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ARTICLE INFO ABSTRACT

Status epilepticus (SE) of limbic onset might cause degenerative phenomena in different brain structures, and
may be associated with chronic cognitive and EEG effects. In the present study SE was evoked focally by mi-
croinfusing picomolar doses of cyclothiazide + bicuculline into the anterior extent of the piriform cortex (APC) in
rats, the so-called area tempestas, an approach which allows to evaluate selectively the effects of seizure
spreading through the natural anatomical circuitries up to secondary generalization. In the brain of rats sub-
mitted to SE we analyzed neuronal density, occurrence of degenerative phenomena (by Fluoro-Jade B-FJB-
staining) and expression of heat shock protein-70 (HSP-70) in the piriform cortex, the hippocampus and ven-
tromedial thalamus. We further analyzed in detail, the loss of cholinergic neurons, and the presence of FJB- and
HSP-70 positive neurons in basal forebrain cholinergic areas, i.e. the medial septal nucleus (MSN, Chl), the
diagonal band of Broca (DBB, Ch2 and Ch3) and the Nucleus basalis of Meynert (NBM, Ch4). In fact, these nuclei
are strictly connected with limbic structures, and play a key pivotal role in different cognitive functions and
vigilance. Although recent studies begun to investigate these nuclei in experimental epilepsy and in persons with
epilepsy, conflicting results were obtained so far. We showed that after severe and long-lasting, focally induced
limbic SE there is a significant cell loss within all of the abovementioned cholinergic nuclei ipsi- and contra-
laterally to the infusion site. In parallel, these nuclei show also FJB and heat shock protein-70 expression. Those
effects vary depending on the single nucleus assessed and on the severity of the SE seizure score. We also showed
the occurrence of cell loss and degenerative phenomena in limbic cortex, hippocampus and limbic thalamic
areas. These novel findings show direct evidence of SE-induced neuronal damage which is solely due to seizure
activity ruling out potential confounding effects produced by systemic pro-convulsant neurotoxins. A damage to
basal forebrain cholinergic nuclei, which may underlie cognitive alterations, is documented for the first time in a
model of SE triggered focally.
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1. Introduction

Temporal lobe seizures are by far the most common types of sei-
zures in humans (Panayiotopoulos, 2002), and they originate in the
mesial temporal lobe structures, which in most cases correspond to allo-
or meso-cortical limbic areas. Often seizures remain limited within
limbic structures while, sometimes, they may become generalized. By
definition, seizures are self-limiting, lasting < 2-3 min. However, when
self-limiting mechanisms fail, seizures can prolong as continuous con-
vulsive activity lasting over 5min, which characterizes a seizure

activity defined as” status epilepticus” (SE)(for more detailed defini-
tions of subtypes of SE, see also Trinka et al., 2015). A major question
related to SE is whether SE of focal origin can cause detrimental effects
to the brain, and if this occurs, which is the severity and site-specificity
of these effects. These questions cannot be fully answered in humans, as
in the routine clinical scenario one can evaluate SE patients only after
they have experienced prolonged SE (whose precise duration can be
rarely assessed), and imaging data are obtained only after SE and
cannot be compared with pre-seizure ones.

In the past decades several models of limbic SE have been developed
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in rodents: the most widely used consist in systemic administration of
kainic acid (KA, an AMPA/KA glutamic acid receptor agonist) and pi-
locarpine (a muscarinic cholinergic receptor agonist) (for reviews, see
Turski et al., 1983; Tremblay et al., 1984; Nitecka et al., 1984). In these
models, animals show prolonged limbic seizures, which may evolve
into secondarily generalized ones, and SE which can last up to several
hours. SE induced by these approaches causes cell loss in different brain
regions, including hippocampus, thalamus and neocortex (e.g. see
Nitecka et al., 1984). In patients, SE of limbic origin potentially can
spread to other limbic or extra-limbic areas through the natural ana-
tomical pathways reciprocally connected with the triggering site. Thus,
animal models in which SE is induced focally in the limbic system might
be closer to the human condition compared with systemic KA or pilo-
carpine. In particular, this might allow to decipher what is really pro-
duced by the engagement of neurons during seizure and to rule out the
potential direct neurotoxic effects of systemically administered kainic
acid (Lau and Tymianski, 2010) or the potential haemodynamic al-
terations caused by systemic pilocarpine (Dage, 1979). In the last
decades different models of focally-induced seizures/SE were produced,
including focal electrical stimulation protocols (Lothman et al., 1989)
or focal chemoconvulsant infusions, such as intrahippocampal
(Schwarcz et al., 1978) or intraamygdaloid infusion of Kainic acid (Ben-
Ari et al., 1979), or intrahippocampal pilocarpine (Furtado et al., 2002,
2011). In the present study, seizures were evoked focally, from the
anterior extent of the deep piriform cortex (APC). This limbic allo-
cortical region was shown to possess a very low threshold to induce
seizures when focally microinfused with bicuculline, a GABA-A re-
ceptor antagonist (Piredda and Gale, 1985). When bicuculline is in-
jected immediately after cychlothiazide (a desensitization blocker of
AMPA glutamatergic receptor) into this region, it induces SE rather
than episodic seizures. This SE is self-sustaining and often lasts several
hours (Fornai et al., 2000, 2005; Giorgi et al., 2003, 2006, 2008). SE
elicited by this approach does not lead to death since it does not impair
vital functions; this SE in most cases is self-sustaining but also self-
limited (Fornai et al., 2000, 2005; Giorgi et al., 2003).

This model has proven to be particularly useful to detect which
brain areas are selectively engaged by limbic seizures. This has been
assessed by different in situ techniques: (i) 2-desoxyglucose uptake
(Cassidy and Gale, 1998; Dybdal and Gale, 2000; Giorgi et al., 2008);
(ii) immediate early gene expression (Maggio et al., 1993; Lanaud et al.,
1993; Giorgi et al., 2008); (iii) heat shock protein expression
(Shimosaka et al., 1992); (iv) focal pharmacological modulation of
seizures within selective brain regions supposed to be involved in sei-
zure circuitry (Maggio and Gale, 1989; Shimosaka et al., 1994; Halonen
et al., 1994; Tortorella et al., 1997; Vismer et al., 2015). Such a model
was also demonstrated to own a heuristic value for describing the
functional anatomy of limbic circuitries. In fact, a functional mapping
of anatomical connectivity and the strength of these connections was
recently postulated based on these data (Vismer et al., 2015). Thus, the
APC, named area tempestas by Dr. Gale when she first described its
seizure initiating propensity (Piredda and Gale, 1985), provided a tool
to explore brain connectivity beyond seizure activity.

Within this frame we were particularly interested to investigate a
group of cholinergic neurons in the basal forebrain which are highly
connected with limbic structures and play an important role in different
brain functions. These cholinergic nuclei of the basal forebrain are
classified as Ch 1-4 areas by Mesulam et al. (1983a), corresponding to
the medial septal nucleus (Chl) (MSN), the Diagonal Band of Broca
(Ch2-Ch3) (DBB), and the Nucleus basalis of Meynert (Ch4) (NBM).
They play a pivotal role in learning and memory (e.g. Everitt and
Robbins, 1997; Sarter and Bruno, 1997; Roland et al., 2014), apart from
playing an activating effect on EEG (e.g., see Buzsaki et al., 1988;
Furman et al., 2015) and a significant role also in regulating vigilance
and sleep/waking state (Szymusiak, 1995; Zant et al., 2016; Lagos
et al., 2012), which can also indirectly affect cognition. Patients with
seizures originating in limbic structures show often subtle cognitive and
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sleep alterations, which are not fully explained by the occurrence of
hippocampal sclerosis (for a review, see Bell et al., 2011). Even more,
SE in patients has been associated by several authors with delayed
cognitive impairment (e.g. Dodrill and Wilensky, 1990; see also the
review by Helmstaedter, 2007) and this seems to be the case especially
after generalized convulsive SE (e.g. Power et al., 2018). Less is known
about chronic effects on EEG and sleep parameters by SE (Bazil and
Anderson, 2001). Similarly to what above mentioned concerning neu-
ronal damage, also the effects of SE on parameters potentially linked
with cholinergic functions (cognitive and EEG/sleep), are difficult to
assess in patients, mainly because of the potential bias of an effect of the
SE- precipitating insult by itself on these parameters, and of the lack of
precise knowledge of these parameters in the single patients before SE
(e.g. see Helmstaedter, 2007).

Thus, in the present study we wish to disclose whether focally in-
duced limbic SE from APC, apart from altering limbic allocortical and
allothalamic regions, may affect NBM, MSN and DBB.

As said, all these cholinergic regions are highly connected with the
cerebral cortex and especially with limbic areas. In particular, Ch4 re-
ceives direct cortical afferents mainly from the piriform cortex, the
medial temporal cortex and entorhinal cortex, orbitofrontal cortex and
insula, (Mesulam and Mufson, 1984). Chl receives the main cortical
afferents from the hippocampus (Haghdoost-Yazdi et al., 2009), but
also from the piriform cortex and, to a lesser extent, from the amygdala
(Swanson and Cowan, 1979). Ch2 and Ch3 share some afferents from
the same areas innervating Ch1l (e.G. hippocampus) (Haghdoost-Yazdi
et al., 2009) andare interconnected with Chl (Swanson and Cowan,
1979). Chl sends its efferents mainly to the hippocampus, while Ch4
neurons widely innervate the amygdala, periamygdaloid (perirhinal)
cortex and the rest of the cortex (Mesulam et al., 1983a, 1983b). Ch2
seems to be the main source of Ach to the hippocampus and hypotha-
lamus, and Ch3 to the olfactory bulb (Mesulam et al., 1983b), and it
also sends efferents to the piriform and enthorhinal cortices (Zaborszky
et al., 2012).

We show that all three cholinergic nuclei, although with slight
differences, show degenerative phenomena after SE induced focally
from the APC, we also describe degenerative phenomena in limbic and
thalamic structures.

2. Material and methods
2.1. Animals

50 adult male Sprague-Dawley rats (Harlan Laboratories produced
in house) weighing 280-320 g were used. All animals were kept under
environmentally controlled conditions (room temperature 22 °C; hu-
midity 40%) with food and water ad libitum and with a regular 12h
light/dark cycle. Rats were handled in accordance with the Guidelines
for Animal Care and Use of the National Institutes of Health, and ade-
quate measures were taken to minimize animal pain. (Authorization N°
1204/2015-PR).

2.2. Experimental design and drugs administration

Rats were submitted to surgery and implanted with a guide cannula
into the left APC under deep anesthesia. Twenty-four h after recovery
from surgery they were submitted to microinfusions of either saline or
bicuculline + cyclothiazide into the APC and evaluated behaviorally for
seizures occurrence. Cyclothiazide (Hellobio, Bristol, UK), was dis-
solved in a solution of saline + Dimethilsulfoxide (DMSO 20%)
(200 pmol in 120 nL); bicuculline methiodide (Sigma Aldrich, Milan,
Italy) was dissolved in saline (118 pmol in 120 nL). For cyclothiazide
+ bicuculline co-infusions, 120 nL of cyclothiazide solution and 120 nL
of bicuculline solutions were injected into the APC, 5 min apart, at the
rate of 60 nL/min. Control animals were injected with a vehicle solution
(saline alone and saline + DMSO 20%), same volumes and flow rates as
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above, i.e. two infusions of 120 nL at 60 nL/min, 5 min apart. Five days
after infusion animals were sacrificed and their brains were processed
for morphological analysis.

Sub-groups of rats, during the same surgical procedure, were also
implanted with EEG electrodes to monitor EEG in baseline conditions
and during seizures; these rats were used for EEG recordings only.

2.3. Surgical procedures

Animals were deeply anesthetized with ketamine 60 mg/kg and
xylazine 12 mg/kg i.m. and placed in a stereotaxic apparatus (World
Precision Instruments, Inc) with the incisor bar set 5mm above the
interaural line. Body temperature was maintained at 37 °C by using a
rectal thermostat pad instrument. Local anesthesia with Lidocain 2%
was applied into the lateral muscles of the head before skin incision.
Stereotaxic coordinates for the tip of the internal cannula (see below),
corresponding to the APC (Piredda and Gale, 1985), were as follows:
AP = +4mm from the bregma, ML = +3.3mm from the midline,
DV = —6.5mm below the dura (according to the atlas of Pellegrino
et al., 1979). A microinfusion cannula system was prepared before the
surgery and used for APC microinfusions. The system consisted of a
guide cannula (prepared from a 22-gauge stainless-steel needle -Braun
Melungen AG Sterican®), an injection cannula (prepared from a 27-
gauge stainless —steel needle, Braun Malungen AG Sterican®) connected
with PE 20 polyethylene tubing to an infusion pump, and a dummy
cannula (same diameter as the injection cannula). For each animal, a
guide cannula was inserted through a hole drilled in the skull, and
secured with acrylic cement and screws. The tip of the guide cannula
was placed 1 mm above the APC and the injection cannula was de-
signed to protrude 1 mm beyond the tip of the guide cannula.

After the surgery, the animals were kept one per cage.

2.4. Focal infusions and seizure evaluation

For drug microinfusions, the internal cannula was inserted into the
guide cannula in freely moving animal. Each drug solution/vehicle was
injected through the injection cannula, connected via polyethylene
tubing to a 10 pL Hamilton syringe driven by infusion pump (KD
Scientific Syringe Pump Co.). After the end of each infusion, the in-
ternal cannula was left in place for 1 min for complete solution delivery.
Correct cannula placement was verified after sacrifice in Nissl-stained
sections (see below): only rats in which the cannula was placed in the
APC were used for data analysis.

Animals were observed during 6 h after the end of microinjection.
Seizure severity was evaluated according to the following behavioral
score modified from Racine (1972) (see also Fornai et al., 2005; Giorgi
et al.,, 2003, 2008): 0.5 = jaw clonus; 1 = myoclonic jerks of con-
tralateral forelimb; 2 = mild bilateral forelimb clonus lasting 5-15s;
3 = bilateral forelimb clonus lasting > 15s; 4 = rearing, with con-
comitant bilateral forelimb clonus; 5 = rearing with loss of balance and
concomitant forelimb +/— hind limb clonus. It was recorded also the
onset of SE, which is defined here as convulsive seizure activity lasting,
without any interruption, for at least 5 min. For each rat we measured
seizure duration (time interval between the first and the last ictal
event), and the predominant seizure score observed during 5min ob-
servation time intervals throughout the whole observation period; a
seizure score average for the whole seizing period was thus calculated
for each animal. Animals were further divided in 2 groups based on
seizure severity score: a group with average seizure severity ranging
between 1 and 2 (“low severity” score), and a group showing an
average seizure severity ranging between 3 and 5 (“high severity”
score). Seizures score and features were consistently assessed by a
single observer who is trained in assessing behavioral seizures in rats;
she was blinded to the treatment.
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2.5. EEG electrodes implantation and recording

For EEG recordings, four animals were implanted with EEG elec-
trodes in the same surgical step of the guide cannula placement.

Electrosubcorticogram (ESCoG) was recorded by cortical wire
electrodes [PFA-coated stainless steel wires with diameter of 127.0
(bare)/203.2 (coated) microns, A-M Systems, WA] implanted around
the border of cortical layers V and VI (1.5-2.5mm below the skull
surface). The ESCoG will be referred for simplicity as electro-
encephalogram (EEG) throughout the remaining text. The wire elec-
trodes were inserted through small holes in the skull at the level of the
left (ipsilaterally to the infusion of bicuculline) and right primary so-
matosensory cortex, trunk region (S1Tr) and left frontal motor cortex
(M1). The coordinates were as follows: for the S1Tr cortex, AP = —3.6
from bregma, ML = =+ 3.0 from midline, and for the ipsilateral M1
cortex, AP = +1.7 from bregma, ML = +2.5 from midline (atlas of
Paxinos and Watson, 1997). Two stainless steel screws (0,80 x 3.32,
Plastics One) served as reference and ground electrodes and were fixed
above frontal sinus and cerebellum, respectively. Another screw was
inserted into the bone behind the implanted cannula to fix the cannula
together with all wires, screws and the attached 6-pin connector with
Glass ionomer cement (KetacTM Cem radiopaque).

One week after the surgery each animal was placed into a trans-
parent booth equipped with video camera and a flexible cable con-
nected to a rotating commutator allowing free movement of the animal.
The booth was inside of an electrically shielded, light-, sound-, and
temperature-controlled video-EEG room. Before each recording, the
animal was habituated for 3-5h to the environment and then, for an-
other 2 h, to the tethering system of the recording system.

The monopolar signals (against the reference electrode) were am-
plified, band passed-filtered between 0.1 and 70 Hz, notch 50 Hz-fil-
tered (if necessary), digitized at 400 Hz, and stored in a computer drive.
The recording was made by means of Grass-Technologies 800 Hz am-
plifier, Twin EEG recording system and Grass-Telefactor software
(Astro-Med, Inc., W. Warwick, RI, U.S.A.). A video stream of animal
behaviour was simultaneously recorded and stored. Then, a video
protocol was created off-line for the time course of the behavioral states
with special attention to monitoring and designation of the Racine
scores of the bicuculline-induced seizures. The EEG signals were ex-
ported as European Data Format (edf) files and analyzed using
Acknowledge 4.1.1 software (Biopac Systems, San Francisco, CA, USA).
Following linear de-trending and removing the mean of the signal, a
power spectral density (PSD) analysis of the resulting data samples
were performed by using Welsh approximation algorithm to average
signal time-sliced portions of the signal and reduce noise effect. A
Hamming-windowed 1024-point Fast Fourier transform (FFT) for non-
overlapping windows of 2000 samples (5.0 s) in the range of 0-200 Hz,
yielding a frequency resolution of approximately 0.39 Hz, generated
two dimensional graph displaying the power (uV?) of a particular fre-
quency component in a signal. Then, we calculated mean of 10 PSDs
(range 0.39 to 30 Hz) using Microsoft Excel 2013 software.

2.6. Histological analysis

Five days after infusion, animals were sacrificed, brains were re-
moved and placed in a fixing solution overnight and used for the
morphological evaluation. Rat brains were fixed in Carnoy's solution
(ethanol 60%, chloroform 30% and glacial acetic acid 10%), embedded
in paraffin, cut in 10 um tissue sections mounted on slides and collected
for histology and immunohistochemistry.

Histological analysis were performed by a trained observer which
were blinded to the treatment and to the severity of seizures.

2.6.1. Nissl staining
For morphological analysis (including cell density analysis) depar-
affinized sections were processed for Nissl staining. Briefly, slides were
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stained with thionine acetate solution (Carlo Erba Reagents, Rodano,
MI, Italy) for 8 min and then washed with distilled water. The sections
were mounted with coverslips and analyzed with optical microscope.

2.6.2. Fluoro-Jade B staining

Fluoro-Jade B (FJB) is a fluorescein derivative used for histological
staining of degenerating neurons (Schmued and Hopkins, 2000). The
slides were incubated with 0.06% potassium permanganate for 10 min
at room temperature and then washed with distilled water. Sections
were incubated with 0.0004% Fluoro-Jade B solution (Merck Millipore)
(in a solution of acetic acid 0.01%) at room temperature for 20 min, and
then slides were mounted with coverslips and analyzed with fluores-
cence microscope (Axiophot Image, Zeiss).

2.6.3. Immunohistochemistry
Tissue sections were deparaffinized and antigen retrieval was
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performed with citrate buffer pH 6.0 (for anti-HSP-70 antibody) or with
buffer pH 8.0 (for anti-ChAT antibody) for 10 min. The sections were
incubated with 0.01% Triton X-100 (Sigma Aldrich) for 15min and
were soaked in 3% hydrogen peroxide to block endogenous peroxidase
activity; then were incubated overnight at +4°C with mouse mono-
clonal mouse anti-HSP-70 (1:100; R&D Systems, Minneapolis, MN,
Canada; RRID: AB_211938) or rabbit anti-ChAT antibodies (1:100;
Merck Millipore, Billerica, MA, USA; RRID: AB_2079760); the sections
were incubated with anti-mouse (RRID:AB_2313581) or anti-rabbit
(RRID:AB_2313606) biotinylated secondary antibodies (1:200; Vector
Laboratories, Burlingame, CA, USA) for 1h at room temperature. The
sections stained with anti-HSP-70 antibodies were counterstained with
Mayer's Haematoxylin (Diapath, Martinengo, BG, Italy) for 6 min, wa-
shed with distilled water for 6 min and dehydrated.
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Fig. 2. Neuronal loss in the piriform cortex of rats
submitted to focal status epilepticus. The figure
shows data obtained with Nissl staining in the piri-
form cortex. The animals were obtained as described
in the methods section. Panel A shows representative
photomicrographs from animal injected with saline
(vehicle), an animal experiencing low severity score
(Median score 2) and a rat experiencing high severity
score (Median score 4); images from the hemisphere
ipsilateral (Ipsilateral side) and contralateral
(Contralateral side) to the infused APC are shown.
Scale bar = 200 um. In panel B the graph shows the
values of neuronal density (assessed in Nissl-stained
sections) at the level of piriform cortex of the 3
groups (vehicle, bicuculine+cyclothiazide low se-
verity, and bicuculine + cyclothiazide high severity)
in the two hemispheres (Ipsilateral side and
Contralateral side). Two-way ANOVA analysis shows
a significant effect for group [F(2,24) = 56.10;
p < .0001], for side [F(1,24) = 48.49; p < .0001]
and group x side interaction [F(2,24) = 13.25;
p = 0.0001]. Post-hoc analysis shows a significant
cell loss in the high severity score and ipsilateral low
severity score vs. vehicle; within each severity, score
group there is a significantly higher cell loss in ipsi-
lateral hemisphere compared with contralateral one.
Detailed p values are reported by symbols in the
graph and below, in this legend. *p < 0.0001 vs
ipsilateral and contralateral vehicle. #p < 0.0001
vs. contralateral side, same severity. §p < 0.001 vs.
contralateral low severity. ##p < 0.05 vs. con-
tralateral high severity.
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2.6.4. Neuronal cell density

Neuronal cell density values (number of neurons/mm?2) were cal-
culated in brain tissue slides stained with Nissl, ChAT and with FJB.
Nissl- and ChAT-positive neurons were counted within a square (dis-
sector) of known dimension (50 X 50um) as previously described
(Motolese et al., 2015). In brief, dissectors are randomly placed by a
software (Image Pro Plus 6.2) within an area of interest, drawn by the
operator at low magnification (2.5x) over the various regions ana-
lyzed. Inside each dissectors, at high magnification (100X ), the op-
erator counts all the neurons falling within it. The results were ex-
pressed as the cell density per mm?. Four anatomical levels (coupled by
level) for each animal were counted starting from level 0.48 mm to
—1.80 mm.
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For FJB-positive cells count we have selected 5 microscopic fields
per slice for 4 levels per animal with software ImageJ within an area of
interest. The magnification used for fluorescence counts is 10 X over
the various regions analyzed. For each microscopic field the operator
counts all the positive neurons he sees inside the field. The results were
expressed as the cell density per mm?. The sections were spaced 50 um
apart (Yamaguchi and Shen, 2013).

HSP-70 immunoreactivity (see Figs. 11-13 B) was expressed by
measuring the immunostained areas. The areas of interest were assessed
for immunostaining intensity at 3 different levels, 30 pm apart from
each other for each regions, for each animal per group (N = 5). All
sections were analyzed by measuring the optical densities. Images were
acquired at low magnification (2.5x) and the densitometric analysis
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Fig. 3. Neuronal loss in the hippocampus of rats
submitted to Status Epilepticus. The figure shows
data obtained with Nissl staining in the CA1 and CA3
regions of the hippocampus. The animals were ob-
tained as described in the methods section. Panel A
shows representative photomicrographs from an an-
imal treated with saline (vehicle), or with bicuculline
+ cyclothiazide animals that had low severity score
(Median score 2) or high severity score (Median score
4); images from the ipsilateral (Ipsilateral side) and
contralateral (Contralateral side) hemisphere to the
infused APC are shown. Scale bar = 200 pm. In panel
B the graphs show the values of neuronal density
(assessed in Nissl-stained sections) at the level of CA1
and CA3 region of the 3 groups. For CA1 region, Two-
way ANOVA analysis shows a significant effect for
group [F(2,24) = 827.3; p < 0.0001], for side [F
(1,24) = 29.65; p < 0.0001] and group x side in-
teraction [F(2,24) = 21.34; p < 0.0001]. For CA3
region, Two-way ANOVA analysis shows a significant
effect for group [F(2,24) = 1361; p < 0.0001], for
side [F(1,24) = 34.94; p < 0.0001] and group x side
interaction [F(2,24) = 36.48; p < 0.0001]. In CAl,
post-hoc analysis shows a significant cell loss in the
high severity group and low severity group vs. ve-
hicle in both hemispheres; in the high severity group
cell loss is more severe than in the low severity group
in both sides; within both high and low severity
group, the ipsilateral side is more severely affected
than the contralateral side. In CA3, post-hoc analysis
shows the same results as for CA1, with the exception
of a similar cell loss in both hemispheres in the high
severity group. *p < 0.0001 vs ipsilateral and con-
tralateral vehicle. #p < 0.0001 vs. contralateral
side, same severity. §p < 0.0001 vs ipsilateral and
contralateral low severity.
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was carried out by assessing by ImageJ the intensity in immunostained
region diminished by the background signal (i.e. the optical density
measured in non-limbic adjacent white matter, such as corpus cal-
losum). The analysis was carried out by using Zeiss Axio Imager M1
microscope equipped with a motorized stage and focus control system
(Zeta axis), and digital video camera. This method provides numerical
values which can be treated in a parametric calculation. Since the op-
tical density may not provide accurate quantitative values, we also refer
to these data considering as “null” the optical density of corpus cal-
losum, and to “low”/”modest” optical density which was measured
following low severity SE, and to “high” for high severity SE (see Re-
sults). Remarkably, the distribution of numerical values obtained by
measuring immunostaining clustered with minimal variation between
animals belonging to the same group (see Results).

bicuculline+cyclothiazide
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2.7. Statistical analysis

Comparisons among the different groups were performed with two
way [seizure group (vehicle/low severity/high severity) x brain side
analyzed] Analysis of Variance (ANOVA) with Bonferroni post-hoc
analysis. Null hypothesis was rejected for p < 0.05.

3. Results
3.1. Seigures and SE

Rats that did not show seizures or experienced only sporadic focal
seizures (N = 12), or died before microinfusion (N = 9) were not in-
cluded in the study; 5 rats were excluded because, even though they
showed seizures/SE, infusion cannula was not verified as correctly
placed in the APC (most of them showed only stage 0,5-1 isolated
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Fig. 4. Loss of Choline-acetyltransferase-positive neurons in the Nucleus Basalis of Meynert, Medial Septal Nucleus and Diagonal Band of Broca after status

seizures during a period of few minutes, one rat showed a few episodes
of SE, with total seizure period of approx 40 min). All of the remaining
rats microinfused with bicuculline + cyclothiazide experienced SE (4 of
which were used for EEG recording), but 5 died during SE or in the 24 h
following it. Thus ten rats with SE were used for the final morphological
analysis. All of the five rats microinfused with saline into the APC were
included in results, as in all of them the cannula was correctly placed
and none of them showed any seizure after infusion.

In rats in which morphological analysis were performed, the mean
latency to seizure was 5 = 2min; 5 rats showed a medium seizure
score < 2, while it was > 2 in the remaining 5 rats; these groups were
classified as “low” and “high” severity seizure score, respectively. The
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mean of the mean seizure scores of the rats of the the low severity score
group was 1.7 = 0,01, while it was 3.04 = 0.16 for the high severity
score group. A few rats from the high severity score experienced iso-
lated periods of score 5 seizures. The mean SE duration was
235min *+ 22min, and not statistically different between the two
seizure severity groups (low severity = 206 min + 34 min; high se-
verity 249 min + 19 min). Even though the precise number of seizures
were not recorded during the observation, in general we observed that
rats belonging to the two severity groups showed a similar incidence of
behavioral seizures throughout the seizure period. Behavioral ob-
servation of different types of SE was roughly corresponding to different
EEG features in those rats which had been submitted to EEG recording.
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epilepticus. This figure shows the results of immunohistochemistry for Choline-acetyltransferase (ChAT) in the basal forebrain cholinergic nuclei. The animals were
obtained as described in the methods section. Panel A shows representative photomicrographs of the Nucleus basalis of Meynert (upper panels), of the Medial Septal
Nucleus (middle panels) and of Diagonal band of Broca (lower panels). In this image all three groups analyzed are shown (Vehicle, Median score 2 and Median score
4). Scale bar = 200 pm. In detail box, the scale bar corresponds to 30 pm. In panel B the graphs show the values of neuronal density of ChAT-positive neurons at the
level of Nucleus basalis of Meynert (upper graph) Medial septal nucleus (middle graph) or Diagonal Bend of Broca (lower graph). The 3 groups (vehicle, bicuculine
+ cyclothiazide low severity, and bicuculine + cyclothiazide high severity) in the two hemispheres (Ipsilateral side and Contralateral side) are shown for each graph.
For Nucleus basalis of Meynert, Two-way ANOVA analysis shows a significant effect for group [F(2,24) = 14.16; p < 0.0001], a significant, but lower, effect for side
[F(1,24) = 7.130; p = 0.0134] and a non significant effect of group x side interaction [F(2,24) = 2.991; p = 0.069]. For Medial septal nucleus, Two-way ANOVA
analysis shows a significant effect for group [F(2,24) = 23.42; p < 0.0001], but not for side [F(1,24) = 0.2157; p = 0.646] and group x side interaction [F
(2,24) = 0.6079; p = 0.5527]. For Diagonal Band of Broca, Two-way ANOVA analysis shows a significant effect for group [F(2,24) = 177.5; p < 0.0001], but not
for side [F(1,24) = 0.672; p = 0.420] and group x side interaction [F(2,24) = 0.728; p = 0.492]. In Nucleus basalis of Meynert, post-hoc analysis shows a significant
cell loss in the high severity score and low severity score vs vehicle in both hemispheres; in the low-grade group the loss is higher in the ipsilateral hemisphere even
thogh withous statistical significance; in the ipsilateral side of the high grade group cell loss is more severe than in the contralateral side of the low severity group. In
the Medial septum nucleus, post-hoc analysis shows a severe and similar cell loss both in the low and high severity group; no differences by side are observed.
Similarly in the diagonal band of Broca the cell loss was similar for both sides within each severity group; the cell loss is higher in the high severity group vs the low
severity group. *p < 0.01 vs ipsilateral and contralateral vehicle. #p < 0.05 vs. contralateral low severity. **p < 0.0001 vs. ipsilateral and contralateral vehicle.
§p < 0.001 vs ipsilateral and contralateral low severity. ##p < 0.01 vs. low grade (same side).

In fact, during seizures with behavioral score > 2, epileptiform ac- 3.4. Fluoro-Jade B staining after SE

tivity was bilateral, composed of sub-continuous/continuous bi-hemi-

spheric spikes and spike-wave activity. During low-severity seizure FJB staining in rats with seizure score < 2 confirmed neurodegen-
score, EEG was represented by recurrent, intermittent spike/spike-wave erative phenomena not only in the ipsilateral APC, but also con-
activity, often with a prevalence in the left hemisphere, but also tralaterally (Fig. 5); this phenomenon was even higher in the high se-
spreading contralaterally. Such a visual difference was confirmed by verity group, where there was a slight, not significant, prevalence of
power spectrum analysis, showing markedly different patterns, with FJB-positive neurons in the ipsilateral cortex (Fig. 5). In the hippo-
higher power, and especially higher frequency bands, for rats with campal CA3 region a significant number of FJB-positive neurons could
more severe seizures (Fig. 1). be detected in low- severity score SE ipsi- and contralaterally to the site

of infusion, and this effect was even more marked in the high severity
score group (Fig. 6). In the NBM a significant number of FJB-positive

3.2. Neuronal loss after SE in limbic structures and basal forebrain neurons could be observed ipsilaterally to the site of infusion in the low
cholinergic nuclei severity group and, to a higher extent, in the high severity group. In the
latter group a significant occurrence of FJB-positive neurons could be
Compared with saline-infused animals, in the whole population of found also contralaterally, but still lower than in the ipsilateral NBM
rats experiencing SE, there was significant neuronal loss in the APC of (Fig. 7). Concerning MSN, here a marked increase could be observed,
the infused side. Such a difference was not significant in the con- ipsilaterally to the infused APC in the high severity group, and, to a
tralateral APC in the low seizure group, but reached statistical sig- lesser extent contralaterally (Fig. 8). A similar effect was shown for the
nificance in animals experiencing high severity seizure score (Fig. 2). DBB (Fig. 9) and in the ventromedial thalamic nucleus (Fig. 10).
At the level of the hippocampus, a significant pyramidal cell loss In rats infused with saline no Fluoro-Jade positive neurons were
was observed in the CA1l, CA3 regions both ipsilaterally and con- observed in above-mentioned regions.
tralaterally to APC infusions in all groups of animals with SE in-
dependently of the severity score, and this phenomenon was particu- 3.5. Effects of SE on HSP-70 expression

larly severe, both ipsi-and contra-laterally to the infusion site, in rats

having seizure score > 2, bOth. in C'Al. and CA3 regions (Fig. 3). Representative pictures of HSP-70 expression at the level of the APC
Neuronal loss was significantly higher ipsilaterally than contralaterally (Fig. 11A), hippocampus (Fig. 12A), NBM and MSN (Fig. 13A) were
to the infusion site both in CA 1 and CA3, both in low- and high severity ’ ’

SE. In high severity score SE group, the neuronal loss was significantly
higher than in the low-severity score SE group, both ipsi- and con-
tralaterally to the infusion site in both regions (Fig. 3).

reported. HSP-70 immunohistochemistry showed the protein expres-
sion within these areas; this was “high” in rats experiencing high se-
verity SE, but it was observed “low”/”modest” also in rats experiencing
low severity SE score. Numerical values for optical density within HSP-
70-immunostained areas are reported (graphs in Figs. 11B, 12B, 13B).
These graphs provide a measurement of immunoreactivity in all regions
being analyzed, which matches what shown in representative pictures.
Remarkably, the numerical variability of immunostained areas within
each treatment group was slight, thus validating the significance of
HSP-70-immunostaining as a markers of seizure severity.

3.3. Neuronal loss after SE in basal forebrain cholinergic nuclei

SE induced a marked, significant cholinergic neuron loss in the NBM
ipsilaterally to the site of infusion both in low- and high-severity score
SE group, and, to a lesser extent, also contralaterally in the two severity
groups. The ipsilateral hemisphere was more affected than the con-
tralateral one within each severity group even though this effect was
not significant (Fig. 4).

Concerning the cholinergic neurons of MSN, there was a significant
cell loss in the SE group irrespective of the seizure severity group, and status epilepticus” to determine the brain areas where cell loss occurs
similar for the two hemispheres (Fig. 4). following seizure activity. In fact, when a blocker of AMPA receptor

Finally, concerning DBB, we observed a significant neuronal loss in desensitization is micronfused within the anterior piriform cortex prior
to picomolar doses of bicuculline a prolonged status epilepticus occurs

4. Discussion

In this study we profited from a model of “purely focally-induced

both hemispheres, both in low-severity and high-severity score SE ) - ! i i
groups, without significant inter-hemispheric differences within each which becomes independent by the seizure triggering and self-sus-

severity group. In both hemispheres, the neuronal loss was higher in the taining for several h often spreading to motor cortex (Fornai et al.,
high-severity score group vs. low severity one (Fig. 4). 2000). Apart from classic limbic regions, brain damage was analyzed at

the level of basal forebrain cholinergic nuclei, namely NBM, MSN and
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Fig. 5. Fluoro-Jade B-staining in the piriform cortex
of rats submitted to focal Status epilepticus. The
figure shows data obtained with Fluoro-Jade B (FJB)
staining in the APC. The animals were obtained as
described in the methods section. In A it is shown a
representative photomicrographs from animal in-
jected with saline (vehicle), an animal experiencing
low severity score (Median score 2) and a rat ex-
periencing high severity score (Median score 4);
images from both hemisphere (ipsi- and con-
tralateral) to the infused APC are shown. Scale
bar = 50um. In B the graph shows the values of
density of FJB-positive neurons at the level of piri-
form cortex of the 3 groups. Two-way ANOVA ana-
lysis shows a significant effect for group [F
(2,24) = 161.6; p < 0.0001], but not for side [F
(1,24) = 0.9383; p = 0.3424] and group x side in-
teraction [F(2,24) = 0.3592; p = 0.7019]. Post hoc
analysis shows that there is a significant occurrence
of FJB-positive neurons in the low severity score and
even greater one in the high severity score group; no
clear difference by hemisphere within each group
could be observed. *p < 0.001 vs. ipsilateral and
contralateral vehicle. #p < 0.0001 vs. ipsilateral
and contralateral low severity group.
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DBB. In particular, an ipsilateral damage was observed at the level of all
the three nuclei, even when considering rats with lower seizure severity
score. The contralateral MSN and DBB nuclei were already significantly
affected both in the low severity and high severity score groups, with a
higher effect in the DBB. The extent of cell loss was similar in the two
hemispheres within each seizure severity group for MSN and DBB,
while at the level of NBM it was slightly higher in the ispilateral vs
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contralateral one in the low severity group. The cell loss within choli-
nergic nuclei occurred in parallel with neuronal loss into the APC itself,
and hippocampus, which is anatomically connected with the seizure
trigger site (Gale, 1992).

Degenerative phenomena in these cholinergic areas, similarly to
what observed in the hippocampus, APC and thalamus were confirmed
by Fluoro-Jade B analysis. Finally, the expression of HSP-70 was
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Fig. 6. Fluoro-Jade B staining in the hippocampus of
rats submitted to focal status epilepticus. The figure
shows data obtained with Fluoro-Jade B (FJB)
staining in the hippocampus (CA1 + CA3). The ani-
mals were obtained as described in the methods
section. Panel A shows representative photo-
micrographs from an animal injected with saline
(vehicle), an animal experiencing low severity score
(Median score 2) and a rat experiencing high severity
score (Median score 4); images from the hemisphere
ipsilateral ~(Ipsilateral side) and contralateral
(Contralateral side) to the infused APC are shown.
Scale bar = 50 um. In panel B the graph shows the
values of density of FJB-positive neurons at the level
of hippocampus (CA1 + CA3) region of the 3 groups
(vehicle, bicuculline +cyclothiazide low severity,
and bicuculline + cyclothiazide high severity) in the
two hemispheres (Ipsilateral side and Contralateral
side). Two-way ANOVA analysis shows a significant
effect for group [F(2,24) = 178.9; p < 0.0001], for
side [F(1,24) = 43.09; p < 0.0001] and group x
side interaction [F(2,24) =13.93; p < 0.0001].
Post-hoc analysis shows a significant FJB-staining
low severity group vs. vehicle in both hemispheres,
and an even higher density of FJB-positive neuron in
the high severity group. Within each severity score
group, there is a higher number of FJB-positive
neurons in the ipsilateral hemisphere. *p < 0.005
vs. ipsilateral and contralateral vehicle. #p < 0.05
vs. contralateral side, same severity. §p < 0.0001 vs
ipsilateral and contralateral high severity.
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increased in the APC, hippocampus and cholinergic nuclei. HSP-70 is a
heat-shock protein, which, by acting as chaperon, might represent a
potential of stress-induced neurodegenerative phenomena (e.g. Lu
et al., 2010) as it has been reported in experimental limbic seizures
(Chang et al., 2014). Consistently, an increase of circulating HSP-70 has
been proposed, in humans, as a potential biomarker of seizure-related
brain injury (Rejdak et al., 2012).

SE evoked from the APC represents a model of SE in which seizures
triggered focally, in a region roughly corresponding to the primary
olfactory cortex, close to the periamygdaloid human cortex, spread to
other subcortical and cortical regions throughout the natural
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anatomical pathways connecting these areas to one another (Fornai
et al., 2005; Giorgi et al., 2008). This resembles what can happen also in
patients experiencing focal seizures and SE, in which a focal seizure
triggering lesion can be present at the level of limbic structures, and
seizures can propagate to other brain areas up to secondary general-
ization. This model overcomes the bias which may derive from the most
commonly used rodent models of SE, such as those induced by in-
traperitoneal administration of either kainic acid or pilocarpine, which
affect the whole brain at the same time, independently by the con-
comitant seizure spreading. Thus, the phenomena we observed in the
present study in different parts of the brain can be considered the
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effects of the sole propagation of seizure activity for prolonged time
intervals.

We confirmed that in animals experiencing severe APC-triggered SE
there is a damage at the level of the hippocampus CA1l and CAS3,
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Fig. 7. Fluoro-Jade B-staining in the Nucleus Basalis of Meynert of rats sub-
mitted to focal Status epilepticus. The figure shows data obtained with Fluoro-
Jade B (FJB) staining in the nucleus basalis of Meynert. Animals were obtained
as described in the methods section. Panel A shows representative photo-
micrographs from an animal injected with saline (vehicle), an animal experi-
encing low severity score (Median score 2) and a rat experiencing high severity
score (Median score 4); images from the hemisphere ipsilateral (Ipsilateral side)
and contralateral (Contralateral side) to the infused APC are shown. Scale
bar = 100 um. In panel B the graphs show the values of density of FJB-positive
neurons at the level of Nucleus Basalis of Meynert of the 3 groups considered.
Two-way ANOVA analysis shows a significant effect for group [F(2,24) = 340.2;
p < 0.0001], for side [F(1,24) = 152.9; p < 0.0001] and group x side inter-
action [F(2,24) = 67.73; p < 0.0001]. Post-hoc analysis shows a significant
FJB-staining in the high severity group, and significant, but smaller increase of
FJB-positive cells in the ipsilateral low severity group. FJB are significantly
more represented ipsilaterally in both severity groups. *p < 0.0001 vs. ipsi-
lateral and contralateral vehicle. #p < 0.001 vs. contralateral side (same se-
verity). §p < 0.0001 vs. low severity (same hemisphere).

resembling the so-called Ammon's horn sclerosis (AHS) described in
patients affected by TLE (see also Giorgi et al., 2003, 2006). TLE itself
has been interpreted by several authors as the effect of a remote episode
of repeated limbic seizures, giving rise to secondary epileptogenesis,
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associated with AHS (Cendes et al., 1993; see also Sloviter, 2008). The
present model adds new evidence to this hypothesis. Several rat models
of SE triggered from limbic structures have been produced in the last
decades, such as the intraamygdaloid kainate (Ben-Ari et al., 1979,

87

Neurobiology of Disease 121 (2019) 76-94

Fig. 8. Fluoro-Jade B-staining in the medial septal nucleus of rats submitted to
focal Status epilepticus. The figure shows data obtained with FJB staining in the
Medial Septal Nucleus. Animals were obtained as described in the methods
section. In A shows representative photomicrographs from animal injected with
saline (vehicle), an animal experiencing low severity score (Median score 2) and
a rat experiencing high severity score (Median score 4); images from the
hemisphere ipsilateral (Ipsilateral side) and contralateral (Contralateral side) to
the infused APC are shown. Scale bar = 100 pm. In B the graphs show the values
of density of FJB-positive neurons at the level of medial septal nucleus of all
groups of animals. Two-way ANOVA analysis shows a significant effect for group
[F(2,24) = 163.5; p < 0.0001], for side [F(1,24) = 106.8; p < 0.0001] and
group x side interaction [F(2,24) = 67.91; p < 0.0001]. Post-hoc analysis
shows a significant increase of FJB-positive neurons in the group with high se-
verity seizure score, and particularly in the hemisphere ipsilateral to the infu-
sion. Detailed p values are reported by symbols in the graph and below, in this
legend. *p < 0.0001 vs. ipsilateral and contralateral vehicle. #p < 0.01 vs.
ipsilateral and contralateral vehicle. **p < 0.0001 vs. ipsilateral and con-
tralateral low severity. ##p < 0.0001 vs. contralateral low severity.
§p < 0.001 vs. ipsilateral high severity.

1980), the intrahippocampal kainate (Schwarcz et al., 1978) or pilo-
carpine (Furtado et al., 2011; Castro et al., 2011), and the self-sus-
taining limbic SE induced by continuous hppocampal electrical stimu-
lation (Lothman et al., 1989). All of these models produce prolonged
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seizures/SE, which are sometimes mainly represented by focal limbic/
motor episodes (Lothman et al., 1989) up to sub-continuous generalized
tonic-clonic ones (Ben-Ari et al., 1980). In most of these models only the
ipsilateral hippocampus was morphologically assessed, and showed

Neurobiology of Disease 121 (2019) 76-94

Fig. 9. Fluoro-Jade B-staining of the Diagonal Band of Broca of rats submitted to
focal Status epilepticus. The figure shows data obtained with Fluoro-Jade B
staining in the Diagonal Band of Broca. Animals were obtained as described in the
methods section. In A it is shows representative photomicrographs from vehicle,
an animal experiencing low severity score (Median score 2) and a rat experien-
cing high severity score (Median score 4); images from the hemisphere ipsilateral
side and contralateral side to the infused APC are shown. Scale bar = 100 um. In
B, the graphs show the values of density of FJB-positive neurons at the level of
medial septal nucleus of the 3 groups considered. Two-way ANOVA analysis
shows a significant effect for group [F(2,24) = 94.67; p < 0.0001], for side [F
(1,24) = 68.32; p < 0.0001] and group x side interaction [F(2,24) = 48.18;
p < 0.0001]. Post-hoc analysis revealed a significant marked increase of FJB
neurons only in the ipsilateral high seizure score (higher than in saline, and low
severity sore, bilaterally), while the increase in the contralateral hemisphere is
not significant. Detailed p values are reported by symbols in the graph and below,
in this legend. *p < 0.0001 vs. ipsilateral and contralateral vehicle.
**p < 0.0001 vs. ipsilateral and contralateral low severity. #p < 0.0001 vs.
contralateral high severity.

constantly signs resembling human AHS (Bertram et al., 1990; Bertram
3rd and Lothman, 1993; French et al., 1982; Furtado et al., 2011;
Rattka et al., 2013). Ben-Ari et al. (1980), assessed the whole brain at
4 days after intraamygdaloid kainate infusion and showed bilateral
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amygdaloid, hippocampal, and thalamic neuronal necrosis (Ben-Ari
et al.,, 1980). We also observed bilateral limbic alterations, together
with degenerative phenomena also in the thalamus, and alterations in
cholinergic nuclei; the latter were not assessed by Ben-Ari et al. (1980)
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Fig. 10. Fluoro-Jade B-staining in the ventromedial thalamic nucleus of rats
submitted to focal Status epilepticus. The figure shows data obtained with
Fluoro-Jade B (FJB) staining in the ventromedial thalamic nucleus. Animals
were obtained as described in the methods section. Panel A shows re-
presentative photomicrographs from vehicle, an animal experiencing low
severity score (Median score 2) and a rat experiencing high severity score
(Median score 4); images from both the hemisphere (ipsi and contralateral)
to the infused APC are shown. Scale bar = 50 um. In B the graphs show the
values of density of FJB-positive neurons at the level of ventromedial tha-
lamic nucleus of all groups of animals. Two-way ANOVA analysis shows a
significant effect for group [F(2,24) = 88.15; p < 0.0001], for side [F
(1,24) = 6.523; p = 0.0174] and group x side interaction [F(2,24) = 6.173;
p = 0.0069]. In the low severity group, we did not find FJB-positive neu-
rons, while this was the case in the high severity group, where this increase
was significant vs vehicle and low-severity groups, as shown by post-hoc
analysis. Post-hoc analysis also showed that within the high severity group
there was a significantly higher number of FJB-positive neurons in the ip-
silateral hemisphere. Detailed p values are reported by symbols in the graph
and below, in this legend. *p < .0001 vs ipsilateral and contralateral ve-
hicle. #p < 0.0001 contralateral side, same severity. §p < 0.0001 vs ip-
silateral and contralateral low severity.

In any case, as said, the SE induced by their intraamygdaloid protocol is
featured by sub-continuous generalized convulsive seizures (often stage
V as defined in this paper), i.e. significantly more severe than those
experienced by most of the rats assessed in the present study.
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Fig. 11. Status epilepticus increases Heat Shock
Protein-70 immunostaining in the piriform cortex.
Pictures in panel A show Heat Shock Protein-70
(HSP70) -positive neurons in the piriform cortex of
the hemisphere ipsilateral (right column) and con-
tralateral (left column) to the site of infusion, in a
saline-injected animal (Vehicle, first row), in an an-
imal with low severity seizure score (Median score 2,
second row) and in an animal with a high severity
seizure score (Median score 4, third row) Status
Epilepticus. After status epilepticus, HSP-70 protein
expression can be observed in the ipsilateral piriform
cortex of rats with medium severity score, and both
ipsi- and contralaterally in the piriform cortex of rats
with high severity seizure score. Scale bar =200 pm.
In detail box, the scale bar corresponds to 30 um. In
B the graph shows the evaluation of HSP-70 im-
unoreactivity obtained by densitometric analysis
described in the methods section. Two-way ANOVA
analysis shows a significant effect for group [F
(2,24) = 23.42; p < 0.0001], but not for side [F
(1,24) = 0.2157; p = 0.6465] and for group x side
interaction [F(2,24) = 0.6079; p = 0.5527].
*p < 0.05 vs. ipsilateral and contralateral vehicle.
#p < 0.0001 vs ipsilateral and contralateral low
severity.

vehicle

low severity  high severity

bicuculline+cyclothiazide

Several studies in the last decades have shown the presence of subtle
cognitive alterations in TLE patients (e.g., see review by Bell et al.,
2011). In the clinical setting it is often difficult to establish whether
such an impairment is due either to pre-morbid predisposition, or to a
prolonged treatment with antiepileptic drugs (most of which bear
cognitive effects), or to degenerative effects due to the seizure them-
selves.
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Furthermore, all of the above potential confounding effects are
present also concerning the sequelae of SE, and this explains why there
are no specific data on this issue in patients with previous SE.

In this study we showed that NBM, MSN and DBB undergo sig-
nificant cell loss as a consequence of pure and prolonged spreading of
seizure activity. This effect is likely to be related to the strict anatomical
connections existing between limbic cortex and these cholinergic
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Fig. 12. Status epilepticus increases Heat Shock
Protein-70 immunostaining in the hippocampus.
Pictures in panel A show Heat Shock Protein-70-po-
sitive neurons in the hippocampus of the hemisphere
ipsilateral (right column) and contralateral (left
column) to the site of infusion, in a saline-injected
animal (Vehicle, first row), in an animal with low
severity seizure score (Median score 2, second row)
and in an animal with a high severity seizure score
(Median score 4, third row) status epilepticus. After
status epilepticus, HSP-70 protein expression can be
observed in the ipsilateral hippocampus of rats with
medium severity score, and both ipsi- and con-
tralaterally in the hippocampus of rats with high
severity seizure score. Scale bar =200 um. In detail
box, the scale bar corresponds to 30 um. In B the
graph shows the evaluation of HSP-70 im-
munoreactivity performed by densitometric analysis
described in the methods section. Two-way ANOVA
analysis shows a significant effect for group [F
(2,24) = 155.3; p < 0.0001], but not for side [F
(1,24) = 0.01963; p = 0.8897] and for group x side
interaction [F(2,24) = 0.1170; p = 0.8901].
*p < 0.05 vs. ipsilateral and contralateral vehicle.
#p < 0.0001 vs ipsilateral and contralateral low
severity.
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nuclei. In fact, NBM and MSN receives direct afferents from the piriform
cortex (Mesulam and Mufson, 1984; Mesulam, 2013), the MSN and DBB
receive afferents mainly from the hippocampus (Haghdoost-Yazdi et al.,
2009). The apparent discrepancy that, the already in the group with
low severity SE there was a strong contralateral cell loss in MSN, and
even more in DBB, compared with NBM, might be due to the higher
connection of DBB and MSN with the hippocampus via commissural
pathway (e.g. Finnerty and Jefferys, 1993). In fact, in this study the
contralateral hippocampus was damaged as well, and this is in line with
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the occurrence of contralateral AHS in patients with TLE who experi-
ence severe and frequent seizures (Meencke et al., 1996). A faster in-
volvement of the contralateral sides for DBB and MSN might also ex-
plain, at least in part, the fact that, in the low severity group FJB
neurons were less represented in both nuclei, compared with NBM; in
these nuclei cell loss could have been already occurred at the time of
sacrifice due to the massive recruitment of those areas by SE.
Cholinergic neurons in NBM, MSN and DBB bear important roles in
cognitive functions, and especially in memory consolidation and
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Fig. 13. Status epilepticus increases Heat Shock
Protein-70 immunostaining in the Nucleus Basalis of
Meynert and Medial Septal Nucleus. Pictures in
panel A show representative immunoreactivity of
Heat shock protein-70 in the Medial Septal Nucleus
(left column) and Nucleus Basalis of Meynert (right
column) of the hemisphere ipsilateral to the site of
infusion, in a saline-injected animal (Vehicle), in an
animal with low severity seizure score (Median score
2) and in an animal with a high severity seizure score
(median score 4) status epilepticus. After Status
Epilepticus, HSP-70 positive cells can be observed
1 both in the medial septum and in the Nucleus Basalis
M of Meynert. In the medial septum there is a net in-
Mo crease in HSP-70 expression from a low severity to a
high severity score; in the Nucleus basalis of Meynert
there is already a significant expression of HSP-70
protein in rats with a low severity SE score. Scale
bar = 200 um. In detail box, the scale bar corre-
sponds to 30 um. In panel B the graphs show the
values of densitometric analysis of HSP-70-positive
area in the Nucleus basalis of Meynert (right graph)
and Medial septal nucleus (left graph). The 3 groups
(vehicle, bicuculline +cyclothiazide low severity,
and bicuculline + cyclothiazide high severity) in the
two hemispheres (Ipsilateral side and Contralateral
side) are shown for each graph. For Nucleus basalis
of Meynert (right graph), Two-way ANOVA analysis
shows a significant effect for group [F
(2,24) = 153.6; p < 0.0001], for side [F
(1,24) = 8.637; p = 0.0072] and for group x side
interaction [F(2,24) = 4.905; p = 0.0164].
*p < 0.0001 vs. ipsilateral and contralateral ve-
hicle. #p < .0001 vs ipsilateral and contralateral
low severity. For Medial septal nucleus (left graph),
Two-way ANOVA analysis shows a significant effect
for group [F(2,24) = 90.27; p < 0.0001] and group
x side interaction [F(2,24) = 4.900; p = 0.0164],
but not for side [F(1,24) = 0.2647; p = 0.6116].
*p < 0.05 vs. ipsilateral and contralateral vehi-
cle.#p < 0.0001 vs ipsilateral and contralateral low
severity.
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attention (Schliebs and Arendt, 2011). While NBM extensively in-
nervate the whole neocortex, limbic cortices are innervated by MSN
and DBB, and the latteris the main source of cholinergic afferents to the
hippocampus. Thus, the involvement of basal forebrain cholinergic
nuclei might concur, together with the limbic degenerative effects de-
scribed above, to the cognitive alterations observed in TLE patients. We
could not assess the cognitive outcome in the rats submitted to SE, and
thus the potential effects on cognition of the model of SE evoked form
APC is speculative; a behavioral study in which performance impair-
ment are correlated with the impairment of cholinergic (and other
ones) regions would answer to this question. In any case there are
several hints for a significant delayed effect of SE on cognition in hu-
mans, and this experimental approach might help to overcome the
limits of studies in patients (mainly the potential role on cognition of
the aetiology of SE itself) (e.g. see the observations by Dodrill and

low severity

high severity

bicuculline+cyclothiazide
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Wilensky, 1990; Helmstaedter, 2007). Incidentally, among the other
abovementioned focal models of SE of limbic origin, chronic cognitive
performances have been tested rarely (e.g. Rattka et al., 2013, for in-
trahippocampal kainic acid) and learning and memory impairment has
been analyzed only in parallel with hippocampal alterations, and no
other brain structures (including cholinergic nuclei) has been assessed.

Recently, Soares et al. (2017), showed that in rats treated with KA
or pilocarpine, SE was associated with chronic increase in cholinergic
neuron density and number and cell volume in the MSN and DBB. These
data are not directly comparable with the present study since SE was
induced by systemic chemoconvulsants instead of being evoked within
a limbic cortex. Nonetheless such a discrepancy may be further inter-
preted since both pilocarpine and KA affect directly different nuclei,
including MSN/DBB. Moreover, in the study by Soares et al. (2017) rats
were sacrificed at 90 days after SE, and the increase of neuronal volume
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might represent the effect of a damage in the same area. Similarly, the
chronically increased cholinergic innervations these authors observed
in the hippocampus, might represent the effect of a re-innervation after
an early damage. The findings by Correia et al. (1998) support this
hypothesis, since these authors showed that months after the onset of
pilocarpine-induced SE, p75NTR-containing cholinergic neurons at the
level of the septal/diagonal band region undergo a significant shrinkage
in pilocarpine-induced chronic epilepsy.

In humans, an elegant high-resolution MRI study by Butler et al.
(2013) demonstrated that septal nuclei are enlarged in patients with
TLE (without AHS), as opposed to patients with extra-temporal epi-
lepsy. Accordingly, these Authors hypothesize that these phenomena
are due to chronic plasticity leading to an increased activity of spared
cells within these nuclei. Of course, as stated by the authors themselves,
these imaging studies do not allow to detect an actual increase in cell
bodies/neuron density of these nuclei; in our opinion it might be also
postulated that such MRI-detected increase in septal nuclear size might
depend also on delayed neuronal alterations and concomitant astro-
gliosis.

Remarkably, a recent study by Motelow et al. (2015) show that,
during focal hippocampal electrically-induced seizures, a decreased
activity of basal forebrain cholinergic activity takes place. This is wit-
nessed by reduced cortical ACh release which is concomitant to an in-
creased slow-wave EEG activity. In keeping with this, the authors
suggest that these effects may justify why limbic seizures are associated
with altered consciousness. The same group further strengthened this
hypothesis by showing a reduction of EEG delta activity associated with
focally evoked limbic seizures, by activating tegmental cholinergic
neurons by optogenetics approach (Furman et al., 2015).

It is worth of mentioning that, especially limbic seizures show a
higher incidence and might often precede the onset of mild cognitive
impairment and frank dementia (Vossel et al., 2017; Cretin et al.,
2016). This was often interpreted as a lower seizure triggering
threshold which might occur in the presence of early AD-related neu-
ropathology; nonetheless, early hyperexcitability and seizure activity in
limbic structures was described to be crucial in triggering and perpe-
trating the molecular pathways sustaining the neuropathology de-
mentia (Sanchez et al., 2012; Palop and Mucke, 2009).

Again, this is reminiscent of the neuropathological interplay be-
tween neurodegeneration and brain ischemia, where prolonged ictal
seizure activity may in certain condition accompany in a chain of event
neurodegeneration. As one of the well-established alterations in the
brains of AD patients is the degeneration of NBM and septal nuclei
(Mesulam, 2013), the abovementioned observations offer a fascinating
framework in which the observations of the present study of a seizure-
induced impairment of basal forebrain cholinergic structures might
easily fit.
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