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Abstract An early but transient decrease in oxygen avail-
ability occurs during experimentally induced seizures. Using
pimonidazole, which probes hypoxic insults, we found that by
increasing the duration of pilocarpine-induced status epilep-
ticus (SE) from 30 to 120 min, counts of pimonidazole-
immunoreactive neurons also increased (P < 0.01, 120 vs 60
and 30 min). All the animals exposed to SE were immuno-
positive to pimonidazole, but a different scenario emerged
during epileptogenesis when a decrease in pimonidazole-
immunostained cells occurred from 7 to 14 days, so that only
1 out of 4 rats presented with pimonidazole-immunopositive
cells. Pimonidazole-immunoreactive cells robustly reappeared
at 21 days post-SE induction when all animals (7 out of 7)
had developed spontaneous recurrent seizures. Specific neu-
ronal markers revealed that immunopositivity to pimonidaz-
ole was present in cells identified by neuropeptide Y (NPY)
or somatostatin antibodies. At variance, neurons immuno-
positive to parvalbumin or cholecystokinin were not immu-
nopositive to pimonidazole. Pimonidazole-immunopositive
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neurons expressed remarkable immunoreactivity to hypoxia-
inducible factor 1o (HIF-1a). Interestingly, surgical samples
obtained from pharmacoresistant patients showed neurons
co-labeled by HIF-1o and NPY antibodies. These interneu-
rons, along with parvalbumin-positive interneurons that
were negative to HIF-la, showed immunopositivity to
markers of cell damage, such as high-mobility group box 1
in the cytoplasm and cleaved caspase-3 in the nucleus.
These findings suggest that interneurons are continuously
endangered in rodent and human epileptogenic tissue. The
presence of hypoxia and cell damage markers in NPY
interneurons of rats and patients presenting with recurrent
seizures indicates a mechanism of selective vulnerability in
a specific neuronal subpopulation.

Keywords Epilepsy - Hypoxia - Interneurons -
Pharmacoresistance - Pilocarpine - Status epilepticus

Introduction

Seizures are generated by hyperactive neurons that require an
adequate metabolic support in order to produce a sustained
synchronized activation. It has been calculated that cerebral
blood flow must increase over 200 % of basal levels to satisfy
the demand of oxygen in cortical neurons during seizure
activity (Kreisman et al. 1991). In principle, a failure in sat-
isfying such an increased metabolic requirement could lead to
neuronal cell death by ischemic/hypoxic mechanisms: this
possibility has been suggested to explain lesions found in
patients affected by temporal lobe epilepsy (TLE) (Plum et al.
1968; Simon 1985; Fabene et al. 2007). However, other
authors (Meldrum and Nilsson 1976) demonstrated that
cerebral blood flow and, consequently, oxygenation were both
increased much over the required supply in epileptic animals.
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In line with this evidence, neuronal necrosis was found in
several brain regions after short periods (25—45 min) of status
epilepticus (SE) in animals with preserved oxygenation
(Nevander et al. 1985; Ingvar 1986). These data along with
the detection of excitotoxicity as the main mechanism
responsible for neuronal cell death led to definitively abandon
the cerebrovascular hypothesis of brain injury in epilepsy
(Siesjo et al. 1986; Meldrum 2002).

Lines of evidence have recently renewed the interest on the
cerebrovascular hypothesis. By using 4-aminopyridine, Zhao
et al. (2009) showed that cerebral blood flow increases
(+50 %) in response to ictal activity, as described before
(Meldrum and Nilsson 1976), but only after an initial decrease
(—23 %) in oxygen partial pressure. This activity-related
hypoxia was found to be transient and limited to the epileptic
focus, whereas the surrounding tissue was hyperoxygenated:
two different phenomena that, by occurring concomitantly,
have probably precluded the detection of hypoxia in many of
the previous experiments. Similar evidence was also obtained
in patients affected by pharmacoresistant epilepsy, in which
an early increase in deoxygenated hemoglobin, matched by a
reduction in oxygenated hemoglobin, closely occurred during
the afterdischarge evoked by direct stimulation of the cerebral
cortex (Ma et al. 2009). Even more intriguingly, the same
laboratory has demonstrated that cortical hypoxia develops in
a correlative manner in response to interictal discharges
(Geneslaw et al. 2011). Overall, these data support the view
that decreased oxygen availability occurs during ictal and
interictal activation. Although these changes were not proven
to damage the brain, hyperactive neuronal subpopulations
could be selectively challenged.

Acute hypoxia is responsible for neuronal cell death,
although mechanisms are still to be clearly defined
(Hossain 2005; Northington et al. 2011). Chronic hypoxia
has been associated with neuronal cell damage that is also
dependent on neuroglobin oxidation and degradation,
accumulation of ferric ions and release of cytochrome c,
which finally triggers apoptosis (Hota et al. 2012). High-
mobility group box 1 (HMGB1) is a nuclear protein loosely
bound to the chromatin that plays an important role in cells
undergoing apoptosis or necrosis (Scaffidi et al. 2002). In
apoptotic cells, HMGBI is tightly bound to chromatin and
remains inside the nucleus. At variance, HMGB1 is
released to the cytoplasm and, subsequently, secreted by
cells exposed to in vitro hypoxia and glucose deprivation
(Faraco et al. 2007) or to ischemia (Kim et al. 2006; Qiu
et al. 2008), inducing an inflammatory reaction (cf. Yang
et al. 2010). Lines of evidence suggest that hypoxia-
inducible factor loo (HIF-1o) may be an additional key
mediator of neuronal death in chronic hypoxic conditions.
HIF-1o is regularly synthesized and metabolized by neu-
rons in the presence of normal oxygenation (Semenza
2011). However, when neurons are exposed to hypoxia,
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HIF-1o is accumulated rather than degraded, and it could
trigger a molecular cascade leading to apoptosis (Li et al.
2005, 2007; Chen et al. 2007; Yu et al. 2011).

Endogenous markers such as HIF-1o (Rademakers et al.
2011), HMGBI1 (Itoh et al. 2012), and the exogenous probe
pimonidazole (Arteel et al. 1995; Noto et al. 2007; Thored
et al. 2007) are currently used to reveal in vivo exposure to
low oxygen levels. In particular, pimonidazole can readily
diffuse in tissues, including the brain (Saunders et al.
1984), and it forms adducts with thiol groups in proteins,
peptides, and amino acids of hypoxic cells, in such a way
that this “hypoxyprobe” is retained and can be visualized
by antibodies (Arteel et al. 1998; Kizaka-Kondoh and
Konse-Nagasawa 2009). A possible advantage of these
molecular probes is that they could reveal the presence of
cell populations particularly vulnerable to short episodes of
hypoxia. Thus, we used these markers to investigate whe-
ther hypoxia develops in the presence of spontaneous sei-
zures, such as those observed in the pilocarpine model
(Curia et al. 2008). Furthermore, we aimed at assessing
whether hypoxia could be associated with cell suffering. In
order to address these hypotheses, we designed a series of
experiments in rats to evaluate whether: (1) increasing
duration of pilocarpine-induced SE promotes the appear-
ance of pimonidazole-immunopositive cells; (2) immuno-
reactivity to pimonidazole varies during a time course of
3 weeks after SE, thus going through the latent period up to
the appearance of spontaneous seizures; (3) specific neu-
ronal subclasses could be identified by pimonidazole; (4)
neurons presenting immunopositivity to pimonidazole also
express markers of damage. Finally, (5) we aimed at
establishing a parallelism with the animal model in human
tissue from pharmacoresistant patients by assessing whe-
ther neurons within the epileptogenic zone presented
with anomalous HMGB1 immunoreactivity or expressed
HIF-1a as well as cleaved caspase-3.

Methods
Animals and Treatments

Adult male Sprague—Dawley rats (Harlan, S. Pietro al
Natisone, UD, Italy), weighing 230-250 g, were used
(n = 68). All experiments were conducted in accordance
with the European Directive 2010/63/EU and approved by
the Italian Ministry of Health. We designed two different
experiments, in which 63 rats were pretreated with meth-
ylscopolamine (1 mg/kg, i.p.; Sigma-Aldrich, Milan, Italy)
to prevent the peripheral effects of cholinergic stimulation
(Curia et al. 2008), and after 30 min, they were injected
with i.p. pilocarpine (380 mg/kg) to induce SE. In the first
experiment, rats were killed 30, 60, and 120 min after the
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Table 1 The design of experiments based on the pilocarpine model is illustrated

Experimental groups

I I 11 v A% VI
SE (min) 30 60 120 30 30 30
Killing (days) 0 0 7 14 21
Sample size (n) 6 4 4 5 4 7

Rats were killed acutely (groups I-III), during the latent period (groups IV-V) or in the chronic period (group VI) of the pilocarpine model (Curia
et al. 2008). Status epilepticus (SE) induced by pilocarpine (380 mg/kg) was limited by injecting diazepam (20 mg/kg) after 30 min from the

onset, in groups IV-VI (Biagini et al. 2008; cf. Gualtieri et al. 2012)

onset of SE. In the second experiment, diazepam (20 mg/
kg i.p.) was used to quell seizure activity after 30 min of
SE and rats were then killed 7, 14, and 21 days after the
pilocarpine treatment (Gualtieri et al. 2012). Rats in the
second experiment were monitored continuously for 6 h
following treatments and motor seizures completely dis-
appeared within this time interval. We considered SE as the
stage in which rats did not recover normal behavior (i.e.,
exploration, grooming, or motor reaction to stimuli)
between one seizure and the other. This stage was usually
reached after 3 stage 5 seizures (cf. Gualtieri et al. 2012).
In general, seizure activity during SE did not stop for more
than 1 min. To monitor the appearance of spontaneous
recurrent seizures, rats were video recorded 6 h/day until
killing, as previously described (Biagini et al. 2006, 2008).
Seizures were graded according to a modified Racine’s
scale (Racine 1972; Biagini et al. 2008). The experimental
design is shown in Table 1. An additional 5 rats were
treated with saline and considered as controls.

To assess hypoxia, rats (controls, n = 5; pilocarpine,
n = 28) were injected with pimonidazole (60 mg/kg, i.p.;
Hypoxyprobe™, Hypoxyprobe Inc., Burlington, MA,
USA) and, 15 min later, anesthetized with chloral hydrate
(450 mg/kg, i.p.). Two pilocarpine-treated rats which
developed spontaneous recurrent seizures were saline-
injected and used as negative controls for the pimonidazole
antibody. When deeply anesthetized (approximately 15 min
after chloral hydrate injection), rats were perfused via the
ascending aorta with 100 ml saline followed by 100 ml
(10 ml/min) 4 % paraformaldehyde and picric acid (0.3 %)
dissolved in 0.1 M phosphate buffer (pH 6.9). Brains were
then postfixed overnight in the same fixative at 4 °C and,
after cryoprotection by immersion in 15 and 30 % sucrose-
phosphate buffer solutions, were frozen and cut horizontally
with a freezing microtome in serial 50-pm-thick sections,
subsequently used for immunohistochemistry.

Surgical Specimens

Six patients with focal drug-resistant epilepsy underwent
to a tailored cortectomy after non-invasive presurgical

protocol. All subjects were seizure-free at the last follow-
up (16-42 months; median: 30 months). An anterior
temporal cortectomy, including the amygdala and hippo-
campus, was performed in three patients; a frontal lobe
cortectomy was performed in the other three subjects
(Table 2). Tissue samples were postfixed for 3 days in the
previously described fixative, then cryoprotected. Samples
were cut by a cryostat in 40-pm-thick sections and pro-
cessed for immunofluorescence.

Immunohistochemistry

In order to evaluate neurons positive to the pimonidazole
antibody (Table 3), sections from rat brains were pro-
cessed for immunohistochemistry with the avidin—biotin
complex (ABC) technique, using diaminobenzidine as
chromogen (Biagini et al. 2008). Then, to identify the
nature of pimonidazole-positive cells, we performed dou-
ble-staining immunofluorescence experiments with anti-
bodies specific for different classes of interneurons
(Table 3). Similar double-staining experiments were per-
formed on the human specimens, in order to identify the
presence of immunoreactivity for HIF-1o. Antibodies for
hypoxia, cell damage, and apoptosis are reported in
Table 3. Free-floating sections were washed in phosphate-
buffered saline (PBS) at room temperature and permeabi-
lized for 1 h in PBS containing 0.1 % Triton X-100 and
1 % bovine serum albumin. For double immunolabelling,
sections were incubated overnight in a mixture of mouse
monoclonal IgG and a rabbit polyclonal antibody. For the
characterization of different cellular subtypes, we used
specific rabbit polyclonal antibodies reported in Table 3.
After washing, sections were incubated for 90 min at room
temperature in a 1:200 dilution of goat anti-mouse
AlexaFluor546® and goat anti-rabbit AlexaFluor488®
(Invitrogen, Carlsbad, CA, USA). Sections were counter-
stained with 4',6-diamidino-2-phenylindole (DAPI, Vector
Laboratories, USA) to assess nuclear morphology. Images
were visualized using a Leica TCS SP2 confocal micro-
scope, equipped with Argon (488 nm) and Helium/Neon
(543 nm).
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Surgery outcome
(Engel class)

Pathology

Cortectomy

Age of

Seizures
before

Seizure types

Epi

Age/

Table 2 Demographics, electroclinical features, and pathology of pharmacoresistant patients

Pt

@ Springer

epi onset

gender

surgery

Ia

FCD type 1Ib

>10 Medial pre-frontal cortex

Symptomatic FLE ~ Hypermotor seizures in sleep

Medial TLE

44/f

P1

Ia

DNET of fusiform

Anterior temporal lobectomy

17

Arrest, oral automatism,

49/f

P2

and parahippocampal

gyrus + HS

Gliosis

postictal aphasia

Ia

Lateral and medial prefrontal

17

>5

Arrest, fear, then tonic posturing

Symptomatic FLE

20/m

P3

cortex

of the right foot
Hypermotor seizure in sleep

DNET of the amygdala Ia

Anterior temporal lobectomy

22

>10

Medial TLE

44/m

P4

and parahippocampal gyrus + HS

HS

Ia

Anterior temporal lobectomy

17

Arrest, oral automatism

Medial TLE

32/m

P5

Ia

FCD type IIb

Medial pre-frontal cortex

Hypermotor seizures in sleep

Symptomatic FLE

16/m

P6

Seizures scored during the week preceding the surgical intervention are indicated. Focal cortical dysplasia (FCD) was classified according to Bliimcke et al. (2011). DNET dysembrioplastic

neuroepithelial tumor, Epi epilepsy, f female, FLE frontal lobe epilepsy, HS hippocampal sclerosis, m male, Pt patient code, TLE temporal lobe epilepsy

Image Analysis

Sections stained by the ABC technique were evaluated at
the microscope (Axioskop, Carl Zeiss Vision GmbH,
Miinchen, Germany) and the positively immunostained
regions were uploaded using a Sony CCD-IRIS B-W video
camera in 6 serial sections separated by 0.75 mm, for each
rat. Images were then analyzed by the KS300 image
analysis software (Carl Zeiss Vision GmbH), as previously
detailed (Biagini et al. 2008; Gualtieri et al. 2012). Back-
ground values were obtained from areas that did not con-
tain any stained cell. Specifically immunostained cells
were identified throughout every sampled region after
statistical discrimination by setting a threshold obtained by
subtracting the double value of standard deviation from the
mean value of gray profiles (Biagini et al. 1993, 2005,
2006). Then, immunopositive cells were determined in
each field as the number of objects, automatically trans-
formed in D-circles (i.e., in circles having the same area of
the identified objects) and counted by considering a mini-
mum cutoff value of 7 um for cell diameter. Cell counts
were then divided by the sampled area and expressed as
cell densities. Sampled areas were: nucleus accumbens
(Acb, including core and shell regions); amygdala (Amg);
caudate putamen (CPu); external cortex of the inferior
colliculus (ECIC); interpeduncular nucleus—rostral sub-
nucleus (IPR); paraventricular hypothalamic nucleus
(PVH); dorsal raphe and tegmental nucleus (Tg, including
laterodorsal Tg and peduncolopontine Tg).

Statistical Analysis

Statistical comparisons for pilocarpine experiments were
performed by two-way analysis of variance (ANOVA; time
was the between factor and sampled brain regions were the
within factor) using SigmaPlot 11 (Systat Software, San
Jose, CA, USA). The Fisher’s Least-Significant-Difference
(LSD) was used for post hoc comparisons. Values are
presented as mean + SEM; P < 0.05 was chosen as
threshold for significant differences.

Results

Distribution of Pimonidazole Immunoreactivity After
Pilocarpine-Induced SE

We addressed the hypothesis that neurons could be exposed
to hypoxia during seizure activity by characterizing the
distribution of immunoreactivity for pimonidazole after
pilocarpine-induced SE, in comparison with control non-
epileptic rats (Supplementary Figure 1). To this purpose,
we administered the hypoxyprobe pimonidazole to three
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Table 3 Antibodies used in immunofluorescence experiments

Antibodies Source  Isotype  Clone Code Dilution  Supplier

Parvalbumin Rabbit  IgG Ab11427 1:2,000 Abcam, Cambridge, MA, USA

Parvalbumin Mouse IeG McAB 235 1:2,000 Swant, Bellinzona, Switzerland

Neuropeptide Y Mouse  IgG F-6 Sc-133080 1:250 Santa Cruz Biotechnology, Santa Cruz, CA, USA
Neuropeptide Y Rabbit  IgG T-4070 1:250 Peninsula Bachem Weil AM, Rhein, Germany
Somatostatin-28 Rabbit  IgG 20089 1:250 Immunostar, Hudson, WI, USA
Hypoxia-inducible factor 1o Rabbit  IgG NB100-479  1:500 Novus Biologicals, Cambridge, UK
Hypoxia-inducible factor 1« ~ Mouse  IgG Hl1a67 MAB 5382 1:500 Millipore, Billerica, MA, USA

High-mobility group box 1 Rabbit  IgG AB18256 1:500 Abcam, Cambridge, MA, USA

Cleaved caspase-3 Rabbit  IgG Aspl75 9661 1:20,000  Cell Signaling, Danvers, MA, USA
Hypoxyprobe mab-1 Mouse  IgG 43.11.3 90204 1:50 Millipore, Billerica, MA, USA
Cholecystokinin-8 Rabbit  IgG 20078 1:500 Immunostar, Hudson, WI, USA

In co-labeling experiments with the anti-pimonidazole antibody (hypoxyprobe), polyclonal antibodies were used to identify the other respective

marker

different groups of rats that were killed 30 min (n = 6),
60 min (n = 4), and 120 min (n = 4) after the onset of SE.
In these animals, we noticed the presence of three different
patterns of immunostaining. The first one consisted of
diffuse interstitial immunopositivity, similar to that
described by others in models of cerebral ischemia (Noto
et al. 2006, 2007; Thored et al. 2007). These arecas were
especially pronounced in the hippocampus (cornu Ammo-
nis, CA), dentate gyrus (DG), parasubiculum (PaS), CPu,
Acb, Tg, and DR (arrows in Fig. la), as identified after
counterstaining with toluidine blue (Supplementary Fig-
ure 2). The second pattern of immunostaining, instead,
consisted of the presence of isolated Golgi-like stained
neurons identified by anti-pimonidazole antibodies in sev-
eral brain regions (inset in Fig. 1a and arrows in Fig. 1b).
Finally, a third pattern of immunostaining was localized
only in mesopontine structures, and it was represented by
intensely positive neuronal somas found in IPR, DR, and
Tg (not magnified in Fig. 1, cf. Fig. 2c), remembering the
distribution of the immunostaining reported in a model of
cerebral malaria (Hempel et al. 2011). On the other hand,
pimonidazole immunopositivity was lacking in control
non-epileptic rats (Supplementary Figure 1). Neuronal cell
counts of positive somas and of Golgi-like immunostained
cells revealed that the immunoreactivity for pimonidazole
increased significantly in specific brain regions (F = 5.13;
P < 0.01 two-way ANOVA) and by varying the duration
of SE (F = 14.57; P < 0.01 two-way ANOVA), without a
significant interaction between the considered factors
(Fig. 1c). In particular, immunopositive cells significantly
increased in the CPu (P < 0.01, 120 vs 60 min), DR and
Tg (for both regions, P < 0.05, 120 vs 30 min) of rats
exposed to 120 min of SE. Furthermore, immunostained
cells appeared de novo in ECIC and PVH of rats exposed to
120 min of SE (Fig. Ic). These findings suggested that

induction of pimonidazole immunopositivity in the pilo-
carpine model was seizure-dependent.

Distribution of Pimonidazole Immunoreactivity During
the Latent Period and in Rats with Spontaneous
Seizures

In order to challenge the hypothesis that induction of
pimonidazole immunoreactivity was not due to the pilo-
carpine injection but, alternatively, to seizures, we exam-
ined the time course of counts of pimonidazole-
immunoreactive cells in rats surviving to SE and then
developing spontaneous recurrent seizures (Fig. 2). Ani-
mals were video monitored as previously described (Biagini
et al. 2006, 2008), starting 1 day after SE. Rats were killed
7 days (n = 5), 14 days (n = 4), and 21 days (n = 7) after
induction of SE. In rats killed 1 week after SE, we observed
spontaneous seizures in 2 out of 5 rats just 24 h after SE
induction, but not in the following days. In these animals,
we did not observe the pattern of diffuse immunostaining
observed in rats killed during SE, but anti-pimonidazole
antibodies identified the presence of Golgi-like stained cells
in at least one cerebral region of all the animals. In partic-
ular, pimonidazole-immunopositive cells were always
detected in the CPu, whereas only 1 out of 5 rats presented
immunoreactive cells in the Amg and PVH (Fig. 2d).

No seizures were observed in rats killed 2 weeks after
the pilocarpine injection. However, seizures may have
occurred outside of video recording periods. With the only
exception of 1 out of 4 animals, all other rats from this
group did not present with pimonidazole-immunoreactive
cells. The animal that displayed Golgi-like immunostained
cells and intensely positive somas for pimonidazole pre-
sented immunoreactivity in Acb, CPu, ECIC, and IPR
(Fig. 2d). It has to be noted that this rat had an anomalous,
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Fig. 1 Changes in pimonidazole-immunopositive cells in response to
increasing periods of status epilepticus (SE). Rats were killed after 30,
60, or 120 min after the onset of SE. Two different patterns of
immunostaining are illustrated in these photomicrographs, whereas a
third pattern is shown in Fig. 2c. Specifically, in a arrows point to a
diffuse immunostaining that do not allow to identify any specific
cellular structure, in areas such nucleus accumbens (Acb, including
core and shell regions, magnified in b), caudate putamen (CPu), cornu
Ammonis (CA), dentate gyrus (DG), dorsal raphe (DR), parasubic-
ulum (PaS) and tegmental nucleus (Tg, including laterodorsal Tg and
peduncolopontine 7g). At variance, pimonidazole-immunopositive

lethal reaction to anesthesia prior to perfusion, so we
cannot exclude that this event could have affected immu-
noreactivity to pimonidazole. However, the comparison of
rats killed 1 week after the SE with those killed a further
week later clearly showed a decline of the immunoposi-
tivity to pimonidazole.

Atthe end of the third week of video monitoring, all rats (7
out of 7) belonging to the group killed 3 weeks after SE had
developed spontaneous recurrent seizures classified as stage
5 of Racine’s scale (Racine 1972). In this group, seizures
were observed in 4 rats the same day of killing, or 2, 7, and
10 days before the pimonidazole injection in, respectively,
the remaining animals. One of the animals that had seizures
the same day of killing, along with the rat that presented
with seizures 10 days before, were not injected with
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darkly stained cells, often resembling Golgi-like neurons (inset in
a and arrows in b) were observed in several brain regions and counted
when they appeared particularly consistent. In ¢, neuronal cell counts
of pimonidazole-immunopositive cells demonstrate a significant
increase in rats exposed to 120 min of SE, as well as the appearance
of immunopositive cells in the external cortex of the inferior
colliculus (ECIC) and the paraventricular hypothalamic nucleus
(PVH), that were absent with shorter time intervals from the SE onset.
**P < 0.01 versus the group exposed to 60 min of SE, #P < 0.05
versus the group exposed to 30 min of SE, Fisher’s LSD test. Scale
bars, 500 and 200 pm, respectively, for a and b

pimonidazole and used as negative controls for the immu-
nostaining. Apart from these rats and the control non-epi-
leptic group, which did not present immunoreactivity for
pimonidazole (Supplementary Figure 1), pimonidazole-
immunopositive cells were present in various brain regions
of all spontaneous epileptic animals (Fig. 2a—c, cf. Supple-
mentary Figure 3), specifically in Acb, Amg, CPu, ECIC,
IPR, PVH, DR, Tg (Fig. 2d). Sparse cells were noticed, but
not counted, in other brain regions, such as the cerebral
neocortex, insular, perirhinal and entorhinal cortices, and
CA. No evidence of diffuse immunostaining, reminiscent of
ischemic-like lesions (Noto et al. 2006, 2007; Thored et al.
2007), was found in any rat of this group. Although neuronal
counts were similar in regions such as Acb, Amg, and ECIC,
a non-significant trend toward a decrease was present in the
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Fig. 2 Time course of the changes in pimonidazole-immunopositive
cells after status epilepticus (SE). Rats were killed after 7, 14, or
21 days after the onset of SE, which was limited to 30 min by
injecting diazepam (20 mg/kg). Two different patterns of immuno-
staining were found in these animals: the anti-pimonidazole antibody
stained sparse cells with dendritic processes well delineated, thus
appearing as Golgi-like neurons (a and b, cf. Fig. 1a), or grouped
cells just stained in somas (shown in ¢). Cell counts in nucleus
accumbens (Acb, including core and shell regions), amygdala (Amg),

CPu of rats killed 7, 14, or 21 days after SE (Fig. 2d). More
interestingly, a significant (F = 8.81; P < 0.01, two-way
ANOVA) difference was found by comparing the various
time intervals considered in this study. A remarkable
increase in pimonidazole-immunopositive cells was
observed in IPR (P < 0.01, 21 vs 14 days) and PVH
(P < 0.05, 21 vs 7 days) of rats killed 3 weeks after SE, in
which pimonidazole-immunopositive cells also appeared de
novo in DR and Tg. These findings demonstrate that
pimonidazole immunoreactivity was present in rats presenting
with spontaneous seizures 3 weeks after the induction of SE,
suggesting that it was related to the epileptic activity.

Identification of Pimonidazole-Immunopositive
Neurons

We tried to identify the nature of cells presenting with
Golgi-like immunostaining. As they appeared as isolated

s %
AA‘_[B_JJ #

DR

LDTg
p* PTg

j ' Tgl

caudate putamen (CPu), external cortex of the inferior colliculus
(ECIC), interpeduncular nucleus—rostral subnucleus (/PR), paraven-
tricular hypothalamic nucleus (PVH), dorsal raphe (DR) and
tegmental nucleus (7g, including laterodorsal Tg and peduncolopon-
tine 7g) revealed significant increase of pimonidazole-immunoposi-
tive darkly stained cells in rats killed 3 weeks after SE (d).
**P < 0.01 versus the group killed after 14 days, #P < 0.05 versus
the group killed after 7 days, Fisher’s LSD test. Scale bar, 200 pm

07 days @14 days m21 days

Amg CPu ECIC IPR PVH

cells in most of the pimonidazole-immunopositive brain
regions, we hypothesized that they could be interneurons.
To this aim, in rats killed 3 weeks after the SE, we per-
formed double labeling with antibodies directed against
parvalbumin (PV), neuropeptide Y (NPY), cholecystokinin
(CCK), and somatostatin. These experiments demonstrated
that PV did not co-localize with the anti-pimonidazole
antibody (Fig. 3a). At variance, we found that pimonida-
zole-immunopositive cells were frequently, although not
exclusively, expressing NPY immunofluorescence
(Fig. 3b). Further experiments demonstrated that also
somatostatin antibodies co-localized with pimonidazole in
interneurons (Fig. 3c), whereas cells stained with anti-CCK
antibodies were not immunopositive to pimonidazole
(Fig. 3d). These experiments clearly identified NPY and
somatostatin interneurons as expressing pimonidazole
adducts in spontaneous epileptic rats. In particular, 14 %
of somatostatin interneurons were immunopositive to
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SOMATOSTATIN

PIMONIDAZOLE + SOMATOSTATIN + DAPI

Fig. 3 Photomicrographs illustrating localization of pimonidazole
immunopositivity in interneurons of pilocarpine-treated rats, studied
3 weeks after induction of status epilepticus. Interneurons were,
respectively, identified by anti-parvalbumin (PV), anti-somatostatin,
anti-neuropeptide Y (NPY), or anti-cholecystokinin (CCK) antibodies.

pimonidazole antibodies, whereas 40 % of NPY interneu-
rons co-expressed pimonidazole immunofluorescence.

HIF-1o as a Marker of Hypoxia in Patients Affected
by Pharmacoresistant Epilepsy

We asked whether evidence similar to that found in
spontaneous epileptic rats could be found in patients
affected by pharmacoresistant epilepsy. In this case, we did
not use pimonidazole in patients for ethical reasons, but we
decided to evaluate the presence of HIF-1a in interneurons
as a putative marker of exposure to hypoxia. As shown in
Fig. 4, all (100 %) pimonidazole-immunopositive neurons
in rats were co-labeled by antibodies against HIF-1e,
suggesting that HIF-1« is accumulated in the same neurons
presenting with pimonidazole adducts in rats with sponta-
neous seizures. Then, by evaluating HIF-1o¢ immunoreac-
tivity in surgical specimens of patients affected by
pharmacoresistant epilepsy, we found that interneurons
immunopositive to NPY antibodies also expressed HIF-1«
immunoreactivity. Approximately 57 % of interneurons
positive to NPY antibodies were co-stained by HIF-1«
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PIMONIDAZOLE + NPY + DAPI

PIMONIDAZOLE + CCK + DAPI

Note that anti-NPY and anti-somatostatin antibodies, but not the other
antibodies, co-localize with pimonidazole-immunopositive cells.
Photomicrographs were obtained from entorhinal and perirhinal
cortices (PV, NPY and somatostatin) or from the hilus of dentate gyrus
(CCK) of different rats. Scale bars, 25 pm

antibodies. At variance, PV-immunopositive interneurons
were negative to HIF-1o antibodies (Fig. 5). These findings
suggest the possibility that episodes of hypoxia could
involve NPY-positive interneurons in patients affected by
pharmacoresistant epilepsy, as found in pilocarpine-treated
rats.

Interneurons Expressing HIF-1o Immunoreactivity
Present Evidence of Cell Damage

We also tried to explore the possibility that interneurons
expressing HIF-1o immunoreactivity in patients affected
by pharmacoresistant epilepsy could also present immu-
noreactivity for markers of cell damage. To this aim, we
used an antibody against HMGB/1, a protein that is known
to be released from nuclei to the cytoplasm and, subse-
quently, secreted by cells exposed to ischemia (Kim et al.
2006; Qiu et al. 2008; reviewed by Yang et al. 2010). As
shown in Fig. 6, evidence for translocation of HMGBI1
from neuronal nuclei to the cytoplasm was found in both
PV- and NPY-immunopositive interneurons of patients
affected by pharmacoresistant epilepsy. Interneurons
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Pimonidazole

HIF-1a

DAPI

Pimonidazole +HIF-1«+DAPI

Fig. 4 Photomicrographs illustrating the distribution of hypoxia-
inducible factor lo (HIF-10) immunoreactivity in cells identified by
the anti-pimonidazole antibody. The immunolabelling was done on
pilocarpine-treated rats, studied 3 weeks after induction of status
epilepticus. Photomicrographs were obtained from the perirhinal
cortex. Note that all pimonidazole-immunopositive cells also express
HIF-1o fluorescence. Scale bar, 25 pm

A

HIF-1u

PV

HIF-1a+ PV + DAPI

HIF-1o.

NPY

v

HIF-10. + NPY + DAPI

Fig. 5 Photomicrographs illustrating localization of hypoxia-induc-
ible factor la (HIF-10) immunopositivity in interneurons of patient
P2 (Table 2), affected by temporal lobe epilepsy. Interneurons were,
respectively, identified by anti-parvalbumin (PV) and anti-neuropep-
tide Y (NPY) antibodies. Note that interneurons immunopositive for
NPY co-express immunofluorescence for HIF-1o. Scale bars, 10 pm

presenting with HMGB1 immunoreactivity in the cyto-
plasm were, respectively, 60 and 20 % of NPY- and par-
valbumin-immunopositive cells. These results suggest that
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A
HMGB1
PV

—

PV + HMGB1 + DAPI

B
HMGB1
NPY

H

10 pm

NPY + HMGB1 + DAPI

Fig. 6 Photomicrographs illustrating localization of high-mobility
group box 1 (HMGBI) immunopositivity in interneurons. Interneu-
rons were, respectively, identified by anti-parvalbumin (PV) and anti-
neuropeptide Y (NPY) antibodies. These photomicrographs are from
patient P4 (Table 2), affected by temporal lobe epilepsy. Note that
interneurons immunopositive for both PV and NPY co-express
immunofluorescence for HMGBI. Scale bars, 10 pm

damage to NPY interneurons, which were previously
shown to be immunopositive to HIF-1a, as well as to PV
interneurons occurred in the brain of patients undergoing
the surgical treatment.

To further assess damage in NPY and PV interneurons,
we evaluated the presence of cleaved caspase-3, a marker of
apoptosis, in the cerebral samples obtained from patients
affected by pharmacoresistant epilepsy. Caspase-3 is
cleaved (activated) in the cytoplasm and then translocated
into the nucleus. This phenomenon is very rapid and
cleaved caspase-3 is only transiently found in cytoplasm
after cerebral ischemia, before it moves in the nuclear
region (Cao et al. 2001). In particular, we assessed the
possible co-localization of cleaved caspase-3 with markers
of interneuronal subpopulations. As shown in Fig. 7, both
PV and NPY interneurons were found to present immuno-
reactivity for cleaved caspase-3, a finding consistent with
experiments on surgical specimens from patients affected
by TLE (Henshall et al. 2000; Schindler et al. 2006).

Finally, we investigated the presence of HIF-lo and
cleaved caspase-3 immunofluorescence in brain specimens
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A
PV
o .
B
NPY
DAPI o
NPY + c-Casp 3 + DAPI

Fig. 7 Photomicrographs illustrating localization of cleaved caspase
3 (c-Casp 3) immunofluorescence in interneurons. Interneurons were,
respectively, identified by anti-parvalbumin (PV) and anti-neuropep-
tide Y (NPY) antibodies. These photomicrographs are from patient P4
(Table 2), affected by temporal lobe epilepsy. Note that interneurons
immunopositive for both PV and NPY co-express immunofluores-
cence for c-Casp 3. Scale bars, 10 um

of patients affected by pharmacoresistant epilepsy (Fig. 8).
We found that approximately all HIFla-immunopositive
cells (89 %) also expressed cleaved caspase-3 immunore-
activity, whereas some cleaved caspase-3-immunopositive
cells were not labeled by HIF-1« antibodies.

Discussion

We have designed a series of experiments in order to assess
whether neurons could be exposed to hypoxia in the
presence of recurrent seizures. To evaluate this hypothesis,
we tested two indirect but largely used markers of hypoxia
that produced consistent findings in models of cerebral
ischemia, namely pimonidazole and HIF-la (Bergeron
et al. 1999; Weinstein et al. 2004; Noto et al. 2006, 2007,
Thored et al. 2007; Schelshorn et al. 2009; Yeh et al. 2011;
Yu et al. 2011). Additionally, we investigated another
marker affected by hypoxia, HMGBI1 (Faraco et al. 2007,
Itoh et al. 2012). Although largely used as a marker of
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HIF-1a

c-Casp 3

DAPI
HIF-1¢ + c-Casp 3 + DAPI

Fig. 8 Photomicrographs illustrating localization of hypoxia-induc-
ible factor la-positive (HIF-1a) and the cleaved form of caspase 3
(c-Casp 3). Note that a subpopulation of cleaved caspase-3-immuno-
positive neurons, suggesting apoptosis in a human surgical specimen
obtained from patient P6 (Table 2), affected by frontal lobe epilepsy,
present with immunofluorescence for HIF-1a. Scale bar, 100 pm

hypoxia for tumors (Kizaka-Kondoh and Konse-Nagasawa
2009), pimonidazole was never tested before in the models
of SE. At the earliest time intervals from SE, we observed
three patterns of immunostaining: the first one consisted of
diffuse immunoreactivity that did not identify specific
cellular structures, present in various cerebral regions
including the CA, which was reminiscent of the distribu-
tion of pimonidazole immunoreactivity in core lesions of
rats exposed to cerebral ischemia (Noto et al. 2006, 2007;
Thored et al. 2007). The second pattern, instead, consisted
of previously unreported Golgi-like stained cells observed
in various hippocampal and extrahippocampal regions.
Finally, we also observed darkly stained neuronal somas in
specific brain regions, including DR, IPR, and Tg, as also
found in a model of cerebral malaria (Hempel et al. 2011).
Intriguingly, pimonidazole-immunostained cells increased
and became more diffuse by prolonging the duration of SE.
A decrease in pimonidazole-immunostained cells occurred
from 7 to 14 days, but these cells robustly reappeared at
21 days after SE induction when all animals had developed
spontaneous recurrent seizures. These changes were espe-
cially evident in deep brain regions, such as DR, IPR, and
PVH, a phenomenon that was at variance with the locali-
zation observed immediately after SE. Although we are
unaware of the possible exposure of these regions to
hypoxia, the strong labeling found in DR, IPR, and PVH is
suggestive of putative sites of vulnerability in the presence
of recurrent seizures.

In view of the ethical concerns related to pimonidazole
administration in humans, we alternatively investigated the
expression of HIF-la in brain samples obtained from
patients treated by neurosurgical removal of the epileptic
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focus. Cells immunoreactive to HIF-lo were recently
found in postmortem samples from patients affected by
epilepsy (Feast et al. 2012). Interestingly, HIF-1o immu-
noreactivity in pilocarpine-treated rats presenting with
spontaneous seizures was found in all neurons immuno-
positive to pimonidazole. Neurons labeled by HIF-1«
antibodies were also found in patients affected by phar-
macoresistance. Although we did not evaluate any control
human sample, both for ethical and technical reasons, the
absence of immunopositivity for HIF-1o in control non-
epileptic rats is suggestive of the induction of HIF-1a in
response to hypoxia. Exposure to hypoxia could take place
during surgical removal of the epileptic focus or, alterna-
tively, in vivo during exposure to recurrent seizures. Evi-
dence of HIF-la- and pimonidazole-immunopositive
neurons in the brain of rats suffering from recurrent sei-
zures support the hypothesis that hypoxia could occur
in vivo in relation to epileptic activity. In addition, the very
limited expression of HIF-lo in interneurons of human
samples does not support a diffuse exposure of the surgical
specimen to hypoxia.

The markers we used to identify the cell types pre-
senting with immunoreactivity to pimonidazole identified
NPY and somatostatin interneurons as immunopositive,
whereas PV and CCK interneurons did not express the
investigated marker of hypoxia. Several lines of evidence
suggest that PV interneurons are deeply affected both in
patients and in models of TLE (Kobayashi and Buckmaster
2003; Sayin et al. 2003; Arellano et al. 2004; Gorter et al.
2011; van Vliet et al. 2004). In addition to PV interneurons,
NPY and somatostatin interneurons were also found to be
partially lost in TLE, at least in the hilus of DG (Mathern
et al. 1995; Sundstrom et al. 2001). In the experimental
models of TLE, the loss of NPY and somatostatin inter-
neurons has been consistently found in the hilus of DG
(Sloviter 1987; Mitchell et al. 1995) and also in extrahip-
pocampal regions (Bortel et al. 2010; Benini et al. 2011).
Interestingly, interneurons were shown to be progressively
reduced during epileptogenesis and this phenomenon was
hypothesized to be associated with the appearance of
spontaneous recurrent seizures (Gorter et al. 2011; van
Vliet et al. 2004). Interneuron loss after intensive kindling
was associated with the development of recurrent sponta-
neous seizures (Sayin et al. 2003). Thus, loss of interneu-
rons appears to be a phenomenon involved in
epileptogenesis, but mechanisms responsible for this cell
loss are still not defined. Our data suggest that hypoxia
occurs during seizures and could participate, at least in the
case of NPY and somatostatin interneurons, in producing
cell damage.

Interneurons indentified by both PV and NPY antibodies
were found to express HMGB1 cytoplasmic immunoposi-
tivity in patients affected by pharmacoresistant epilepsy.

HMGB] is a nonhistone nuclear DNA-binding protein that
is able to stabilize nucleosome formation and to preserve
nuclear homeostasis (Hayakawa et al. 2010). Notably,
HMGBI is released to the cytoplasm and, then, secreted
into the extracellular space from damaged or necrotic cells
(Kim et al. 2006; Qiu et al. 2008). When released out of the
cell, HMGBI1 contributes to inflammation, proliferation,
migration, and cell survival as well as to epileptic activity
(Maroso et al. 2010). Thus, HMGB1 antibodies identified
interneurons that were probably injured by unspecified
mechanisms, which could be anyway related to epilepsy
(Maroso et al. 2010) and ischemia (Kim et al. 2006; Qiu
et al. 2008). In the case of NPY interneurons, the presence
of HIF-1o immunopositivity suggests that ischemia and/or
hypoxia were possible factors involved in the changes of
HMGBI localization in cell compartments.

HIF-1o is a major player of the cellular response to
hypoxia and ischemia, as shown in models of stroke
(Helton et al. 2005). In the presence of hypoxia, HIF-1« is
upregulated and mediates angiogenic and metabolic
responses or, alternatively, cell death by activating differ-
ent target genes (Semenza et al. 2000). An experiment on
brain-specific knock-out of HIF-lo demonstrated that
decreasing the level of HIF-la can be neuroprotective
(Helton et al. 2005). Further studies have consistently
shown the elevation of HIF-1a expression in hippocampus
and cortex is associated with apoptotic neuronal loss after
cerebral ischemia (Li et al. 2005). The findings on cleaved
caspase-3 immunoreactivity in NPY interneurons could
support the hypothesis that HIF-1« is involved in mediating
cell damage. Caspases are activated after seizure induction
in rodents (Niquet et al. 2003) and their inhibition results in
neuroprotection (Henshall and Simon 2005). Interestingly,
caspase 3 was found to be upregulated and activated by
cleavage in resected neocortex from patients affected by
pharmacoresistant epilepsy (Henshall et al. 2000). Our
findings raise the possibility that neurons undergoing cell
death could be, at least in part, interneurons. Of these cells,
at least NPY interneurons presented evidence of exposure
to hypoxia both in patients and in rats suffering from
recurrent seizures.

Ischemia and/or hypoxia are putative mechanisms of
neuronal cell damage in epilepsy (Plum et al. 1968; Simon
1985; Fabene et al. 2007), which have received progres-
sively poor attention after the discovery of excitotoxicity as
the leading cause of seizure-associated cerebral injury
(Siesjo et al. 1986; Meldrum 2002). In recent years, evi-
dence accumulated to support a role for cerebral blood
circulation in mediating damage in models of SE (Fabene
et al. 2007; Biagini et al. 2008; Ndode-Ekane et al. 2010;
Gualtieri et al. 2012) and in patients affected by pharma-
coresistant epilepsy (Rigau et al. 2007; Mott et al. 2009). In
particular, functional changes in cerebral blood flow were

@ Springer



144

Neuromol Med (2013) 15:133-146

shown to challenge the increased metabolic demand of
hyperactive neurons in animal models of seizures and in
patients (Ma et al. 2009; Zhao et al. 2009; Geneslaw et al.
2011). Our findings suggest that a subtle, cell-specific
damage may occur in the brain exposed to recurrent sei-
zures, mainly affecting a population of interneurons criti-
cally involved in controlling seizure activity. Importantly,
repeated hypoxic seizure-related insults could explain the
progressive course of some epileptic disorders like TLE
with hippocampal sclerosis, in which neuropsychological
and morphometric MRI studies have demonstrated chronic
temporal and extra-temporal damage (Bernhardt et al.
2009; Coan et al. 2009). In the long term, this process
could contribute to aggravate the course of epilepsy.
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