference between stimulated animals and rats subjected to

chemoconvulsant-induced SE was that stimulated rats appeared behaviorally normal after

stimulation, rather than aggressive, hyper-reflexic, and sickly, as they often do after

chemoconvulsant-induced SE.

Comparison of coronal and horizontal sections from most animals 4 days after stimulation

revealed more extensive hilar neuron injury in the dorsal- than in the ventral hippocampus,

but similarly extensive pyramidal layer injury along the hippocampal longitudinal axis (Fig.

4). However, other identically stimulated animals exhibited hilar neuron injury in both the

dorsal and ventral hippocampus (Fig. 3). This minor variability among identically treated

rats was the only obvious variability noted, as no animals died and none failed to exhibit the

pattern of pathology shown in Figures 3 and 4 (n>40). Ten days post-stimulation, Nissl-

stained sections from stimulated brains (30,30,8-group) exhibited extensive neuron loss and

glial proliferation (Fig. 5, D1 and E1).

Additional rats were stimulated for 12 hours (n=3) and 16 hours (n=3) on day 3, and these

animals additionally exhibited significant granule cell degeneration (data not shown). Thus,
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even relatively resistant dentate granule cells are vulnerable, and prolonged stimulation

results in total hippocampal sclerosis (Meldrum and Bruton, 1992).

Long-term neuropathology

Chronic neuron loss and hippocampal atrophy were assessed in rats that survived for 2–14

months following 8 hours of perforant pathway stimulation on day 3. Figure 5,A shows a

NeuN-immunostained coronal section from a chronically-implanted control rat subjected to

two 30 min stimulations on days 1 and 2, but no stimulation on day 3 (30,30,0 group), which

exhibited normal hippocampal morphology. In contrast, rats subjected to the same two 30

min stimulations plus 8 hours of stimulation on day 3 (30,30,8 group) and perfusion-fixed

months later exhibited highly reproducible and significant hippocampal atrophy (Fig. 5, C

and G) compared with sham control- (n=6) or 30,30,0-group (n=6) rats (Fig. 5, A and F).

The hippocampal atrophy evident in both coronal (Fig. 5, C) and horizontal (Fig. 5, G)

sections of each brain was the result of widespread loss of both hilar neurons and pyramidal

cells in areas CA1 and CA3.

Quantitative analysis confirmed the qualitative data. Rats subjected to two 30 min

stimulations plus 8 hours of stimulation on day 3 (30,30,8 group) exhibited a 62% reduction

of total hippocampal volume (Fig. 6). Conversely, rats subjected to 3 hours of stimulation-

induced convulsive SE (n=4), which mainly affected hilar neurons, appeared slightly

shrunken qualitatively and exhibited a calculated 10% reduction in total hippocampal

volume that was not significantly different from control (Fig. 6). Rats subjected to two

episodes of stimulation-induced convulsive SE for 30 min on days 1 and 2 (30,30,0 group;

n=6) also did not exhibit a statistically significant decrease in total hippocampal volume

compared to naïve rats (Fig. 6), which is consistent with their lack of FJB-positive cells

during the first week after two 30-min that evoked convulsive SE. Cell counts gave similar

results. At least 9 weeks after 30,30,8 stimulation, rats exhibited ~74% neuron loss in the

dorsal hilus, ~80% neuron loss in area CA3, and ~93% neuron loss in area CA1 of the dorsal

hippocampus (Table 1).

The ability of a single prolonged episode of hippocampal excitation to replicate all of the

defining features of human classic hippocampal sclerosis was evident from the populations

of surviving neurons in 30,30,8-group animals. Following degeneration of the initially

Fluoro-Jade B-positive hilar neurons, CA3 and CA1 pyramidal cells (Fig. 5,B), and a

virtually complete collapse and virtual disappearance of the CA3 and CA1 pyramidal layers

(Fig. 5,C), the only surviving hippocampal principal cell populations were the dentate

granule cells (Fig. 5,C), an island of pyramidal cells corresponding approximately to area

CA2 (arrow in Fig. 5,C), and the subiculum, which survived next to an abruptly decimated

and collapsed area CA1 (Fig. 5, F and G). Thus, the single 8 hr-long period of focal

hippocampal excitation decimated the previously identified three most vulnerable

hippocampal neuron populations, i.e. hilar neurons, CA3 and CA1 pyramidal cells (Nadler

et al., 1978;Sloviter, 1991b), and did not cause similar injury to the three principal neuron

populations that characteristically survive in human classic hippocampal sclerosis, i.e.

dentate granule cells, CA2 pyramidal cells (the “resistant zone”), and subicular pyramidal

cells (Meldrum and Bruton, 1992).

Magnetic resonance imaging of convulsive- and non-convulsive status epilepticus

The difference in the extent of extra-hippocampal damage produced by convulsive- vs. non-

convulsive status epilepticus was dramatically illustrated by a serendipitous observation

made during imaging experiments in Long-Evans rats stimulated for 8 hours (single 8 hour

stimulation paradigm described below). On several unusually warm days on which the

laboratory temperature was elevated, all stimulated rats developed mild convulsive SE
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(“mild” because “normal” convulsive SE is always lethal in our experience) for the 8 hours

of stimulation, and survived. These rats were compared 11 months later to identically treated

rats that did not develop convulsive status epilepticus on cooler days. Magnetic resonance

imaging revealed that even mild convulsive SE was associated with obvious changes in the

extra-hippocampal piriform/perirhinal cortical regions (n=3; Fig. 7, B1 and B2), whereas the

non-convulsive excitation normally produced by the 8 hours of stimulation produced

dramatic changes that were limited to the hippocampus (n=4; Fig. 7, C1 and C2).

Histological analysis confirmed that the convulsive SE group exhibited a pan-necrosis of the

amygdala and piriform area (Fig. 7, B3), whereas animals that did not develop convulsive

SE exhibited severe hippocampal atrophy, but no obvious macroscopic damage in those

same extra-hippocampal brain regions (Fig. 7, C3).

Mossy fiber sprouting after prolonged hippocampal excitation

Timm staining in rats that survived for 3–7 months after 30,30,8-group perforant pathway

stimulation and developed classic hippocampal sclerosis (Fig. 8,D) revealed the presence of

dense mossy fiber sprouting in the inner molecular layer of the dorsal hippocampus (Fig.

8,E), an expected consequence of hilar mossy cell loss (Jiao and Nadler, 2007). These

animals also exhibited an apparent innervation by mossy fibers of the surviving island of

pyramidal cells that presumably represent area CA2 neurons (arrow in Fig. 8, D). We say

“presumably” because it is not possible to identify surviving pyramidal cells as CA2

pyramidal cells simply because they are in the location previously occupied by CA2

pyramidal cells. CA2 pyramidal cells can only be identified in the normal hippocampus with

some degree of certainty by a lack of, or minimal, mossy fiber innervation. That is, CA2

pyramidal cells are specifically defined as large pyramidal cells (like CA3 pyramidal cells)

at the end of the CA3 pyramidal cell layer that do not receive mossy fiber input (Lorente de

Nó, 1934). In all stimulated rats assessed with Timm staining, the Timm-positive mossy

fibers innervated the surviving pyramidal cells (Fig. 8,F). This observation suggests that the

CA2 pyramidal cells survived, presumably because they did not receive lethal mossy fiber

input during stimulation, and were then aberrantly innervated by surviving mossy fibers, a

scenario previously described in the human epileptic hippocampus (Williamson and

Spencer, 1994).

Lower intensity perforant pathway stimulation for 8 hours in Long-Evans and Brown-
Norway rats

The observation that two brief daily stimulations decreased the electrographic and

behavioral severity of seizure activity evoked by the same stimulation paradigm on the third

day raised the issue of whether the prevention of convulsive status epilepticus by the two

daily stimulations was due simply to the increased granule cell inhibition and reduced

granule cell excitability that we observed 24 hours after the second stimulation, or might be

a consequence of other changes triggered over the two-day pre-stimulation period, such as

changes in GABA receptor expression (Brooks-Kayal et al., 1998), or other gene-dependent

processes. Therefore, we determined whether a single 8 hour episode of less intense

perforant pathway stimulation, without any pre-stimulation, was capable of producing the

same pattern of classic hippocampal sclerosis. We accomplished this by using a rat strain

(Long-Evans) that reportedly has a decreased tendency to develop convulsive status

epilepticus in response to kainate treatment (Xu et al., 2004; Young et al., 2009). Because

Long-Evans rats are a cross between an albino rat and a Brown Norway rat, we also tested

the single stimulation paradigm in four Brown Norway rats, predicting that they might also

be relatively resistant to developing behavioral status epilepticus.

In the studies described above in Sprague-Dawley rats, we used a stimulation paradigm that

involved continuous 2 Hz stimulation plus 10 sec-long 20 Hz stimulus trains, and this
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paradigm also caused convulsive SE in Long-Evans rats. Therefore, we omitted the

continuous 2 Hz stimulation and simply delivered 10 sec-long 20 Hz stimulus trains once

per minute for 8 hrs. Although this paradigm still produced convulsive SE in Sprague-

Dawley rats, stimulus trains alone did not produce convulsive SE in Long-Evans or Brown-

Norway rats. During 8 hours of this reduced-intensity stimulation, Long-Evans and Brown-

Norway rats exhibited motionless periods, occasional wet-dog shakes, but otherwise little

abnormal behavior. Occasional behavioral seizures, occurring once or twice per hour, were

always accompanied by prolonged granule cell epileptiform discharges between stimulus

trains, as described above in Sprague-Dawley rats. Long-Evans and Brown-Norway rats

stimulated for one 8 hour episode exhibited acute pathology (FJB-positive neurons) 3 or 4

days later that was indistinguishable from that seen in Sprague-Dawley rats after the three

day stimulation paradigm (as shown in Figures 3 and 4). Figure 9 shows the extensive

hippocampal atrophy in both the dorsal and ventral hippocampus 261 days after a single 8

hour episode of afferent stimulation in a Long-Evans rat. Thus, the 2-day pre-treatment

stimulation was not necessary for extensive pathology to occur, and apparently served

simply to increase granule cell inhibition, reduce the duration of granule cell afterdischarge,

limit seizure spread, prevent the development of convulsive status epilepticus, and decrease

the intensity of the 8 hour-long insult.

Spontaneous hippocampal-onset seizures following 8 hours of perforant pathway
stimulation

Sprague-Dawley rats subjected to two 30 min-long pre-stimulations and an 8 hour episode

of perforant pathway stimulation on the third stimulation day (30,30,8-group) were

monitored after stimulation by continuous electrical and video recording to determine the

latency to spontaneous electrographic and behavioral seizures. However, given the severe

atrophy that followed hippocampal injury, it is doubtful that the recording electrodes tips

remained within the granule cell layers for very long. Thus, in most animals, the electrodes

were removed at the end of stimulation, and new electrodes were re-implanted months later,

after most of the hippocampal shrinkage had occurred. As a result, the activity we recorded

from original electrodes after this initial stimulation must be regarded as EEG activity rather

than granule cell layer activity, except in cases where the responses to perforant pathway

stimulation showed that the electrode tip was in the granule cell layer. Conversely, the later

recordings with newly implanted recording electrodes were verified to be within the granule

cell layer of the surviving and relocated dentate gyrus by assessing the evoked responses.

In the first series of recordings, made shortly after the initial stimulation using the original

electrodes, continuous video and electrographic recordings revealed the average latency to

spontaneous electrographic and clinical epilepsy to be 21.5 days ± 3.7 (range 16–25 days;

n=6). All six animals exhibited “hippocampal-onset” seizures, i.e. high amplitude

electrographic activity was recorded before behavioral onset, which was defined as the first

unequivocal signs (forepaw clonus) of an ensuing generalized seizure. Behavioral arrest

routinely preceded forepaw clonus, but behavioral immobilization was not regarded as

behavioral onset. None of the spontaneous behavioral seizures, all of which were judged to

be stage 5 seizures (Racine, 1972), occurred without concurrent electrographic seizure

activity, and vice versa. However, uncertainty regarding the electrode tip location in the

acute post-injury period (stimuli were not delivered out of concern that any stimulation

could affect the latency to clinical epilepsy) prevents us from stating unequivocally whether

undetected subclinical hippocampal-onset seizures preceded the clinical seizures. Thus, the

only reliable latency information we obtained was that spontaneous behavioral seizures

started ~3 weeks post-stimulation, with a range of 16–25 days post-stimulation in the 6 rats

monitored for initial behavioral seizure occurrence.
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Spontaneous behavioral seizures were also recorded from chronically epileptic animals after

electrode re-implantation to determine whether or not spontaneous seizures were granule

cell-onset seizures, as only re-implanted electrodes could be known to be recording directly

from the granule cell layer. A total of 65 spontaneous behavioral seizures were recorded in 6

chronically epileptic rats, and these recordings revealed that all involved spontaneous

negative-going granule cell population spikes (Fig. 10), which occurred as early as day 16

post-stimulation and as late as 154 days post-stimulation, the latest period recorded. Of the

65 clinical seizures video-recorded, large-amplitude granule cell activity preceded the first

obvious seizure sign (forepaw clonus) in 64 of 65 spontaneous seizures analyzed. In the

remaining seizure, electrographic seizure activity was coincident with the initial

immobilization that preceded forepaw clonus.

Electrographic seizure activity during these 65 spontaneous behavioral seizures had an

average duration of 49.4 ± 15.7 seconds (Table 2). Early seizures (those recorded on or

before day 33, the latest period monitored with original electrodes) had a shorter average

duration (34.9 ± 13.1 sec) than those seen at later time points (on or after day 79, the earliest

time of electrode re-implantation), which were 53.3 ± 13.9 sec in duration. A two-sample t-

test revealed a significant difference between these two group means (p<0.005), suggesting

a correlation between lengthening seizure duration with increasing time post-stimulation. In

addition, it may be significant that the nine longest electrographic- and the seven longest

behavioral seizures were recorded at least 81 days after stimulation (Table 2). The absence

of data points between 39 and 81 days post-stimulation was due to the practical issue of the

changing recording electrode position described above. All late seizures were recorded on or

after day 79 post-stimulation, and these were recorded from animals that had their electrodes

removed within 24 hours after stimulation. Thus, the early and late seizures were recorded

from different groups of animals and therefore the differences in the durations of the early

and late electrographic and behavioral seizures may not be comparable or reliable indicators

of differences with respect to changes in seizure severity or duration as a function of the

post-stimulation period.

The clearest information gleaned from recordings made directly from the granule cell layers,

with the electrode tip locations verified by assessing the morphology of the evoked

potentials, was that following the 8 hours of stimulation that caused extensive hilar neuron

loss and the death of CA1 and CA3 pyramidal cells, granule cells became spontaneously

active, generating synchronous positive-going potentials with superimposed negative-going

population spikes, as we previously demonstrated after 3 hours of convulsive SE-induced

hippocampal injury (Bumanglag and Sloviter, 2008). Spontaneous granule cell layer

potentials invariably began as large amplitude, positive-going potentials with small

negative-going spikes (Fig. 10, A1) that were virtually identical to the compound potentials

evoked by stimulation of the efferent entorhinal cortical input to the dentate gyrus (Andersen

et al., 1966; Sloviter, 1991a). That is, the first spontaneous potentials closely resembled

what would be expected from the granule cell layer if the seizures originated in the

entorhinal cortex. These early spontaneous potentials were quickly followed by the

appearance of larger-amplitude, negative-going granule cell population spikes that were

virtually identical in amplitude, duration, and population spike morphology to potentials

evoked minutes later by perforant pathway stimulation (Fig. 10, B1 and B2). Thus, the

available evidence is consistent with spontaneous “hippocampal-onset” granule cell seizure

discharges that may have been preceded and driven by spontaneous and synchronized

entorhinal cortex discharges.

Sham-control rats (n=4) and rats subjected to two 30 min-long stimulations (n=4) were

observed intermittently for 4 months. Neither spontaneous granule cell layer population
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spikes or epileptiform discharges, nor spontaneous behavioral seizures, were observed in

any control animals.

Progressive hippocampal atrophy after extensive hippocampal injury

Sequential magnetic resonance imaging was utilized as a qualitative measure of

hippocampal atrophy in animals stimulated using the 30,30,8 paradigm to identify the

approximate time course of maximal hippocampal atrophy and to determine, in relation to

the onset of spontaneous epilepsy, whether epileptogenesis preceded or followed

hippocampal atrophy. This addressed the question of whether epileptogenesis occurs

approximately coincident with initial neuron loss, or if epileptogenesis requires hippocampal

atrophy before epilepsy begins. T2-weighted images were obtained in naïve rats prior to

electrode implantation and at various time points up to 7 months after stimulation and

immediate removal of all electrodes. Images obtained 10 days post-stimulation revealed an

elevated T2 signal in both hippocampi, which was presumably indicative of acute

hippocampal edema and gliosis, rather than later hippocampal atrophy and ventricular

expansion, because histology at 10 days post-stimulation revealed an unshrunken

hippocampus containing dead neurons and glial proliferation (Fig. 5,E). Imaging at

successive time points (8 and 28 weeks) demonstrated progressive hippocampal atrophy that

was remarkably selective in that the rest of the brain appeared relatively unaffected.

Notably, however, progressive shrinkage was evident in both the hippocampus and the

ventral cortex (Fig. 11, B3 and B4; arrows) between 8 and 28 weeks post-stimulation,

indicating a progressive, long-lasting process of tissue removal and atrophy that follows

both a single initial insult and the early development of clinical epilepsy. Thus, continuing

tissue shrinkage may not be synonymous with ongoing neuronal death (Van Paesschen et al.,

1998).

Discussion

The results of this study clarify a variety of issues surrounding the etiology of acquired

temporal lobe epilepsy with hippocampal sclerosis, the nature of insults that most likely

cause hippocampal sclerosis and initiate the epileptogenic process, and the features of

animal models that use electrical stimulation or chemoconvulsants to produce a permanent

epileptic state. The main original findings are as follows.

First, one prolonged episode of moderate-intensity hippocampal excitation, which involved

no clinical indication during the insult that an injury was being inflicted, nonetheless

produced classic hippocampal sclerosis with minimal variability. The pathology was

characterized by the death of dentate hilar neurons and virtually all hippocampal pyramidal

cells, as well as neurons of the entorhinal cortex and thalamus, with consistent sparing of

dentate granule cells, a “resistant zone” of pyramidal cells, and subicular neurons.

Second, the cryptic injury that caused classic hippocampal sclerosis reliably initiated a

clinical state in which spontaneous hippocampal granule cell epileptiform discharges

preceded or accompanied each spontaneous behavioral seizure. Thus, we believe this to be

the first animal model that reliably reproduces the pathology and pathophysiology of human

mesial temporal lobe epilepsy with classic hippocampal sclerosis (Meldrum and Bruton,

1992).

Third, the first 3 hours of the ultimately highly injurious 8 hour-long excitatory insult

produced no detectable hippocampal injury, indicating that although vulnerable, the rat

hippocampus is not fragile and can endure prolonged, potentially injurious excitation

without suffering any detectable neuron loss.
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Fourth, the unexpectedly cryptic nature of the insult that causes classic hippocampal

sclerosis and hippocampal-onset epilepsy in rats may explain why some patients with

hippocampal atrophy report no known brain injury prior to developing epilepsy. That is,

subclinical signs of focal excitation during prolonged febrile seizures, or after a head injury,

which perhaps involves only confusion or an amnestic period at the time of the initial insult,

may be frequently missed.

Fifth, spontaneous “hippocampal-onset” seizures, defined as events in which spontaneous

dentate granule cell epileptiform discharges precede each behavioral seizure onset, began

shortly after insult, indicating that epileptogenesis is a rapid process that precedes the

extended tissue shrinkage process that ultimately results in hippocampal atrophy.

Finally, the similarity of hippocampal pathology between patients that suffered prolonged

febrile seizures or head trauma (Swartz et al., 2006) suggests that classic hippocampal

sclerosis following head trauma may involve undetected subclinical hippocampal excitation,

or glutamate release in the immediate post-injury period that may occur (Eid et al., 2004;

Cavus et al., 2008) without producing detectable electrographic activity. If so, the treatment

of head trauma-induced epileptogenesis might benefit from more aggressive EEG

monitoring and pharmacological suppression of excitation and/or calcium influx (Evans et

al., 1984) during the immediate post-injury period, when cell death is actively occurring.

On the etiology of classic hippocampal sclerosis

The discovery that a single episode of hippocampal excitation of moderate intensity and

long duration reliably and uniquely replicates classic hippocampal sclerosis in awake rats,

taken together with current knowledge of hippocampal circuitry, explains why no other

experimental insults produce this characteristic hippocampal pathology. In urethane-

anesthetized rats, even prolonged perforant pathway stimulation for 24 hours causes only the

death of some of the neurons directly innervated by granule cells (Sloviter, 1983; 1987),

including most hilar neurons and a minority of CA3 pyramidal cells, but spares most

pyramidal cells (Sloviter, 1991b). This pattern of limited cell loss results in “endfolium

sclerosis,” rather than classic hippocampal sclerosis (Margerison and Corsellis, 1966;

Bruton, 1988). Conversely, a virtually complete loss of CA3 and CA1 pyramidal cells

results from the identical stimulation paradigm under urethane anesthesia when the CA3

pyramidal cell layer is stimulated directly (Sloviter, 1991b). Thus, we conclude that urethane

anesthesia inhibits CA3 pyramidal cell discharge during perforant pathway stimulation, and

prevents the extensive CA3 and CA1 pyramidal cell loss that CA3 discharge produces in the

awake state.

The different patterns of hippocampal neuron loss caused by different stimulation patterns in

awake or anesthetized rats can be closely correlated with the four distinct patterns of human

hippocampal pathology associated with MTLE (Blümcke et al., 2007). The four patterns

include: 1) “Mesial Temporal Sclerosis (MTS)-1a,” defined as classic hippocampal sclerosis

(loss of hilar neurons, CA3 and CA1 pyramidal cells, with survival of granule cells and

“resistant zone” neurons); 2) “MTS-1b,” defined as extensive cell loss in all hippocampal

neuron subpopulations (total hippocampal sclerosis); 3) “MTS-2,” defined as a loss of CA1

pyramidal cells, with survival of hilar neurons, and; 4) “MTS-3,” defined as mainly hilar cell

loss (endfolium sclerosis) (Blümcke et al., 2007). Perforant pathway stimulation for 24

hours under urethane anesthesia (Sloviter and Damiano, 1981; Sloviter, 1983; 1987; 1991b)

produces “endfolium sclerosis” (human pattern MTS-3), whereas CA3 pyramidal layer

stimulation for 24 hours under urethane anesthesia (Sloviter, 1991b) causes pyramidal cell

loss without significant dentate hilar loss (human pattern MTS-2; Blümcke classification).

These two patterns of cell loss (mainly hilar cell loss or mainly pyramidal cell loss) are

combined in classic hippocampal sclerosis (“MTS type 1a”; Blümcke et al., 2007), which

Norwood et al. Page 16

J Comp Neurol. Author manuscript; available in PMC 2011 August 15.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



apparently requires simultaneous granule cell- and CA3 pyramidal cell discharging that

doesn’t spread to cause convulsive SE. Thus, the results of this study indicate that, in the

awake state, and with a less-than-maximally-intense hippocampal excitation, both granule

cells and CA3 pyramidal cells discharge continuously, causing: 1) death of cells

monosynaptically driven by granule cells (hilar neurons and a minority of CA3 pyramidal

cells), and; 2) the death of neurons driven monosynaptically by the CA3 pyramidal cells (all

CA3 and CA1 pyramidal cells), while avoiding the extensive brain damage caused by

convulsive SE.

We attribute the failure of perforant pathway stimulation under urethane anesthesia, and all

chemoconvulsant treatments in awake rats, to cause extensive pyramidal cell loss (and

therefore classic hippocampal sclerosis) to their failure to produce sustained CA3 pyramidal

cell discharge, and therefore the loss of pyramidal cells, which is the cell loss that causes

maximal hippocampal atrophy. Conversely, the consistently extensive loss of hilar neurons

after perforant pathway stimulation under urethane anesthesia (Sloviter, 1991b; Zappone and

Sloviter, 2004), and the variable loss of hilar neurons after pilocarpine- or kainate-induced

status epilepticus (Sloviter, 1992; Harvey and Sloviter, 2005), apparently reflects consistent

or variable granule cell discharging during these treatments, respectively, as we

demonstrated in kainate-treated rats using awake recording methods (Sloviter et al., 2003).

However, all of these treatments fail to cause extensive loss of CA3 and CA1 pyramidal

cells, an effect that can be obtained only by direct excitation of the CA3 pyramidal cell layer

(Sloviter, 1991b), or by the new stimulation paradigm presented in this study. In the case of

human patients who mainly exhibit CA1 pyramidal cell loss, with preservation of all other

hippocampal neuron populations (pattern MTS-2; Blümcke classification), we attribute this

pattern of cell loss to CA3 pyramidal cell excitation of an intensity and duration that is

sufficient to destroy CA1 pyramidal cells, but insufficient to cause the death of most CA3

pyramidal cells, via their recurrent excitatory associational axonal projections (Miles and

Wong, 1987; Ishizuka et al., 1990). Whether this CA3 pyramidal cell layer excitation is

produced by an intensity of granule cell discharge sufficient to activate CA3, but insufficient

to kill most hilar neurons, or by CA3 discharge not involving granule cell discharge, is

unknown.

The existence of a fourth pattern of hippocampal sclerosis (pattern MTS-1b), called “total

hippocampal sclerosis,” in which the hippocampus is virtually depleted of all neuronal

populations in some part of the hippocampus (Meldrum and Bruton, 1992), indicates that all

hippocampal neurons are vulnerable, if not always killed. We attribute total hippocampal

sclerosis to a particularly long duration of hippocampal excitation. We produced this pattern

of damage, which includes extensive dentate granule cell loss as well as hilar and pyramidal

cell loss, by simply continuing the stimulation for 12–16 hrs. Thus, we view all hippocampal

neurons to be potentially vulnerable to excitotoxic injury (Olney, 1981), and suggest that the

different cell loss patterns associated with MTLE are the result of differences in the intensity

and duration of granule cell and CA3 pyramidal cell discharges, rather than being the result

of seizure activity propagating to hippocampal neurons via different pathways, although this

is a speculative point.

Neuronal vulnerability is not synonymous with neuronal fragility

Although we reported originally that hilar mossy cells and hilar interneurons appeared to be

the most vulnerable neurons in the urethane-anesthetized rat after 24 hours of perforant

pathway stimulation (Sloviter, 1987), all hippocampal principal neurons are clearly

vulnerable, as we subsequently demonstrated in rats (Sloviter, 1991b; Sloviter et al., 1996),

and as clearly indicated by the existence of total hippocampal sclerosis in some human

patients (Meldrum and Bruton, 1992). We have recently confirmed the relatively extreme

vulnerability of dentate hilar mossy cells in mice, which exhibit extensive mossy cell loss in
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response to a brief duration of perforant pathway stimulation (2 hrs) that spares adjacent

hilar inhibitory interneurons (Kienzler et al., 2009). Despite the clear vulnerability of

hippocampal neurons, many animals subjected to convulsive SE (Milgram et al., 1991;

Scharfman et al., 2001; Sloviter et al., 2003; Zappone and Sloviter, 2004), and a subset of

MTLE patients (Margerison and Corsellis, 1966; de Lanerolle et al., 2003; Thom et al.,

2005; Blümcke et al., 2007; Seress et al., 2009), exhibit minor or no detectable hippocampal

cell loss. However, we do not regard the survival of hippocampal neurons in some cases as

evidence of their lack of vulnerability, any more than the survival of a home located just

outside the direct path of a tornado is evidence of its invulnerability to tornadoes. In our

view, the survival of some neurons after an insult indicates only that the insult was

insufficient to kill the surviving neurons under the conditions experienced, or that a

hierarchy of relative vulnerability may exist (Nadler et al., 1978; Sloviter, 1987; 1991b).

Regardless, the present results indicate that hippocampal neurons, although vulnerable, are

not fragile, because they survive 30 minutes of continuous convulsive hippocampal SE, or 3

hours of less intense, but nonetheless eventually injurious, excitation. Our results clearly

indicate the parameters of the insult that destroys virtually all of the most vulnerable

hippocampal neuron populations (hilar neurons and pyramidal cells), and spares the more

resistant populations (dentate granule cells, CA2 pyramidal cells, and subicular neurons),

thus replicating classic hippocampal sclerosis.

Presumably, a threshold of significant duration must be exceeded to produce irreversible

neuron loss, which may involve reaching a threshold at which glia lose their ability to

maintain ionic homeostasis, and calcium entry becomes irreversible and deleterious (Evans

et al., 1984). The apparent requirement for an excitatory event of a particular intensity and

duration to produce any detectable neuron loss (and presumably epilepsy) probably explains

why only ~10% of MTLE patients exhibit classic hippocampal sclerosis, and why most

patients exhibit less extensive neuron loss (Lehericy et al., 1997; Van Paesschen et al., 1997;

Salmenperä et al., 2005; Blümcke et al., 2007). That is, there may be a narrow “window” for

excitation-induced injury: too little excitation, and no damage results; too much excitation

and status epilepticus results, causing widespread brain damage and a different clinical state

(Mikaeloff et al., 2006). Thus, only the rare injury event is of the intensity and duration

needed to both activate all hippocampal principal cells and to activate them long enough to

irreversibly injure their vulnerable target cells. The apparent natural resistance of all neurons

to prolonged excitation may also explain why most children who experience febrile seizures

do not develop epilepsy, and why some patients who experience years of spontaneous and

relatively brief epileptic seizures often exhibit no evidence of hippocampal injury or atrophy

(Margerison and Corsellis, 1966; Bruton, 1988; de Lanerolle et al., 2003; Thom et al., 2005;

Blümcke et al., 2007). Although most febrile seizures and mild head traumas do not cause

hippocampal sclerosis and epilepsy, the hypothesized causal relationship between

hippocampal neuron loss and hippocampal epileptogenesis (Sloviter, 1991b; 1994;

Bumanglag and Sloviter, 2008), is consistent with the observation that a large proportion of

those patients who do exhibit refractory MTLE and classic hippocampal sclerosis report a

history of prolonged febrile seizures (Maher and McLachlan, 1995; Cendes, 2004; Lewis,

2005), infection (Marks et al., 1992), or head trauma (Bruton, 1988; Marks et al., 1995;

Mathern et al., 1995).

Implications for epileptogenesis and the latent period

Given the fact that spontaneous granule cell-onset seizures are generated directly from the

granule cell layers of awake epileptic rats whether or not extensive pyramidal cell loss

occurs (Bumanglag and Sloviter, 2008 and this study), and given the observation that there

is a close correlation between the extent of hilar neuron loss and immediate granule cell

hyperexcitability (Sloviter, 1991b; Sloviter, 1992; Zappone and Sloviter; 2004), we suggest
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that granule cell hyperexcitability and spontaneous granule cell seizure discharges are

primarily caused by seizure- or head injury-induced hilar neuron loss (Sloviter, 1991b; 1994;

Lowenstein et al., 1992), whereas extensive pyramidal cell loss, when it occurs, may

primarily explain some of the memory defects associated with epilepsy (Sass et al., 1991;

1995; Cohen-Gadol et al., 2004).

The observation that widespread brain damage caused by convulsive status epilepticus

results in the appearance of clinical epilepsy without delay (Harvey and Sloviter, 2005; Raol

et al., 2006; Goffin et al., 2007; Jung et al., 2007; Bumanglag and Sloviter, 2008), whereas

the less extensive extra-hippocampal brain damage observed in this study was associated

with a latent period lasting ~ 3 weeks, suggests that the time needed for focal hippocampal

discharges to become clinically obvious events may be related to the location and extent of

extra-hippocampal brain damage (Bumanglag and Sloviter, 2008), rather than the maturation

of a time-dependent secondary process triggered by neuronal injury (Sloviter, 2008). That is,

initially focal (subclinical) discharges in minimally damaged brains may face barriers to

seizure spread that delay the appearance of generalized seizures, resulting in a detectable

“latent period.” Conversely, initial damage to all constituent nuclei in a more severely

damaged seizure circuit may cause even the earliest focal discharges to become clinically

obvious events without delay (Bumanglag and Sloviter, 2008). Thus, acquired

epileptogenesis may primarily involve neuron loss plus a time-requiring “kindling” process

during which initially subclinical focal epileptiform events become clinically detectable

disturbances of motor pathways. From this network perspective, epilepsy, defined at

minimum as a state of abnormal focal discharges, develops at the time of the initial injury,

with the latent period involving a progressive process that gradually lowers the seizure

threshold (“kindling”), rather than a “quiet” pre-epileptic period after injury that awaits the

development of a distinct secondary process (Sloviter, 2008).

The primary value of the electrical stimulation models used in this and previous studies lies

in their similarity to the human neurological condition. That is, the human patterns of

endfolium sclerosis or classic hippocampal sclerosis with limited temporal cortical damage

are produced in rats with negligible variability and no lethality, and every animal develops

hippocampal-onset epilepsy, features that are needed in any model of hippocampal

epileptogenesis. The available data indicate that after damage to the entorhinal cortex and

hippocampus, spontaneous granule cell discharges develop without delay and closely

resemble the potentials evoked from granule cells by perforant path stimulation (Bumanglag

and Sloviter, 2008). We hypothesize that the seizures in this model begin outside the

hippocampus, possibly within the entorhinal cortex (Du et al., 1993; 1995; Schwarcz et al.,

2000) or in the relatively undamaged subiculum (Cohen et al., 2002), presubiculum or

parasubiculum (Eid et al., 1996), and that only when the originating seizure activity recruits

epileptiform discharges from disinhibited dentate granule cells (Sloviter, 1991b; 1994) do

clinical seizures occur.

Finally, the availability of animal models that involve no chemoconvulsant drugs, minimal

variability and no lethality, and that exhibit the human patterns of limited pathology with

verified hippocampal-onset seizures, should make it possible to begin to understand the

relationship between neuron loss, subclinical focal events, and the network process that

causes those events to either quickly or eventually become clinical seizures. Although true

anti-epileptogenesis may be an unrealistic goal if injury-induced neuron loss is epileptogenic

and cannot be entirely prevented, it should nonetheless be possible to identify the

mechanisms that convert focal discharges into life-disrupting clinical seizures, and to

develop strategies to prolong the latent period indefinitely.
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Figure 1.

Hippocampal granule cell epileptiform activity during 3 hours of perforant pathway

stimulation-induced status epilepticus (SE) in awake, freely moving Sprague-Dawley rats,

and pathology following stimulation. A1: 125 sec of electrographic activity recorded

directly from the granule cell layer during stimulation. Note that stimulation consisted of

continuous 2 Hz paired-pulse stimuli (marked “2 Hz”) plus 10 sec-long 20 Hz trains

delivered once per minute (marked “20 Hz”). A1a: 500 msec of evoked granule cell layer

activity (responses to one pair of pulses at 2 Hz plus epileptiform granule cell discharges).

The expanded trace in A1a is the area marked “a” in panel A1. Note that perforant pathway

stimulation forced the granule cells to discharge and cause convulsive SE throughout the 3

hour stimulation period. B: Nissl-stained section of the normal dorsal hippocampus. C:

NeuN-immunoreactivity in a section adjacent to that shown in panel B. D: FluoroJade-B

(FJB) staining in the dorsal hippocampus 4 days after 3 hours of perforant pathway

stimulation-induced convulsive SE in an awake rat. Note that FJB-positive neurons are

evident in the dentate hilus (h) and sporadically in areas CA3 and CA1. Arrows denote

degeneration in the inner molecular layer, indicating degeneration of hilar mossy cells and

their axon terminals in the inner molecular layer. Note that despite confirmed granule cell

epileptiform discharges for 3 hours, extensive pyramidal cell injury was not produced.

Green FJB fluorescence was photographed, converted to grayscale, and then inverted to

produce grayscale images of FJB-positive-, acutely degenerating neurons on a white
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background. E: NeuN immunoreactivity in the dorsal hippocampus 196 days after 3 hours

of perforant pathway stimulation in an awake rat. Note that despite a long survival period

during which many spontaneous epileptic seizures occurred, obvious cell loss was apparent

only in the hilus (h), and extensive pyramidal cell loss did not occur. Scale bar in A1a: 5 sec

in A1 and 50 msec in A1a; 10 mV in A1 and A1a; 200 μm in B–D.
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Figure 2.

Decreased granule cell excitability after two daily 30 min-long episodes of non-injurious

perforant pathway stimulation in freely moving Sprague-Dawley rats. A: Granule cell layer

responses to low frequency (0.1 Hz) perforant pathway stimulation before (Day 1) and after

(Day 3) two daily 30 min-long stimulations. Arrows denote the second spike responses to

identical afferent stimulation in the same rat. Note that the amplitudes of the second

population spike were always smaller on Day 3, indicating increased paired-pulse inhibition

as a result of prior stimulation. B1, B2: Representative granule cell layer activity (120 sec

long) during stimulation on Day 1 (B1) and Day 3 (B2), consisting of continuous 2 Hz

paired-pulse stimulation plus 10 sec-long 20 Hz trains of single stimuli delivered once per

minute. Arrows show the decrease in large amplitude, negative-going spikes on Day 3

compared to Day 1, and (“a”) marks the locations expanded in B1a and B2a, which show

the presence of shorter granule cell epileptiform discharges on Day 3 compared to Day 1.

B1a, B2a: 500 msec-long extracts (one paired-pulse at 2 Hz and its associated evoked

activity) occurring shortly after the 20 Hz train. Note that stimulation on Day 3 (B2a)

evoked attenuated granule cell responses compared to the responses to identical stimuli in

the same rat on Day 1. C: Quantitative analysis of the second spike amplitudes before and

after two 30 minute stimulations in 10 rats. The decreased spike amplitude was found to be

statistically significant (p<0.0001) by a paired t-test. D: Quantitative analysis of total

afterdischarge duration during the 30 min of stimulation on Day 1 and the first 30 min of

stimulation on Day 3 (n=9). Note that the afterdischarge durations on Day 3 were paired and

compared with responses on Day 1 in each animal. The reduction was statistically

significant (p<0.0001) by a paired t-test. Calibration bar: 5 ms and 10 mV in A, 10 mV; 5

sec and 10 mV in B1 and B2; 20 msec and 10 mV in B1a and B2a.
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Figure 3.

Hippocampal injury four days after perforant pathway stimulation in awake Sprague-

Dawley rats. Rats were subjected to 30 min of stimulation on Days 1 and 2, and then 8 hours

of identical stimulation on Day 3, followed by perfusion-fixation 4 days after the Day 3

stimulation. A: Unstained, freshly-cut, wet section of dorsal hippocampus under brightfield

illumination. Note that injured neurons are visible in unstained sections, and are darker than

undamaged regions (the dentate gyrus molecular layer; DG), apparently because

degenerating neurons change shape, and their membranes reflect light out of the path of the

objective lens (in the manner of a darkfield condenser), making dying cells appear darker

than adjacent undamaged tissue that faithfully transmits light into the objective lens. B:

FluoroJade-B (FJB)-stained coronal section of the dorsal hippocampus, showing FJB-

positive cells in the hilus (h), and in areas CA3 and CA1. Note also the FJB-positive plexus

in the inner molecular layer (arrows), which represents the degenerating axon terminals of

the associational/commissural projection from damaged hilar mossy cells. C: FJB-stained

horizontal section from the ventral hippocampus, demonstrating apparent neurodegeneration

in the dentate hilus (h), in areas CA1 and CA3, and in layers 3 (III) and 5 (V) of the

entorhinal cortex (EC). Note also the conspicuous sparing of the subiculum (S),

presubiculum (Pr), and parasubiculum (Pa). Scale bar: 220 μm in (A) and (B); 450 μm in

(C).
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Figure 4.

Limited ventral hippocampal- and extra-hippocampal injury after perforant pathway

stimulation in awake Sprague-Dawley rats. Rats were subjected to 30 min of stimulation on

Days 1 and 2, and then 8 hours of identical stimulation on Day 3, followed by perfusion-

fixation 4 days after the Day 3 stimulation. A: FluoroJade-B (FJB) staining of a coronal

brain section at low power, demonstrating acutely degenerating neurons in the hippocampus

and in thalamic nuclei (box) and the cortex (arrow). A1: Magnification of the box in (A)

showing FJB-positive cells in central lateral thalamic nucleus (CL), mediodorsal thalamic

nucleus central (MDC) and lateral (MDL), and the paraventricular thalamic nucleus (PV).

B: FJB staining of a horizontal section of a rat treated identically to the rat shown in Figure

3 above, but exhibiting little or no apparent injury to ventral dentate hilar neurons (h).

Despite this variability in the extent of hilar cell loss throughout the longitudinal

hippocampal axis, injury in the hippocampus “proper” (areas CA1-CA3) and in the

entorhinal cortex (box expanded in B1) was highly consistent, as was the sparing of

subiculum (S), presubiculum (Pr), and parasubiculum (Pa). B1: Magnification of the box in

(B1). Note that FJB-positive cells are primarily in layers 3 (III) and 5 (V) of the entorhinal

cortex (EC). Green FJB fluorescence was photographed, converted to grayscale, and then

inverted to produce the images of black FJB-positive-, acutely degenerating neurons on a

white background. Scale bar in B: 1 mm in (A) and (B); 200 μm in (A1) and (B1).
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Figure 5.

Acute and chronic pathology after perforant pathway stimulation in awake Sprague-Dawley

rats. Rats were subjected to 30 min of stimulation on Days 1 and 2, and then 8 hours of

identical stimulation on Day 3, followed by perfusion-fixation 4-117 days after the Day 3

stimulation. A: NeuN immunostaining in the dorsal hippocampus 77 days after being

stimulated for 30 minutes on each of two consecutive days. Note no obvious damage after

only the first two brief stimulations (30,30,0-group). B: FluoroJade-B (FJB) staining 4 days

after the two 30 min-long stimulations plus 8 hours of identical stimulation on Day 3. Note

extensive injury to CA1 and CA3 pyramidal cells, as well as hilar mossy cells, the origin of

the degenerating axon plexus in the dentate inner molecular layer (arrows). Note also the

lack of FJB staining of the dentate gryus (DG) and the unstained mossy fiber pathway in the

stratum lucidum of area CA3 (asterisk). Green FJB fluorescence was photographed,

converted to grayscale, and then inverted to produce the images of black FJB-positive-,

acutely degenerating neurons on a white background. C: NeuN immunoreactivity in the

dorsal hippocampus 117 days after 30,30,8-group stimulation, showing hippocampal

atrophy and survival of dentate granule cells and “resistant zone” pyramidal cells (arrow).

D: Nissl-stained section (1% cresyl violet) of dorsal hippocampus from a sham control rat,

showing normal anatomy. E: Nissl-stained section from a 30,30,8-group rat 10 days after

the third, 8 hr-long stimulation, showing the nearly complete loss of CA3 and CA1 neurons

and proliferation of smaller cells throughout the area CA1 and area CA3 neuropil. D1 and

E1: Magnification of the area CA1 boxes in panels D and E, showing CA1 pyramidal cell

loss and apparent gliosis. F: NeuN immunostaining in a horizontal section from a control

rat, showing normal anatomy. G: NeuN immunostaining in a horizontal section from the rat

shown in panel C. Note the virtually total loss of CA3 and CA1 pyramidal cells and the

survival of the dentate gyrus (DG) and subiculum (S). Note also the loss of neurons in the

entorhinal cortex (EC). F1 and G1: Magnification of entorhinal cortex boxes in panels F

and G, showing the prominent loss of NeuN-positive cells in layer III of the entorhinal

cortex. Scale bar: 200 μm in A–E; D1,E1 = 65 μm in D1,E1; 300 μm in F,G; 98 μm in

F1,G1.
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Figure 6.

Total hippocampal volume two months after perforant pathway stimulation in freely moving

Sprague-Dawley rats. The area of the hippocampus in every second section throughout the

entire rostrocaudal extent of the hippocampus was measured using the Adobe Photoshop

CS3 Extended Measurement program, which calculates the area bounded by an irregular

border. The numerical data are presented above each graph bar. The asterisk denotes that the

30,30,8 group mean was significantly different from naïve control (p < 0.001 by Student’s t-

test). Total hippocampal volumes >2 months after 3 hours of convulsive status epilepticus or

30,30,0 stimulation were not significantly different from naïve control (p > 0.05).
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Figure 7.

Coronal slices from T2-weighted magnetic resonance imaging 11 months after 8 hours of

perforant pathway stimulation in Long-Evans rats that exhibited convulsive status

epilepticus (CSE) (B), or non-convulsive satatus epilepticus (NCSE) (C). A1,A2: Naïve

images acquired from the same animal seen in row B, prior to electrode implantation.

B1,B2: Images acquired 11 months after 8 hours of perforant path stimulation (10 sec-

long-20 Hz stimulus trains delivered once per minute for 8 hours) that caused mild (non-

lethal) status epilepticus for the duration of the 8 hours of perforant pathway stimulation as a

result of increased ambient temperature (see text). Arrows denote an elevated signal in

extra-hippocampal areas. C1,C2: Images acquired 11 months after identical stimulation at

normal ambient temperature, which did not cause convulsive status epilepticus. Note the

lack of apparent injury in extra-hippocampal areas compared to the section in (B1). A3-C3:

Nissl-stained coronal sections from rats subjected to convulsive vs. non-convulsive SE. A3:

Nissl-stained section from a sham-stimulated rat. B3: Nissl-stained coronal section of the rat

shown in B1 and B2. Note that the enhanced T2 signal reflected a pan-necrosis and loss of

brain tissue presumably filled in vivo with cerebrospinal fluid. C3: Nissl-stained section

from a stimulated rat that did not exhibit convulsive status epilepticus. Note the

corresponding lack of extra-hippocampal damage in (A3) compared to panel (A2), but also

greater pyramidal cell loss and hippocampal atrophy after non-convulsive status epilepticus

(C3) than after convulsive status epilepticus (C3). Images were obtained in animals in which

all metal electrodes had been removed within 24 hours of the end of stimulation or sham

stimulation. Scale bar = 1 mm.
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Figure 8.

Hippocampal atrophy and synaptic reorganization (mossy fiber sprouting) in the dorsal

hippocampus after perforant pathway stimulation in awake Sprague-Dawley rats. Rats were

subjected to 30 min of stimulation on Days 1 and 2, and then 8 hours of identical stimulation

on Day 3 (30,30,8-group). A: Nissl-stained section of the dorsal hippocampus from a naïve

rat, illustrating normal anatomy. B: NeuN immunostaining in a dorsal hippocampal section

from a naïve rat, showing the normal location of hippocampal neurons. C: NeuN

immunostaining 56 days after 30,30,8-group stimulation, demonstrating classic hippocampal

sclerosis from a single episode of stimulation on Day 3. Arrow points to surviving “resistant

zone” neurons. D: Timm staining in a dorsal hippocampal section of a rat 181 days after two

daily 30 minute episodes of perforant pathway stimulation (30,30,0 group). Note the normal

pattern of Timm staining derived from the axons of dentate granule cells (mossy fibers; MF)

and the axon terminals of CA3 pyramidal cells in areas CA3 and CA1 (asterisks). E: Timm-

stained and Nissl- counterstained section of the dorsal hippocampus 193 days after 30,30,8-

group stimulation, demonstrating classic hippocampal sclerosis, with survival of granule

cells that form an aberrant axon plexus in the inner molecular layer (arrows). F:

Magnification of box in panel E, showing the apparent innervation of surviving

hippocampal neurons by the terminal portion of the mossy fiber pathway (arrows). Scale

bar: 250 μm in A–E; 55 μm in F.

Norwood et al. Page 35

J Comp Neurol. Author manuscript; available in PMC 2011 August 15.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 9.

Hippocampal pathology after perforant pathway stimulation in awake, freely moving Long-

Evans rats. A1 and A2: Nissl-stained coronal and horizontal sections of the dorsal (A1) and

ventral (A2) hippocampus, respectively, of a naïve Long-Evans rat, showing normal

hippocampal anatomy. B1 and B2: Nissl-stained sections of the dorsal (B1) and ventral (B2)

hippocampus of a Long-Evans rat 261 days after a single 8 hour- long episode of perforant

pathway stimulation that did not cause convulsive status epilepticus. Note classic

hippocampal sclerosis throughout the hippocampal longitudinal axis. Scale bar: 450 μm.
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Figure 10.

Spontaneous granule cell layer activity recorded in an awake Sprague-Dawley rat 129 days

after perforant pathway stimulation that evoked hippocampal excitation for 8 hrs, but not

convulsive status epilepticus. Treatment was 30 min of stimulation on Days 1 and 2, and

then 8 hours of identical stimulation on Day 3, followed by continuous electrographic and

video monitoring. A: 60 seconds of activity recorded directly from the granule cell layer.

Asterisk marks the occurrence of the first sign of a spontaneous behavioral seizure (forepaw

clonus leading to rearing). Note that high amplitude activity (boxes 1, 2, and 3) preceded the

behavioral seizure onset. Expanded trace 1: Expanded view of box 1 in (A) above. Note

that large amplitude activity began as positive-going potentials with a small superimposed

negative-going population spike, activity consistent with seizure onset in the entorhinal

cortex and propagation to the granule cell layer via the perforant pathway. Expanded trace

2: Expanded view of box 2 in (A) above. Note that the spontaneous granule cell layer events

increase in amplitude and frequency, and appear virtually identical to the granule cell

evoked potentials recorded in response to perforant pathway stimulation (compare the

spontaneous potentials in (B2) with the evoked potential in (B1). Expanded trace 3:

Spontaneous granule cell layer events increase in amplitude and frequency just prior to

behavioral seizure onset (asterisk). Expanded trace 4: Spontaneous granule cell layer

events continue after seizure onset. Calibration bars: 5 sec in (A); 25 msec in panels 1–4; 5

msec in B1 and B2; 5 mV in all panels.
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Figure 11.

Coronal slices from T2-weighted magnetic resonance images at various time points after

sham stimulation or perforant pathway stimulation in awake Sprague-Dawley rats. Sham

stimulation involved no delivery of stimuli to chronically implanted rats, followed by

removal of the implanted electrodes in preparation for imaging. Stimulated rats were

subjected to 30 min of stimulation on Days 1 and 2, and then 8 hours of identical stimulation

on Day 3, followed by removal of the electrodes and repeated magnetic resonance imaging

10, 56, and 196 days later. Note that all images in each column were acquired in the same

rat. A1,B1: Images from each naïve rat prior to electrode implantation. A2,B2: 10 days after

sham (A2) or 8 hour stimulation (B2). Note elevated signal in the hippocampi of the 8 hr-

stimulated animal. A3,B3: 8 weeks after stimulation, images of the same rats show

hippocampal atrophy (apparent expansion of ventricular volume), as well as cortical

shrinkage (arrow). A4,B4: 28 weeks after stimulation, images show continuing hippocampal

atrophy and cortical shrinkage (arrow). Scale bar: 1 mm.
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Table 1

Hippocampal neuron loss in the dorsal hippocampus 9 weeks after perforant path stimulation that evoked

hippocampal excitation for 8 hrs, but not convulsive status epilepticus. Five 40 μm-thick, non-adjacent

sections throughout the dorsal hippocampus of naive control rats and of rats stimulated for 30 min on two

consecutive days, followed by 8 hr stimulation on the third day (30,30,8 group), were immunostained for the

neuron marker NeuN. Immunoreactive neurons with visible nuclei in each population were counted (n = 4

animals per group). Hilar neurons (hilus) include the number of somata not in contact with the granule cell

layers, and outside the somal and dendritic regions of CA3c. In naïve sections, immunoreactive neurons in the

CA3 and CA1 pyramidal cell layers included somata that appeared to contact at least one other neuron. This

ensured that only neurons that were part of stratum pyramidale were counted. To circumvent the issue that the

number of cells per section varies throughout the longitudinal axis of the hippocampus, we used matching

coronal sections from the dorsal hippocampus of control and experimental animals, which were selected based

on the identification of extra-hippocampal brain regions, e.g. the dorsal thalamic nuclei and the shape of the

third ventricle. Note that all cell populations were significantly reduced, with area CA1 showing the greatest

loss. Group means are the average number of cells per 40 μm-thick section

control(naïve) 30,30,8 % of control

Hilus 66.6±6.9 17.2±6.4* 25.8 ±9.6

CA3 577.9±44.3 113.3±54.2* 19.6 ±9.4

CA1 1238.2±174.1 88.1±37.0* 7.1 ±2.9

*
p < 0.001 by Student’s t-test.
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Table 2

Electrographic and behavioral seizure duration after perforant path stimulation that evoked hippocampal

excitation for 8 hrs, but not convulsive status epilepticus. Continuous electrographic recording of spontaneous

activity from the granule cell layer, and continuous video recording of behavioral activity were analyzed for

65 spontaneous seizures, all of which were rated stage 5 on the Racine scale (Racine, 1972). Electrographic

seizure duration was always longer than that of seizure behavior, and preceded behavioral onset in 64 of 65

spontaneous seizures. Early seizures (those recorded on or before day 33) had a slightly shorter mean duration

than those seen at later time points (on or after day 79), and a two sample t-test revealed a statistically

significant difference between group means (p < 0.005), suggesting a correlation between increasing time

post-stimulation and lengthening seizure duration. All late seizures, i.e. those that occurred on or after day 79,

were recorded from animals that had their electrodes removed immediately following stimulation and then had

new electrodes re-implanted after day 70. This was done to ensure that electrodes did not interfere with

developing hippocampal atrophy, and to obtain granule cell layer recordings from atrophied hippocampi after

maximal shrinkage had occurred.

All seizures Earlyseizures Lateseizures

Electrographic duration 49.4±15.7 sec (range 21 to 85) 34.9±13.1 (21 to 61) 53.3±13.9 (27 to 85)

Behavioral duration 43.6±15.9 sec (range 12 to 82) 29.1±15.7 (14 to 58) 47.4±13.8 (12 to 82)
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