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Abstract

Pilocarpine-induced (320 mg/kg, ip) status epilepticus (SE) in adult
(2-3 months) male Wistar rats results in extensive neuronal damagein
limbic structures. Here we investigated whether the induction of a
second SE (N = 6) would generate damage and cell loss similar to that
seen after afirst SE (N = 9). Counts of silver-stained (indicative of cell
damage) cells, using the Gallyas argyrophil 111 method, reveded a
markedly lower neuronal injury in animals submitted to re-induction
of SE compared to rats exposed to a single episode of pilocarpine-
induced SE. This effect could be explained as follows: 1) the first SE
removes the vulnerable cells, leaving behind resistant cellsthat are not
affected by the second SE; 2) the first SE confersincreased resistance
to the remaining cells, analogous to the process of ischemic tolerance.
Counting of Nisd-stained cells was performed to differentiate be-
tween these aternative mechanisms. Our data indicate that different
neuronal populationsreact differently to SE induction. For somebrain
areas most, if not al, of the vulnerable cells are lost after an initial
insult leaving only relatively resistant cells and little space for further
damage or cell loss. For some other brain areas, in contrast, our data
support the hypothesis that surviving cells might be modified by the
initial insult which would confer a sort of excitotoxic tolerance. Asa
consequence of both mechanisms, subsequent insults after an initial
insult result in very little damage regardless of their intensity.
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Introduction

Limbic seizures induced by systemic in-
jections of pilocarpine provide a valuable
animal model of temporal lobe epilepsy
(TLE). Following the acute period of severe
continuous epileptic activity (status epilepti-
cus, SE), animalsenter alatent period lasting
afew weeks, during which no overt seizures
are observed. This period is followed by a
permanent chronic period in which behav-

ioral spontaneous recurrent seizures (SRS)
take place (1-3). It has been demonstrated
that SE itself iscritical for epileptogenesisin
this model of TLE (4). However, the poten-
tial contribution of cell damage - and not
only cell loss - to the epileptogenic process
in experimental models and in human epi-
lepsy is not yet clear. The debate about
whether neurona injury or even neuronal
loss in TLE is the cause or consequence of
seizures has been the subject of a number of
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studies in both human patients and animal
models (5-7). All of the above studies sup-
port the view that SRS tendsto produce only
minor damage and it has been suggested that
a history of previous seizure might confer
resistance to further damage caused by sub-
sequent seizures (8-11). This phenomenon
has been proposed as an ‘experience-in-
duced’ ateration in the mechanisms leading
to cell death. Alternatively, it could be hy-
pothesized that theinitial insult resultsin the
loss of most vulnerable cells, thus leaving
relatively fewer cells to be damaged by sub-
sequent lesional events.

The argyrophil 111 silver staining proce-
dureisauseful and very reliable method for
detecting the early histopathological state
and localization of neurons after various
brain insults, allowing the detection of even
very few damaged cellsin contrast to alight
yellow neuropil (12-14). Here we addressed
the issue of the effect of prior cell damage
and cell loss on subsequent similar eventsin
epileptic tissue by counting both argyrophil
[11- and Nissl-stained sections by assessing:
1) the effects of a second SE regarding cell
injury in chronic epileptic animals, and 2)
the influence of single spontaneous seizures

SE Thio Perfusion
l l J SE group
90 min
SE Thio SRS Perfusion
| | PoEd | SRS group
90 min Observation period
SE Thio SRS SE Perfusion
| | I | | SRS + SE group
90 min Observation period 90 min

Figure 1. Schematic representation of the protocol used for the three experimental groups.
Status epilepticus (SE) was induced in rats which were perfused 2.5 h later (SE group), or
after a single or a cluster of stage 1V-V spontaneous recurrent seizures (SRS group), or after
a second bout of SE (SRS + SE group). All groups were handled and observed together
over the same period of time. The observation period refers to 1-15 months for the SRS
group and 6-7 months for the SRS + SE group. Thio = sodium thiopental.
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on cell damagein long-lasting epilepsy (ani-
mal s sacrificed from 1 to 15 months after SE
induction).

Material and Methods
Animal treatment

Adult male Wistar rats (150-250 g) were
housed in groups of 6 on a standard light-
dark cycle with rat chow pellets and tap
water continuously available. The experi-
ments were performed under institutional
approva (Animal Research Ethics Commit-
tee of UNIFESP) and al ethical require-
mentswere respected. Inthe 36 ratsincluded
in this study, seizures were induced by sys-
temic injections of pilocarpine hydrochlo-
ride (320 mg/kg, ip, Merck, S&o Paulo, SP,
Brazil) preceded by scopolamine methyl bro-
mide (1 mg/kg, ip; Sigma, St. Louis, MO,
USA) injected 30 min before to reduce the
periphera effects of pilocarpine. Approxi-
mately 30 min after pilocarpine injection,
most of the animals had developed SE. So-
dium thiopenta (25 mg/kg, ip) was injected
90 min after SE onset to diminish the other-
wise high mortality rates associated with
tonic seizures. After SE, animals were be-
haviorally observed for approximately 4 h/
day, 5 days/week for the occurrence of SRS,
similar to Racine' s kindled stages |11 (bilat-
eral forelimb clonus), IV (stage lll and rear-
ing), and V (stage IV and loss of postural
tone, i.e, rearing and falling). A schematic
representation of the three experimental
groups is shown in Figure 1.

Acute animals perfused after SE (SE group)

Nine animals were subjected only to a
single episode of SE by meansof pilocarpine
as described above and were perfused 2.5 h
after SE onset (for all animals, see perfusion
procedures below). These previously naive
animals, age-matched to the animals from
the SRS + SE group, were used as controls.
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Chronic animals perfused after SE
re-induction (SRS + SE group)

In agroup of 6 chronically epileptic rats
(al of which had had SE), a second bout of
SE was re-induced at 6-7 months after the
primary SE induction. For this procedure,
these animals received the same dose and
sequence of drugs as the SE group (see the
group above). All animals were perfused
about 2.5 h after SE onset.

Chronic animals perfused after spontaneous
recurrent seizures (SRS group)

A few hours after the occurrence of ei-
ther a single stage IV or V spontaneous
seizure or after a cluster of shortly spaced
SRS at 1 to 15 months after SE induction,
animals were perfused and processed for
histology (N = 21). All perfusion procedures
took placefrom 2 to 3 h after thelast SRSin
order to ensure that al possible injured cells
would be stained.

Silver staining procedure

Animals were deeply anesthetized and
perfused through the left ventricle according
to the procedure described by Gallyas and
colleagues (15-17). For al animals, the per-
fusion and silver staining procedures were
similar tothosedescribed earlier (13). Briefly,
under sodium thiopental anesthesia (50 mg/
kg), animals were transcardially perfused
with buffered saline and cacodylate-buff-
ered solution containing 2% paraformalde-
hyde and 2.5% glutaraldehyde. Brains were
left in the skull for at least 24 h and post-
fixed inthe sasmefixativefor 1 week at room
temperature. After cryoprotection and sec-
tioning, one in every four coronal brain sec-
tions (64-um thick) from all animals was
dehydrated and esterified in 1-propanol con-
taining 1.2% sulfuric acid and 2% distilled
water. The sections were then rehydrated,
washed, and treated with 3% acetic acid

beforeimmersionintoasilicotungstate physi-
cal developer. Finaly, the sections were
mounted and coverslipped with Canada bal-
sam. Adjacent sections were submitted to
Nisdl staining.

Cell counting and statistical analysis

The counting of stained cells was per-
formed in six coronal sections at approxi-
mately 1-mm intervals. 0.00, -1.08, -2.00,
-3.25, -4.45, and -5.65 mm caudal from the
bregma (18). Counts of neurons with pro-
files >7 pm having an identifiable nucleolus
were made at 400X magnification with a
BX50 Olympus microscope (Méelville, NY,
USA) coupled to a Maclntosh-based image
analysis system (Cupertino, CA, USA) and
Neurozoom software (La Jolla, CA, USA).
It should be emphasized that Nissl-stained
neuronal counting is a relative estimate and
not an absolute calculation of the number of
neurons. The data presented in Table 1 are
values obtained from silver-stained cell
counts for the SE group and are reported as
means + SEM, except for a single animal,
which markedly differed from its peers and
is thus presented apart. Differences in mean
values were determined by one-way analy-
sis of variance (ANOVA) followed by the
Student-Newman-Keuls post hoc test (P <
0.05). On the other hand, the small number
of injured cells observed in many animals
after SRS or after SE re-induction (Tables 2
and 3) does not permit usto report them asa
mean value per group. Only those silver-
impregnated cells for which the whole soma
and proximal dendrites could be seen were
counted. Animals in which no silver-stained
cell was detected are not shownin the tables.
Since even small diameter stainless elec-
trodes would have produced silver-impreg-
nated cells (see Figure 1A from Ref. 19), and
that we could not keep these electrodes im-
planted for such a long time in some ani-
mals, we did not perform electroencephalo-
graphic recordings in any of these animals.
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Figure 2. Bright field photomicrographs of
argyrophilic cells in piriform (left panels) and
somatosensory (right panels) cortical areas
in three experimental situations: acute sta-
tus epilepticus (SE; A and B), chronic (C
and D) and SE re-induction (E and F). A,
high density of silver-stained cells with their
processes located mainly in piriform cortex
layers Il and Ill. C, an isolated horizontal-
oriented cell in layer Il (white arrow) and
atrophy of layer Il. E, glial scarring in piri-
form cortex layer Il (black arrows) possibly
due to the first SE. Note in E the absence of
silver-stained cells, which would indicate
further damage due to the second SE. In B,
high number of silver-stained cells in layers
Il and IV (acute SE) should be compared to
the absence of injury in D and F (animals
from SRS or SRS + SE groups, respective-
ly). Scale bar: 120 pm.

Braz ] Med Biol Res 39(7) 2006

L. Covolan and L.E. Mello

Table 1. Mean number of silver-stained cells at selected septotemporal levels in animals per-
fused 2.5 h after pilocarpine-induced status epilepticus.

Silver-stained cells (mean = SEM)

N=8 N=1
Somatosensory area 4907.1 + 1404.1 578
Perirhinal area 843.0 £ 170.4 167
Piriform cortex 1033.1 = 269 109
Claustrum 662.5 £ 137.7 48
CALl stratum oriens 90.8 + 21.7 32
Hilus 384.3 + 20.1 25
Ventromedial nucleus of the hypothalamus 88.6 + 23.2 1
Medial geniculate complex 63.0 + 13.9 30

One animal is reported separately from the others given its markedly different profile of cell
damage. Animals without silver-stained cells in these structures are not shown in this table.



Neuroprotection in epilepsy

Thus, both SE and SRS were only monitored
behaviorally.

Results

Behavioral featuresof pilocarpine-induced
seizures during the acute period were similar
to those previoudly reported (20). These pro-
gressed to SE approximately 40 min after
pilocarpine injection. The seizure frequency
among animals during the sampled period
varied from animal to animal, with a mean of
1.42 + 0.23 recorded seizures per week per
animal. There were no clear-cut differencesin
the behaviora characteristics of SRS among
animals relative to their short- or long-term
follow-up. All animals submitted to the sec-
ond injection of pilocarpine (SRS+ SE group)
immediately displayed body tremor progress-
ing to SE in less than 5 min. No SRS was
observed in animals injected with pilocarpine
that did not develop SE. The second SE was
indistinguishable from the first SE regarding
phenotype and severity. The anticonvulsant
treatment was administered after 90 min of
onset in both cases.

Cell injury immediately after a single SE
Silver-impregnated cells were abundant

throughout all brain sections analyzed. Fig-
ure 2A and B demonstrate the high fre-

guency of silver-stained cellsin the piriform
and somatosensory cortical areasof onesuch
animal perfused 2.5 h after SE onset. The
nine rats perfused after a single SE episode
were uniform regarding the pattern and ex-
tent of cell damage, with the exception of
one animal which displayed a rather small
number of silver-stained cells. For this ani-
mal, the number of silver-stained cells was
reported separately from the other 8 to allow
abetter assessment of the data (see Table 1).
Table 1 illustrates the mean frequency of
silver-stained cells for selected brain struc-
tures. Control animals, which did not de-
velop SE, did not have any silver-stained
cell inany of the sections analyzed (and thus
are not illustrated here).

Cell injury in pilocarpine-chronic animals
(months after SE)

No single dark cell was encountered
across the entire forebrain of the animals
perfused between 25 and 40 daysafter SE (N
= 6), but other signals of injury such as
atrophy and glial scar were seen, suggestive
of past neurodegenerative processes.

In al of the remaining 15 animals from
this group, perfused from 2 to 15 months
after SE induction, the number of silver-
stained cells was always very low after SRS
(Table 2), irrespective of when the animals

Table 2. Number of silver-stained cells at selected septotemporal levels (see Methods) in chronic animals after

spontaneous seizures.

Animal No. Duration of epilepsy SRS  BST PIR CA3 CA3so CAlso VTA CLA H
28 60 days 3 18 - - - = = 1 -
29 65 days 5 - 1 1 - - -
30 66 days 1 - - 7 7 1 - - -
15 10 months 65 - 2 = - - - _ 1
16 15 months 157 - - - - - 37 - -

Animals are identified by number. Duration of the epilepsy history is reported in days or months. The total
number of recorded spontaneous recurrent seizures (SRS) is also reported. BST = bed of the nucleus stria
terminalis; PIR = piriform cortex; CA3 = hippocampal CA3 field, pyramidal cells; CA3 so = hippocampal CA3
field, stratum oriens; CA1 so = hippocampal CA1 field, stratum oriens; VTA = ventral temporal areas; CLA =
claustrum; H = hilus. "-" = absence of silver-stained cells. Animals without silver-stained cells in these

structures are not shown in this table.
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had been perfused. The brain areas contain-
ing stained neuronsvaried dramatically from
one animal to another, but for a given struc-
ture, these cells generally showed a similar
localization. In the hippocampus, almost
none of the few injured cellswerelocated in
the principal cell layers and more neurons
were seeninthe CA1-CA3oriensand alveus
strata (relative to the density of cellsinthese
areas), followed by dentate gyrus and CA1
stratum radiatum. The suprapyramidal den-
tate granule cell layer of the animal perfused
15 months after SE was totally atrophic.
Other affected areas were nucleus accum-
bens, some of the amygdaloid nuclel, the
ventral temporal cortex, and the perirhinal,
piriform (layers II-111; see Figure 2C) and
entorhinal cortices. Four animals from this
group did not display any stained neuron in
the predefined areas or levels. In any event,
dark cellsin these 4 animals were present in
the hilus, entorhinal cortex, basomedial and
lateral amygdala nuclei, claustrum and non-
pyramidal CA1 cells.

Silver-stained cells after SE re-induction in
chronic animals (SRS + SE group)

The distribution of silver-stained neu-
rons in this group was similar to that ob-
served in the previous groups. These neu-

Table 3. Number of silver-stained cells at selected septotemporal levels in SRS + SE
animals.

Animal No.  SS PERI PIR CLA CAl so H VMH MGC
23 1 = = 21 4 6 37
33 37 4 7 = 1 4 6 =
54 = 2 1 16 = = 6 =
55 1299 184 7 128 4 139 35 18
56 = = 3 1 = = = 2

Animals are identified by number. Animals without silver-stained cells in these struc-
tures are not shown in this table. SS = somatosensory area; PERI = perirhinal area;
PIR = piriform cortex; CLA = claustrum; CAl so = hippocampal CA1l field, stratum
oriens; H = hilus; VMH = ventromedial nucleus hypothalamus; MGC = medial genicu-
late complex; "-" = absence of silver-stained cells.
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rons were in piriform cortex, ventromedial
nucleus hypothalamus, hippocampal hilus
and CA1 stratum oriens, media hypotha
lamic area, claustrum, dorsal and ventral
parts of the media geniculate complex, and
somatosensory and perirhinal cortices (Fig-
ure 2E and F, and Table 3). One animal with
no silver-stained neurons in the listed brain
areas aso did not show any silver-stained
neuron anywhere else in the brain and thus
was not included in Table 3. All animals
sacrificed after SE re-induction displayed
extensive gliosis and atrophy in thalamic
and amygdaloid nuclei, lateral septum, sub-
stantia nigra - reticular part, as well as audi-
tive, visual, somatosensory, piriform, and
entorhinal cortices.

Cell density measurements

The number of silver-stained and Nissl-
stained cells for the same brain structures
and areas from the 3 groups (SE, SRS and
SRS + SE) was counted to evaluate whether
the reduced number of silver-stained neu-
ronsin the SRS + SE group when compared
to the SE group was a result of the lower
number of remaining neuronsto be damaged
in the second bout of SE (Figure 3). The
Nissl-stained cell density was reduced for all
counted areas, with cell density being lower
inthe SRSand SRS+ SE groups. A different
picture was encountered for the dentategran-
ule cell layer given that, although this group
was highly vulnerable to the first SE, an
increase in the number of Nissl-stained cells
was found for the SRS + SE group.

Discussion

The major findings of this study were
that a second SE produces much less dam-
age compared to thefirst SE both in terms of
absolute cell counts and relative to the num-
ber of available cells; each SRS aways dam-
aged neurons, even though very few of them.
Our current and previous (19) results of a
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very low number of silver-stained cells fol-
lowing SRS are in agreement with human
clinical data showing that repeated temporal
|obe seizures al so contribute to neuronal 10ss
(especialy in the hippocampus), but only
after many years of epilepsy and in specific
brain areas (for areview, see Ref. 21). Thus,
the current findingsreinforce the similarities
found between the pilocarpine model and
human temporal 1obe epilepsy.

The argyrophil 11 method adequately
fits the purpose of this study due to its high
reliability and sensitivity for detecting neu-
ronal cellsundergoing pathol ogical processes
early after a brain insult (12-14,22) even
when these cells are very scarce. Indeed, it
was suggested that this technique character-
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izes a reversible pathological phenomenon,
not necessarily associated with immediate
cell death (12). In this case, even if these
silver-stained cells are not necessarily dy-
ing, they are subject to long-lasting cyto-
skeletal changes, which might bear relevance
to the generation of further SRS. Indeed, if
restricted but measurable numbers of inter-
neurons are always injured after each single
SRS, the cumulative effect of such damage
could contribute in part to the recurrence of
additional seizures. However, silver-impreg-
nated cells might aso include more vulner-
able neurons that might be permanently im-
paired by a seizure. The specificity of the
argyrophilic Il staining is supported by the
fact that dentate granule cells, which do not
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Figure 3. Cell counts of Nissl-
and silver-stained sections for
selected brain areas of the dif-
ferent experimental groups.
Since cell counts were per-
formed for the same areas in the
same animals, Nissl-stained
cells constitute all of the avail-
able cells for that animal group
whereas silver-stained neurons
should represent the lesioned
fraction of the Nissl counts. Data
are reported as means + SEM
for 9 animals for the acute status
epilepticus (SE) group, 21 ani-
mals for the chronic spontane-
ous recurrent seizures (SRS)
group, and 6 animals for the sec-
ond SE group. SS = somatosen-
sory area; PIR = piriform cortex;
PERI = perirhinal area; CAl so
= hippocampal CALl field, stra-
tum oriens; H = hilus; DGC =
dorsal geniculate complex; CLA
= claustrum; VMH = ventrome-
dial nucleus hypothalamus;
MGC = medial geniculate com-
plex. *P < 0.01 (ANOVA) and P
< 0.05 (Scheffé post hoc test)
relative to the SE group and **P
< 0.01 (ANOVA) and P < 0.05
(Scheffé post hoc test) relative
to the SE and to the SRS groups.
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degenerate from 2 to 48 h after kainate-
induced SE, also do not silver stain with the
argyrophil 111 method after kainate-induced
SE (13,23). Similarly, thereisintense silver
staining of these same neurons from 2 to 48
h after pilocarpine-induced SE (current re-
sults and Ref. 24), a time-window in which
this other epilepsy model isknown to trigger
degenerative processes in dentate granule
cells (25).

Themodest number of silver-stained cells
after SRS reported here and the severe glia
scar displayed by the older chronic animals
suggest that much of the cell loss does not
occur directly in association with SRS, but is
more likely to be a protracted consequence
of theinitial SE (26). For animals sacrificed
earlier (around 30 days) after SE induction,
the occurrence of SRS was not sufficient to
promote evident silver staining of neurons.
Accordingly, recent data demonstrated the
presence of Fluoro-Jade B-positive neurons
approximately 60 days after SE, which did
not correlate with the frequency of SRS in
this time interval (21). Thus, the current
observations and the available data suggest
that the initial SE leads to both an initia
major loss of neuronal cells and to a pro-
tracted less pronounced cell loss period that
might extend for at least a few months.

An additional conclusion is that the neu-
rons of these animals might have gained
some sort of resistance to further damage
(second SE) influenced by the previous his-
tory of seizures and neura activity, being
thus resistant to damage by SRS. A detailed
analysis of our data indeed suggests that, if
present, theinduced toleranceto further dam-
ageis not evenly distributed in the different
brain areas. For hippocampal pyramidal cells
thisconcept of aninitial intenseevent killing
some cells and yet conferring relative resis-
tance to neighboring cells of the same type
seemsto bevalid. Indeed, our findings about
damage in the pyramidal cell layer indicate
that the progression seems to be minimal
even over aperiod of many months in some

L. Covolan and L.E. Mello

animals. Thus, for this case the first pilo-
carpine-induced SE generated substantial cell
loss, regardlessof theintensity and frequency
of subsequent injuring events (SRS or SRS+
SE). It could be argued that the hippocampal
pyramidal cells remaining after the first SE
were already resistant to damage and that all
of the vulnerable pyramidal cells were de-
stroyed by thefirst SE. This, however, isnot
supported by the variable extension of cell
damage among animals in this model of SE
(25,27). The same explanation (induced tol-
erance) might also apply to the somatosen-
sory, piriform and perirhinal cortices, where
the vulnerable population of cellswaskilled
by the first SE and the remaining cells were
not susceptible to the second one, which
thus could also be seen as indicative of in-
duced tolerance to damage.

Evidence for resistance to damage con-
ferred by previous epileptic activity hasbeen
shown in anumber of experiments by differ-
ent groups (10,28,29). However, in al of
these studies assessment of the effects of a
second lesional event was aways performed
within a short time interval after the first
insult. Indeed, it was recently described that
preconditioning animals by intrahippocam-
pal kainic acid administration produces sig-
nificant neuroprotection against a second
intrahippocampal kainic acid dose adminis-
tered from 1 to 7 days but not 15 days after
injection (30). In addition, it has been long
known that the induction of c-Fos expres-
sion by seizures, for example, has a refrac-
tory period of 18 h (31). Thus, it is not
surprising for the above reports to have de-
scribed neuroprotection or lack of lesion
after a second lesional event. Here, how-
ever, a period of many months had passed
between the initial mgjor lesional event and
the induction of the second SE. Under these
conditions, the lack of an extensive lesion
after the second SE was neither due to a
lower degree of the second insult compared
to the first nor to some sort of short-term
refractoriness. Accordingly, our data could
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be seen as indicative of some sort of neuro-
protection or excitotoxic-induced tolerance.
Theargument of alack of vulnerable cellsto
be damaged by the second SE is not sup-
ported by our counts of the number of silver-
stained cells relative to the number of avail-
able neurons (Nissl stained).

We have previoudly reported that all den-
tate granule cells are not the same, and that
cells at different septotempora levels are
differently vulnerable to SE-induced dam-
age (32). Accordingly, this could be seen as
favoring the hypothesis that the initial SE
damaged all or most of the vulnerable cells
in the dentate gyrus, with the second lesional
event striking a subpopulation of rather re-
sistant cells. However, aso for the dentate
gyrus our current data do not favor this
hypothesis. The complete atrophy of the
suprapyramidal dentate granule cell layer
seen for one rat 15 months after SE induc-
tion suggests that, given enough time and
insults (157 recorded SRS for this animal),
evenvery resistant neuronal populationswill
show damage. In any event it seems logical
to assume that neuronal populations will not
be homogeneously vulnerable and that the
“weaker” cells will be the first to be dam-
aged. However, for this cell population, it
must also be taken into consideration that,
based on the current data and the high neuro-
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