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Abstract
Objective: Focal non-convulsive status epilepticus (ncSE) is a relatively common
emergency condition that in most cases presents itself as first epileptic manifestation. In
recent years it became increasingly clear that de novo focal ncSE should be promptly
treated to improve post-status outcome. Whether the presence of seizures during this
condition contributes to ensuing brain damage is not unequivocally demonstrated and is
here addressed. Methods: We used continuous video-EEG monitoring to characterize an
acute experimental focal ncSE model induced by unilateral intrahippocampal injection of
kainic acid (KA) in guinea pigs. Immunohistochemistry, morphological reconstruction
and mRNA expression analysis were used as markers to detect and quantify brain injury
at 3 days and 1 month post focal ncSE. To distinguish between the effects of seizure
activity vs excitotoxic properties of KA, another cohort of animals was generated and i.p.
injected with diazepam. Results: Seizure activity during focal ncSE involved both
hippocampi and neuronal loss was limited to the KA-injected hippocampus. Diazepam
treatment reduced both ncSE duration and local KA-induced neuropathological damage.
Transient and possibly reversible astro and microgliosis associated with upregulation of
astrocytic-specific aquaporin-4 and Kir4.1 genes was observed mainly in the hippocampus
contralateral to KA injection. Ipsilaterally, permanent gliosis was present and neuronal
loss as well as blood-brain barrier dysfunction were not averted. Interpretation: Seizures
at the site of injection of KA worsen tissue damage. We also show that focal ncSE induces
a transient and possibly reversible activation of astro and microglia in regions remote
from KA injection, suggesting that seizure activity without a local pathogenic co-factor
does not promote detrimental changes in the brain. These findings demonstrate that focal
damage remains circumscribed to the lesional region during focal ncSE and that the
propagation of seizure activity to regions remote from the primary site of injection did
not seem to exert a harmful effect, in this model. Lastly, our study emphasizes the need
of antiepileptic treatment to contain the local epileptic focus during focal ncSE.
Keywords: Epilepsy, hippocampus, brain damage, focal non-convulsive status
epilepticus, seizures
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Chapter 1 | Introduction

1.1 Status Epilepticus
One of the biggest unanswered questions in the epileptology field for years has
been weather seizures are a cause or consequence of brain damage. Status Epilepticus
(SE) is a neurological emergency with considerable morbidity and mortality1,
characterized by continuous epileptic seizures and epileptic activity that persists without
remission for more than 5 min. SE may occur in patients with a pre-existing epileptic
disorder, or can be caused by a de novo, acute etiology. The newer classification of the
International League Against Epilepsy (ILAE) sets two conceptual timelines for SE: a)
differentiation between a first threshold beyond which seizures are unlikely to stop (5 min
for generalized convulsive seizures, 10 min for focal seizures); b) period of time in which
SE can have long-term consequences2. For generalized convulsive SE this period of time
has been estimated, mostly based on animal studies, at 30 min2. Moreover, clinical and
imaging studies revealed focal structural alterations in the brain of patients shortly after
convulsive SE resolution3. While there is increasing experimental evidence that
generalized convulsive SE produces long-lasting neuropathologic detrimental changes in
the brain of rodents and humans4–6, non-convulsive status epilepticus (ncSE) is one of the
greateast diagnostics and therapeutic challenges in modern neurology.

1.1.2- non-convulsive Status Epilepticus
The newer ILAE classification2

initially categorizes SE semiology into

convulsive or non-convulsive, according to the most prominent clinical manifestation
(Table 1). The term ncSE includes SE conditions associated with seizures that do not
generate motor (mostly, but not exclusively tonic-clonic) movements, and may feature a
vast diversity of symptoms depending on the cortical region recruited during SE. This
condition can be characterized by very subtle clinical features, such as a change in
behavior, mental status or minimal motor symptoms lasting longer than 10 min – often
several hours/days. Since the clinical features may be very discrete and sometimes hard
to distinguish from normal behavior without EEG monitoring, ncSE is usually overlooked
and consequently not treated properly with its long-term effects largely undetermined and
controversial among the scientific community.
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Table 1- Semiology classification of SE according to ILAE 2
Main category

Sub-categories

Details

A – Prominent motor symptoms
A.1.1 Generalized convulsive
A.1 Convulsive SE
(a.k.a. tonic-clonic SE)

A.1.2 Focal onset evolving into bilateral
convulsive SE
A.1.3 Unknown focal or generalized

A.2 Myoclonic SE
(prominent epileptic
myoclonic jerks)

A.2.1 With coma

- Focal origin
- Difficult to assess
clinically
- Patient clinical history
is of great help
Generalized SE

A.2.2 Without coma

A.3.1 Repeated focal motor seizures
A.3.2 Epilepsia partialis continua
A.3 Focal motor SE

A.3.3 Adversive status

-

A.3.4 Oculoclonic status
A.3.5 Ictal paresis (focal inhibitory SE)
- Generalized SE
- Rare
-

A.4 Tonic SE

- Mostly present in
patients with
developmental
retardation

-

A.5 Hyperkinetic SE

- Extremely rare
- Focal origin

B – No prominent motor symptoms
B.1 Non-convulsive SE with

-

coma (a.k.a. subtle SE)

- May be focal or
generalized

B.2.1 Generalized
B.2.1.1 Typical absence status
B.2.1.2 Atypical absence status
B.2 Non-convulsive SE
without coma

B.2.1.3 Myoclonic absence status
B.2.2 Focal
B.2.2.1 Without impairment of
consciousness

In B.2.2.1:
- Aura continua
- Autonomic, sensory,

B.2.2.2 Aphasic status

visual, olfactory,

B.2.2.3 With impaired consciousness

gustatory, emotional,
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physic or auditory
symptoms
B.2.3 Unknown focal or generalized

- Focal origin

B.2.3.1 Autonomic SE

- Very rare

NCSE can be of generalized or focal origin2. Primary generalized ncSE typically
occurs in patients with genetic (idiopathic) epilepsy (e.g., absence SE) and seems to carry
few, if any, long-term morbidities with no evidence of neuropathology2. Absence SE,
indeed, may occur several times in patients without obvious sequelae7. SE may also
present itself as focal ncSE due to a localized brain dysfunction and focal epileptiform
EEG activity; this may or may not secondarily develop into tonic-clonic seizures with
diffuse epileptiform EEG discharges. Therefore, patients with focal ncSE may also suffer
from generalized seizures (focal, secondarily generalized status epilepticus – FSGSE).
Recent epidemiological assessments of SE, applying the newer ILAE definition2, indicate
a prevalence of focal ncSE in 36 % of all SE cases; When FSGSE arising from an initial
focal ncSE is included in the statistics, its prevalence increases to 65-85%, suggesting
that focal ncSE represents the most frequent form of human SE8,9.
The majority of focal ncSE etiologies are related to acute cortical injuries (such
as cerebrovascular diseases, brain trauma, infections) or progressive conditions (e.g.,
tumor, neurodegenerative diseases), which are always related to focal alterations in the
brain. Furthermore, several studies suggest that the underlying etiology, age of onset, and
pre-existing comorbidities represent the most important determinants of SE prognosis,
long term consequences and pathology10–12. Additionally, clinical studies have shown that
ncSE produces blood biomarkers of neuronal damage even without an acute brain
injury4,13,14 and that patients suffering from focal ncSE have a higher mortality than
patients with the same underlying disease (stroke, anoxic-hypoxic encephalopathy, etc.)
that did not experience a focal ncSE15–17; all cohorts, however, analyzed patients with
focal ncSE and FSGSE together. On the other hand, other data suggests that focal ncSE
may be associated with a transient brain cognitive/neurological decline, followed by
complete resolution and clinical remission within hours/days/weeks18,19 with no evidence
of

long-term

cognitive,

memory

or

behavioral

abnormalities20–23.

Also,

neuropsychological examinations performed before and after focal ncSE (both focal and
FSGSE) in patients with pre-existing epilepsy did not show any differences in these
studies24,25.
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A chronic epileptic condition can be the consequence of both focal ncSE and
FSGSE. The most common type of chronic focal epilepsy, temporal lobe epilepsy with
hippocampal sclerosis (TLE-HS), is proposed to recognize repeated or prolonged febrile
seizures26 or a focal ncSE as initial precipitating factors. This condition is characterized
by focal uni or bilateral seizure activity associated with gliosis, major neuronal loss in
cornu ammonis (CA)1, CA3 and the hilus as well as occasional mossy fiber sprouting and
granule cell dispersion in the dentate gyrus27,28. Generally, it is preceded by an initial
precipitating event in early life (trauma, infection, prolonged febrile seizure, etc.) with or
without an obvious SE condition. Spontaneous epileptic seizures in TLE ensue after a
highly variable latent period from the initial acute episode, during which alterations
leading to epileptogenesis and HS occur29.
Available clinical data is not clear enough to discriminate the specific actions of
the underlying SE etiologies from that exerted by prolonged epileptiform activity. This
information is clinically relevant, since complete seizure control is commonly enforced
to prevent long-term consequences, in spite of the fact that aggressive anti-seizure
treatment protocols may expose patients to potentially dangerous side effects22,30. Due to
the intrinsic limitations of the studies performed on patient cohorts, animal studies have
proven to be a fundamental tool.

1.2 Animal models
Several experimental protocols have been used to induce SE in rodents, and they
can mainly be divided into two main groups: injection of chemotoxins (either systemic or
intracerebral) or electrical stimulation. Also, new models such as the lateral-fluid
percussion injury31 and SSP-saporin32 have emerged in recent years but are still not as
widely used as the previous models.

1.2.1- Systemic application of chemoconvulsants
Systemic pilocarpine (PILO) or kainic acid (KA) are commonly used, inducing
acute convulsive SE with widespread multifocal damage33–36 and for these reasons cannot
be considered as sheer models of focal ncSE37. In various animal species (rat, mouse, cat)
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these treatments induce SE within an hour and result in multifocal lesions of cortical and
subcortical brain structures. Moreover, SE promoted by systemic KA and PILO initiates
with multi-focal epileptiform discharges that rapidly evolve into secondarily convulsive
generalized seizures38. The presence of prolonged convulsive seizures and the possible
diffusion of the systemic-applied convulsant in specific brain regions (such as brainstem
nuclei) induces a diffuse neuropathology and is associated with a high rate of mortality39.
The chronic alterations induced by systemic PILO and KA include typical temporallimbic pathology that partly mimics the findings in human TLE-HS40, but generally the
neuropathology is widespread in brain areas that are usually not affected in patients with
TLE-HS. Therefore, systemic KA and PILO post-SE models have been inaccurately
identified as models of mesial TLE and focal ncSE, due to the multifocal and bilateral
alterations37 present in this model that are not found in human TLE-HS41,42.

1.2.2- Intracerebral drug application
Intracerebral KA injection offers a better approach to focal induction of
ictogenesis and epileptogenesis43. This includes intra-hippocampal44–47, intraamygdala48–50 and intra-cortical microinjections51 of KA resulting in pathological
alterations that closely resemble TLE-HS. Some studies propose that the acute SE
promotes secondary epileptogenesis and alterations in brain regions remote to the KA
injection site45,48,49,52,53. Nevertheless, intracerebral KA injection may cause either focal
ncSE or FSGSE, depending on the protocol (dose, site of injection, etc.) and animal
species44,46–48,54. A small volume of KA (typically 50 nl- 0.5 μL depending on the brain
area) at a concentration that varies between 7 ng up to 0.4 μg is slowly injected through
a cannula inserted in the target region, usually CA1 or CA3 hippocampal regions43
(amygdala is another common area of injection53). An extended overview of the current
literature in regard to the intra-hippocampal KA animal model can be found in Figure 1.
If the protocol includes video-EEG monitoring of the SE, KA injection is followed within
few minutes by EEG-seizure activity in the injected region. SE may spontaneously recede
or can be blocked by intraperitoneal injection of a benzodiazepine, commonly
diazepam55.
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Figure 1- Overview of relevant literature for the intra-hippocampal KA animal model. Details such as SE
duration, common markers analyzed and animal species are given to better understand in which specific
papers neuronal damage was found ipsilateral (first column), contralateral (middle column) to KA injection
and, also, in extra-limbic regions (last column). Literature is also divided by which type of SE was observed:
focal non-convulsive SE (focal ncSE – first row), focal secondary convulsive SE (FSGSE – second row)
and convulsive generalized SE (third row). Only literature where EEG/video-EEG was employed was
included in order to properly classify which SE animals developed. X represents no studies found fitting
that category. Not evaluated indicates that in those particular papers, that evaluation was not carried out.
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As previously mentioned, since most protocols involve temporal lobe areas, a
focal TLE-HS develops following a variable latent period after the initial SE in the
majority of animals. Seizure semiology include a combination of reduced consciousness,
oral/facial automatisms and repeated secondary generalization with tonic-clonic
movements in some cases43,56–58. Seizure behavior has often been graded according to a
motor symptom-oriented severity scale (Racine scale59). Seizure semiology and
electrographic activity (focal ncSE vs FSGSE) during SE may explain the variation of
reported pathophysiology after focal ncSE44,60–62 and thereby represents a substantial
confounder when distinguishing SE-induced and subsequent spontaneous seizure-related
pathophysiology. In principle, a proper focal ncSE model (comparable to B2.2 subcategory in Table 1) should correlate with focal seizures with a minimal (if any) number
of convulsive seizures. This aspect is crucial, since generalized seizures associated with
FSGSE have been demonstrated to correlate with extensive brain damage53,54.

1.2.3- Intracerebral electrical stimulation
Alternatively, focal electrical stimulation of the perforant path or other limbic
structures can also induce either focal or secondary convulsive SE, with or without
damage beyond the area of stimulation56,57,63–65. Since stimulation can be timely stopped
in these models, the severity of the SE is often better controlled compared to the
pharmacological models (KA, PILO, etc.). Two main stimulation protocols are
commonly used: high frequency (>20 Hz) tetanic stimulation for max 60-9058 min with
or without low frequency (<2Hz) prolonged stimulation, leading to a self-sustained status
epilepticus (SSSE). Even though the perforant path is the most often used region for the
stimulation, the amygdala stimulation is often employed as well66,67.
In the electrical rodent models, animals are implanted with isolated stainless-steel
electrodes into the desired region and 1-2 weeks later, thresholds for electrographic after
discharges are assessed, followed by electrical stimulation. The stimulation induces a
subsequent self-sustained continuous electrographic seizure activity measured by the
implanted electrodes. The SE was originally described to self-terminate after around 8
h68, but has in several subsequent studies been interrupted after ± 2 h with pentobarbital
or benzodiazepines (diazepam). SSSE seizure semiology varies between animals and,
typically, 3 distinct behavioral types of SSSE can be observed: a) continuous focal
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seizures; b) continuous focal seizures, repeatedly interrupted by generalized convulsive
seizures; and c) continuous generalized convulsive seizures69.
Similar to the intracerebral models, a classification into two different SE types
was defined in this model: a predominant (>90% of the time) focal ncSE with focal
seizures featuring ambulatory, explorative behavior, orofacial movements, salivation and
chewing with impaired consciousness and a FSGSE (>70%) characterized by long-lasting
convulsive tonic-clonic movements (secondary generalized from a focal origin)70. The
brain pathology following these different focal SE is very diverse. Histological analysis
of rat brains after the different SSSE types indicated that neuronal loss after focal SSSE
was much more regionally restricted and less severe compared to neuronal damage after
SSSE with generalized convulsive seizures, which was similar to the brain damage seen
in the KA and PILO models of TLE-HS69. For example, Mohapel and colleagues
observed 1 week post-SE for both focal ncSE and FSGSE increased programmed cell
death/apoptosis within the dentate gyrus of the hippocampus, and exclusively in FSGSE
was still present after 1 month70. In these models, local pathology at the site of stimulation
is invariably observed and the contralateral hippocampus may also express damage
markers, in particular when the SE is characterized by convulsive seizures.
Overall, regardless of the model, animal data has revealed important aspects of
focal ncSE and its consequences but have not proven to be conclusive, since the large
majority of these studies do not accurately represent a model of focal ncSE without a
secondary generalization, and to this day there is still scientific debate on how much these
focal ncSE seizures, and their associated spontaneous recurrent seizures are “provokers
or bystanders” to neuronal loss and glial dysfunction, producing long-lasting harmful
consequences to the brain.

1.3 Neuronal injury in focal ncSE
As previously mentioned, intracerebral administration of drugs has major
advantages to study the effects of a focal ncSE in comparison to systemic overall braindamaging models that are aimed most of the time at the induction of a convulsive SE.
However, the question of how much seizure activity during focal ncSE (without
secondary generalization) and subsequently during spontaneous seizures contribute
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directly to neuronal loss is still debatable. Even though the majority of authors seem to
agree that at the local site of injection neuronal loss is a common feature during SE, no
consensus has been found regarding the impact of seizure activity on other regions away
from the injection site that are producing seizure activity as well. Regarding the
intracerebral injection in the hippocampus for example, while some authors show that
neuronal injury during ncSE is restricted to the injected hippocampus, with few
alterations in the contralateral hippocampus45,52,65,71–74, other have reported neuronal loss
not only contralaterally but also in extra-hippocampal regions such as the amygdala and
cortex47,62,75. Moreover, concerning chronic epileptic seizures, data have shown in the
past that further seizures after the initial epileptogenic insult do not necessarily lead to
progressive cell loss. Whereas some authors argue that both the initial insult as well as
recurrent seizures contribute to damage development75, others show a lack of clear
association between the number of lifetime seizures and the severity of neuronal loss in
the hilus 67 with a follow-up study demonstrating the ongoing neuronal damage 8 months
after ncSE with fluoro-jade positive cells in the hippocampus present in only 1 of 8 rats,
even though all animals had recurrent spontaneous seizures76. This and similar findings
in both rats and humans suggest that further seizures after the initial epileptogenic insult
do not necessarily lead to progressive cell loss77–79.
One major aspect of neuronal loss evaluation that should be taken into account
and creates discrepancy between studies (besides dosage, animal species and protocol) is
how case dependent this evaluation is. The interpretation of the data should be done
differently depending on which region is being evaluated (ipsilateral vs contralateral vs
extra-hippocampus) as well as at different time points after focal ncSE to consider the
development of cell loss in a time-dependent manner (Figure 2).
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Figure 2- Scheme of hypothetical relationships of neuronal and glial populations after focal ncSE induced
neuronal death. In all figures: green cells: resting astrocytes; blue cells: resting microglia; yellow cells:
normal neurons; orange cells: epileptogenic neurons; red cells: reactive astrocytes and microglia; grey cells:
dead neurons/astrocytes/microglia. (A) Focal neuronal and glial loss. A small cluster of dead neurons and
glial cells is shown to be clumped together within a network of normal cells. Between these 2 completely
different populations is the group of neurons that are hypothetically epileptogenic surrounded by astro and
microgliosis. (B) Diffuse neuronal loss. This scheme illustrates scattered neuronal and glial loss as well as
epileptogenic neurons enclosed by gliosis spread across different areas. (C) Neuronal and glial death
without generation of epileptogenic neurons and gliosis. (D) Absence of neuronal/glial death with the
presence of a cluster of epileptogenic neurons and gliosis.
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When considering neuronal loss in models of intracerebral focal ncSE, different
situations can arise that should be considered: typically, what happens after the
chemoconvulsant injection into the brain is the development of an injection zone that has
the normal excitotoxic death of neurons and glia (grey cells in hypothesis A in Figure 2)
associated to the properties of the chemoconvulsant substance. At the same time, an outernear region develops, with all the inflammatory processes induced by activated astro and
microglia (red glia in hypothesis A in Figure 2) causing neurons to become dysfunctional
and epileptogenic (orange in hypothesis A in Figure 2) generating seizure activity and
most likely recurrent spontaneous seizures. However, other scenarios should be
considered as well: it can also happen that after injection, a diffuse neuronal loss occurs
generating a dispersed gliosis and neuronal loss/epileptic neurons across different brain
regions (hypothesis B in Figure 2). This obviously requires analysis not only of the
injected area but across different regions remote to the injection zone (contralateral
hippocampus, amygdala, etc.) that might be disregarded if the evaluation of these extrainjection regions is not carried out. Furthermore, it can also occur (as depicted in
hypothesis C in Figure 2) that the injection induces a zone where all glial cells and
neurons (epileptic or not) enter apoptosis in a time dependent manner. If the analysis is
carried too early, this region might be still developing apoptotic processes and show levels
of neuronal loss that do not properly reflect the final outcome. A good example of this
situation could be when the hippocampus is injected and develops seizure activity during
focal ncSE, but no chronic spontaneous seizure activity arises after the latent phase due
to the absence of dysfunctional epileptogenic neurons and, in consequence,
epileptogenesis does not occur. Lastly, in hypothesis D of Figure 2, a scenario could befall
where no cell loss is observed but the epileptogenic zone is formed, and seizure activity
is being generated. This situation can potentially evolve into scenario A or C from Figure
1 or, on the other hand, can be a transient effect and after a period of time all glial cells
return to their resting states and epileptic neurons remain generating spontaneous seizure
activity with no cell loss. A prime example of this situation occurs (in some studies72–74)
when you have the contralateral hippocampus that generates seizure activity, but no cell
loss is observed. Of note, it should be mentioned that these hypotheses are not static, and
one hypothesis can evolve and become another one with the passage of time.
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Another fundamental aspect of evaluating cell loss (and many other processes) in
focal ncSE is to take into account how glial cells, that innately affect neuronal network
proper functioning, are responding to the experimental conditions.

1.4 Glial homeostasis in focal ncSE
Glial cells are highly complex cells that are considered the “glue” of the brain
since they have a multitask housekeeping function that requires them to not only sense
but also respond to many signals, including alterations in energy supply, neuronal
activity, extracellular ion concentrations, osmolarity, among many others. Their
dysfunction has been for decades associated to epilepsy mainly through hyperexcitability
and inflammatory-related processes (see extensive reviews80,81). Inflammation in the
brain is triggered by reactive astrocytes, microglia and endothelial cells of the blood-brain
barrier (BBB) that induce activation and synthesis of pro-inflammatory cytokines and
enzymes that are able to cause major neuronal dysfunction, death and seizure induction
(Figure 3). Furthermore, brain inflammation is able to affect the permeability of the BBB
directly via cytokine-mediated activation82. Studies have shown a quick inflammatory
response to acute seizures that largely implicates interleukin-1 (IL-1) signaling
pathway, promoting chronic neuronal hyper excitability and synaptic reorganization,
contributing to the pathophysiologic process of epileptogenesis80,83. In turn, seizure
activity is able to trigger the production of inflammatory molecules that affect seizure
severity and recurrence84, creating a loop that perpetuates brain damage (Figure 3).
Profound gliosis has been observed in models of intrahippocampal focal ncSE in the
injected hippocampus46,52,72,74,85. However, similar to the neuronal loss evaluation,
contralateral or extra-hippocampal gliosis in these models has been inconsistently
described: while in some studies, no gliosis was found in regions remote to
injection46,72,73, others have reported GFAP immunoreactivity also contralateral to KA
injection52,85–87, with one of these studies reporting a reactive astrogliosis that is
maintained over time in the ipsilateral hippocampus, but decreases to control levels on
the contralateral side52.
Interestingly, it has been shown that astro and microgliosis associated with
inflammation can have neuroprotective roles88,89. In fact, data shows that for instance
microglia can be either neuroprotective or harmful depending on their activation status,
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which in turn is dependent on the inflammatory mileau88,90. This balance, together with
the extent of gliosis (persistent vs transient effect), might explain why there is a relatively
low incidence of seizure activity in other neurological disorders associated with brain
inflammation.

Figure 3- Pathophysiological scheme of inflammatory events linked to epilepsy. These events can be
initiated in the central nervous system (CNS) by local injuries or peripherally following infections or
autoimmune disorders that lead to activation of glia/neurons or leukocytes, respectively. These cells release
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inflammatory mediators into the brain or blood, thereby provoking a cascade of inflammatory processes
that cause a spectrum of damaging outcomes. The effects of brain inflammation contribute to the generation
of seizures and cell death, which, in turn, activates further inflammation, thereby establishing a circle of
events that contributes to the development of epilepsy. Peripheral pathway is shown in yellow; CNS
pathway is in blue; inflammatory molecules are shown in pink. Merged colors indicate the contribution of
each pathway to inflammation and blood-brain barrier (BBB) damage. Adapted from91.

In summation, studies have not unequivocally resolved whether seizure activity
alone occurring during focal ncSE have an impact on the extent, severity and distribution
of brain damage since this damage has been mainly evaluated in models that either do not
accurately represent a proper focal ncSE condition without secondarily convulsive
generalization or do not focus on the role of seizure activity in regions remote to the local
injection zone.
With all this in mind, our present study is focused on how much seizure activity
per se affects the development of both localized and remote brain damage in a model of
focal ncSE without secondary generalization.
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2.1 Aim of the work
With the present study we sought to better clarify the role of seizure activity alone in
the development of brain damage and epileptogenesis not only in the local region of
injection but also in a remote region where there is no direct excitotoxic effect of the
injected chemoconvulsant. In order to do, we used a previously characterized
intrahippocampal kainic acid (KA) animal model of focal ncSE without secondary
generalization, defined as a model in which non-convulsive focal seizures occur during
the SE acute phase that, after a latent period, mimics human TLE-HS with the
development of hippocampal sclerosis and spontaneous chronic seizures72–74.
Following this rational, we injected KA in the right hippocampus of guinea pigs and
after proper video-EEG evaluation, we examined the molecular changes that occurred in
the injected hippocampus (ipsilateral) to assess the local damage produced by KA +
seizure activity. Moreover, in order to study a remote region that was not affected by the
excitotoxic effect of KA but was generating seizure activity independently (as verified
with EEG recordings) we also examined the contralateral hippocampus to understand
how much seizure activity per se was able to promote long-lasting brain alterations.
Accordingly, the hippocampus of each guinea pig ipsilateral and contralateral to KA
injection were separately analyzed in 3 main experimental conditions, with 3 different
reasonings for each cohort:
Acute SE phase: In this group, our aim was to evaluate the more intense acute damage
provoked by the focal ncSE phase and likewise animals were followed for 3 days postKA injection to encapsule the main acute changes in this model (as previously
described72).
Chronic epileptic phase: Taking into consideration that the proper evaluation of
brain damage should be done at various time-points, since cell loss can develop in a timedependent manner, we produced another animal cohort that was similarly injected and
developed focal ncSE as the previous group, but were followed for 1-month post-KA
injection (previously shown as the average time to develop a chronic condition in this
animal model72–74). Moreover, in this group, not only we followed cell loss over time, but
we were also able to evaluate if recurrent spontaneous seizure activity would be
responsible for the exacerbation of the already established damage assessed in the 3-days
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post-injection animal group. With this information we were able to understand how much
seizure activity per se would be responsible for the development of brain damage without
the contribution of all the damaging processes occurring in parallel with seizure activity
during SE.
Diazepam treated group: By injecting diazepam systemically before KA injection,
we were able suppress most of seizure activity (as previously shown55) and generate an
acute 3-days animal group in which the only damage observed was due to the cytotoxic
effects of KA. By comparing this group (KA damage) against the acute 3 days focal ncSE
animal cohort (KA + seizures) we were able to indirectly observe how much local damage
was produced by KA alone and how much seizure activity “on top” of KA would
exacerbate this damage. This knowledge was critical to understand if, in a clinical point
of view, the presence of seizures during focal ncSE would be able to induce a higher
degree of brain damage sequalae compared to the underlying cause (trauma, infection,
etc.) that triggered the focal ncSE would do alone without seizure activity.

In order to accomplish our goals, after generating our experimental groups and
validating our video-EEG data, several molecular parameters were investigated: to assess
neuronal loss, we measured neuronal markers NeuN and MAP2 as well as apoptosis with
Fluoro-Jade and TUNEL. Stress related HO-1 and activity-dependent c-Fos gene
expression was measured with qPCR. Furthermore, we investigated how astrocytes were
responding to our experimental conditions by measuring the levels of GFAP and
astrocytic-specific aquaporin-4 and Kir 4.1 mRNA levels as well as inflammatory
associated genes IL-1 and COX-2. Additionally, to examine how microglia was
responding in our study, we did an in-depth profile of their reactive states with
morphological reconstruction of these cells using IBA-1. Finally, blood-brain barrier
alterations were measured with the assessment of blood-borne molecule immunoglobulin
G (IgG).
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3.1- Animal model
The study is based on a representative population of 49 adult female Hartley guinea
pigs (250-300 g weight, 3 postnatal weeks of age; Charles River, Calco, Italy) housed in
a 12h light/dark controlled cycle environment with ad libitum food and water supply. The
experimental protocol was reviewed and approved by the Animal Welfare Office of the
Italian Health Ministry (Authorization n. 36/2016-PR, January 18th, 2016), in accordance
with the European Committee Council Directive (2010/63/EU) and with the 3Rs
principle. Efforts were made to minimize the number of animals used and their suffering.
Of the 49 animals, 34 were developed for the molecular examination and 15 were
produced for the mRNA expression analysis.

3.1.1- Implantation of electrodes and injection cannula
Forty-four guinea pigs were surgically implanted with bilateral depth
(intrahippocampal) and superficial (epidural) EEG recording electrodes. Briefly, 30 min
before surgery, animals were subcutaneously treated with 4.2 mg/kg carprofen
(Finadyne; Schering Ploug, Kenilworth, NJ, US). Subsequently, animals were deeply
anesthetized with 5% isoflurane (Furane; Abbott Laboratories, Abbott Park, IL, US) and
were fixed on a stereotaxic frame (SR-6; Narishige, Japan, Tokyo) adapted with guinea
pig ear bars (EB-2; Narishige) and a mask (GM-3; Narishige) to maintain gaseous
isoflurane anesthesia. During surgery, isoflurane levels were maintained at 1.5-2.0 %.
After exposing and drilling the skull, 4 stainless steel screws of 1.1 mm diameter soldered
to stainless steel wires with golden plug at the opposite tip were used as epidural,
reference and ground electrodes (Figure 1A, B). Two epidural electrodes were placed
bilaterally over the somatosensory cortex, whereas reference and ground electrodes were
implanted into the bone above cerebellum. Two polyamide-coated stainless-steel wires
(0.175 mm diameter; Advent, Eyn- sham, Oxford, United Kingdom) used as depth
electrodes were placed in the dorsal cornu ammonis 1 (CA1) regions of both hippocampi
[stereotaxic coordinates: anteroposterior -3 mm, mediolateral ± 3 mm, dorsoventral -3.25
mm relative to Bregma according to Luparello (1967)] (Figure 1C). The electrode in the
right hippocampus was glued to a stainless-steel guide cannula (23 gauge; Cooper Needle
Works Ltd, Birmingham, United Kingdom) for intrahippocampal injection, closed off
using a bent cannula (30 gauge; Cooper Needle Works Ltd). The distance between the
electrode tips and the cannula was 3.25 mm. The cannula ended just above the neocortex,
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preventing any damage to the hippocampus (Figure 2A). All electrodes were inserted in
a pedestal connector (Plastic One, Roanoke, VA, U.S.A.) and fixed on the skull with
acrylic cement (Paladur; Heraeus, South Bend, IN, U.S.A.). After surgery, animals were
hosted in individual cages and treated with subcutaneous injection of 5 mg/kg
enrofloxacin (Baytril; Bayer, Leverkusen, Germany) and carprofen (4.2 mg/kg) for 5
days and with intramuscular dexamethasone (1 mg/kg) every 12 h for 48 h. All implanted
animals survived the surgery procedure.

Figure 1- Implantation procedure. (A) opening of the skull. (B) Epidural electrode implantation. (C) Final
headset structure with epidural and deep electrodes.
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3.1.2- Unilateral intrahippocampal KA/saline injection and diazepam
administration
Seven days after electrode implantation, all 44 animals were injected in the dorsal
CA1 area of the right hippocampus (ipsilateral) with either kainic acid (KA; n=34) or
0.9% NaCl saline solution (sham operated animals; n=10) under continuous video-EEG
recording. A 30-gauge needle, connected to 5 µl Hamilton syringe via a polyethylene
tube, was lowered through the guide cannula in the right hippocampus (Figure 2A). After
brain adjustment, animals were injected unilaterally with a volume of 1 µl 0.9% NaCl
solution with 1 µg KA (Sigma, St. Louis, MO, U.S.A.) over a period of 2 min. Then, the
needle was kept in place for 2 min to prevent backflow of the injected solution and
subsequently pulled out of the brain over the course of 1 min. Within 10 min following
KA injection, epileptiform activity typical of a non-convulsive status epilepticus (ncSE)
was recorded in all animals. For the diazepam (DZP) group, 30 min before KA
administration, animals were interperitoneally injected with diazepam (7-8 µg depending
on animal weight); 3-4 µg diazepam was repeated 30 min after KA to terminate seizure
activity. Sham animals were injected in the right hippocampus with 1 µl 0.9% NaCl
following the same protocol. None of the sham operated/injected guinea pigs showed
epileptiform activity in the EEG recordings. Acute phase animals were recorded for 3
days post-KA injection; chronic animals were video-EEG recorded 7 days every other
week for no less than 4 weeks after focal ncSE, to verify the presence of spontaneous
epileptiform discharges and seizures (Figure 2B).
Five different experimental groups were used: naïve (n=5; not video-EEG
monitored); sham-operated/treated (Sham: n=10; 5 of those for mRNA analysis) animals;
KA-injected guinea pigs sacrificed either 3 days after KA injection (acute KA: n=14; 5
of them used for mRNA studies) or 4 weeks post-injection (chronic KA: n=14; 5 utilized
for mRNA investigation); KA-injected animals treated with diazepam and sacrificed 3
days post-KA injection (acute DZP + KA: n=6). The animals used for the study of mRNA
expression were video-EEG monitored but were not included in the EEG analysis.
Nevertheless, they were carefully monitored to insure they had a focal ncSE similar to
the rest of the cohort.
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Figure 2- Implantation scheme and timelines. (A) Skull electrode implantation areas for epidural and deep
electrodes. (B) Timeline for KA animal groups.

3.1.3- Video-EEG recording
Continuous video-EEG monitoring began 1 week after surgery; implanted
pedestals were connected to a cable mounted on a swivel coupled to the preamplifier
stage of a BrainQuick EEG System (Micromed, Mogliano Veneto, Italy). Synchronized
video-EEG was continuously recorded 48h before injection (baseline), during the
induction of focal ncSE and for the following 3 days in the acute phase animals (KA and
DZP + KA) and for 4 weeks in the chronic KA animal group (Figure 2B). EEG data were
recorded at 0.1-1.0 kHz, 2064 Hz sampling rate, with 16-bit precision and high-pass filter
at 0.1 Hz, using the System Plus Evolution (Micromed). Video signals were
simultaneously acquired with 2 digital cameras positioned with different viewpoints to
detect minimal motor events during focal ncSE and chronic epileptic phase. Acute
seizures were defined as seizures occurring within 72h post-KA injection. Video-EEG
was analyzed offline and hippocampal EEG patterns during/after KA injection were
identified and quantified for each animal. EEG activity recorded in the frontal cortex was

26

Chapter 3 | Materials & Methods

utilized to identify the presence of a diffuse EEG pattern (associated most of the time to
a convulsive phenotype). Seizure events during KA-induced focal ncSE were defined as
large amplitude spiking activity with clear and tonic bursting phases longer than 20 s,
followed by post-ictal depression coupled with continuous rhythmic 1-3 Hz spiking.
Seizures were also automatically counted with a software developed by Vadym
Gnatkovsky to analyze long EEG recording periods with a compressed time scale92. In
these animals, spontaneous seizures were identified with 7 days video-EEG recordings
performed every other week for 4 weeks (Figure 2B). Seizure discharges were identified
as focal unilateral or bilateral as well as convulsive or non-convulsive, based on the EEG
pattern distribution and video analysis.

3.2- Molecular analysis
3.2.1- Immunohistochemistry
At the end of video-EEG recording sessions, animals were anesthetized with
sodium thiopental (125 mg/kg i.p., Farmotal; Pharmacia, Milano, Italy) and
transcardially perfused with 0.9% NaCl for 4 min. Subsequently, perfusion was done
with 4% paraformaldehyde in phosphate buffer 0.1 M for 5 min. After fixation,
intracranial recording electrodes and guide cannula were carefully removed. Brains were
removed and immersed in 4% paraformaldehyde for 48h before cutting into coronal
section (50 µm) for immunohistochemical processing. Two serial coronal sections per
animal rostral and caudal to the local damage induced by KA injection were selected and
blindly analyzed by independent researchers. A standardized protocol was used for
histochemical staining. Briefly, after endogenous peroxidase inactivation (3% H2O2 in
PBS) and non-specific antigen binding sites blocking (1% BSA/0.2% Triton-X 100 in
PBS), free-floating sections were incubated overnight at 4° C with the desired primary
antibodies (Table 1) in 0.1% BSA/0.2% Triton-X 100. The tissue was washed in PBS
and processed for 75 min with avidin-biotin-peroxidase protocol (ABC; Vector
Laboratories, Burlingame, CA, US). Visualization of labeling was achieved using 3,3’diaminobenzidine tetra hydrochloride (DAB; Sigma, Milano, Italy). Slices were rinsed,
mounted, dehydrated and cover-slipped with distyrene plasticizer xylene (DPX; BDH
Lab Supplies, Leicestershire, UK). For endogenous guinea-pig IgG immunostaining,
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slices were treated only with the secondary antibody. The IgG immunostaining and the
amplification of the primary antibody labeling were obtained by 75 min incubation with
biotinylated goat anti-guinea pig IgG. Immuno-stained sections were visualized using the
Scanscope software (Aperio Technologies, CA, US). Staining for NeuN, MAP2, GFAP
and IgG were analyzed in five different experimental conditions (naïve, sham-treated,
acute KA, acute DZP + KA and chronic KA). Quantitative field fraction estimates were
carried out in both hippocampi using Image-Pro Plus 7 software (Media Cybernetics, Inc.
MD, US). Specific immunostaining density was estimated at 5x magnification in 3
regions of interest (ROIs) positioned in CA1, CA3 and dentate gyrus (DG) with respect
to background signal (Figure 3). For each ROI densitometry was automatically calculated
by the software on 2 adjacent slices in each hippocampal subfield (18 ROIs per brain
slice; 3 ROIs per subfield) ipsilateral (right) and contralateral (left) to KA injection, after
symmetry between hippocampi was verified. Densitometric ROIs were positioned at
least 0.5 mm away from the electrode tracks to avoid inclusion of electrode-related tissue
alterations in the analysis. For tridimensional reconstruction of microglial cells,
immunohistochemistry using Iba-1 and DAPI conjugated to Cy3 was performed on 50
μm thick coronal sections using the previously mentioned protocol.

Table 1- Antibodies used in immunostainings
Antibodies
Cyanine 3
(Cy3)
DAPI

Supplier

Host

Type

Dilution

Merck Millipore

Mouse

Polyclonal

1:500

Sigma-Aldrich

Mouse

Polyclonal

1:5000

Agilent Dako

Rabbit

Polyclonal

1:500

Merck Millipore

Goat

Polyclonal

1:200

Abcam

Goat

Polyclonal

1:200

Invitrogen

Mouse

Monoclonal

1:1000

Merck Millipore

Mouse

Monoclonal

1:1000

Glial fibrillary acidic
protein
(GFAP)
Immunoglobulin G
(IgG)
Ionized calcium-binding
adapter molecule 1
(Iba-1)
Microtubule-associated
protein 2
(MAP2)
Neuronal nuclei
(NeuN)

28

Chapter 3 | Materials & Methods

Figure 3- Representation of the ROIs employed in the immunostaining density analysis of the ipsi and
contralateral CA1, CA3 and DG hippocampal regions.

3.2.2- Fluoro-Jade and TUNEL
Regarding Fluoro-Jade (FJ) staining, 2 sections away from the electrode tracks
for each guinea pig were mounted in distilled water on glass slides, air-dried, immersed
in a series of graded ethanol (50, 75, 100, 75, 50%, 3 min each step) and washed in
distilled water for 3 min. Sections were then treated with 0.06% potassium permanganate
for 15 min, washed, immersed in 0.001% FJ (Histo-Chem, Inc., Jefferson, Arkansas,
USA) in 0.1% acetic acid for 30 min and rinsed in distilled water. After drying, slides
were clarified in xylene and cover slipped with DPX. To quantify FJ + cells, cell counting
was performed in CA1, CA3 and hilus areas of both ipsi and contralateral hippocampus
for each experimental group (at least two section/each animal). For each section, at least
2 adjacent non-overlapping fields per area were captured under identical conditions at
40x magnification (290 µm x 290 µm) with a Leica TCS SP8 microscope. All FJ+ cells
were then counted using FIJI-ImageJ (v2.0.0) independently by two investigators and
values averaged to a single value per area in both ipsi and contralateral hippocampus and
compared to their corresponding controls.
To determine the apoptotic cell density the DeadEnd™ Fluorometric TUNEL
System (Promega, Madison, WI, USA) was used. Briefly, 2 sections away from the
electrode marks for each animal were mounted in distilled water on glass slides, air-dried,
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and were digested with 20 mg/ml proteinase K at room temperature for 10 min, washed
twice in PBS and then fixed with PFA 4% for 5 min. Each section was then incubated
with TUNEL detection mixture according to the manufacturers instructions for 1 h at
37°C. Slides were then rinsed in PBS, air-dried and cover slipped with DPX. The
acquirement and analysis were done in the same fashion as previously mentioned in the
FJ experiments.

3.2.3- Morphometry analysis of microglia
Regarding the tridimensional reconstruction of microglial structure, coronal brain
sections with 50 μm thickness were used and stained for Iba-1 and DAPI (cell nuclei) as
described above. Sections were visualized using a Leica SP8 confocal microscope
equipped with AOBS, resonant scanner and motorized stage x-y-z as well as DM camera
for widefield acquisition (Leica Microsystems, Germany), applying the LASX software
with navigator (version 3.1). Previews of the whole section in widefield (10X/0.3 dry)
using the DAPI channel were taken in order to choose areas of interest, namely dorsal
CA1 stratum radiatum and DG (Figure 4), that were further acquired at a higher
resolution in the confocal mode (2 sections per animal, 0.5 mm away from the electrode
tracks). Two channel (Iba-1 and DAPI) Z-stack images (Z-step intervals of 0.3 μm) were
acquired using a 63X/1.4 oil objective and a DFC365 FX CCD Camera (Leica) with a xy sampling of 72 nm. After acquisition, cells were eligible for reconstruction if the
following criteria were met: a) Iba-1-positive cell was surrounding a single DAPI-stained
nucleus; b) cell did not present truncated processes; c) cell was sufficiently individualized
to ensure the correct reconstruction of the processes. A total of 180 cells, 90 for CA1 and
90 for DG, were selected for reconstruction performed using simple neurite tracer (SNT)
plugin available in FIJI-ImageJ software (v2.0.0), an open-source tool previously
described to successfully assess tridimensional morphology of neurons and glial cells
93,94

. Microglial morphometric properties were evaluated by quantifying the number of

processes, total length (in µm), average number of intersections and Sholl analysis
(number of intersections at radial intervals of 2 μm starting from the central point of the
soma).
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Figure 4- Representation of the ROIs used for the morphological reconstruction of microglia in the ipsi
and contralateral CA1 and DG hippocampal regions. Iba-1 in red and DAPI in blue. 3 cells per ROI were
reconstructed.

3.2.4- RNA isolation and quantitative real-time PCR
Fresh hippocampal brain tissue for mRNA analysis was obtained from a group of
5 sham-operated and KA-injected guinea pigs either 3 days (n=5) or 4 weeks (n=5) postKA injection. Brains were removed and the whole hippocampus dissected out on a cold
Petri dish and dorsal CA1 and DG ipsilateral and contralateral to KA injection were
further dissected (Figure 5) and separately stored at -80ºC. For RNA isolation, frozen
brain tissue was homogenized in 700 µL Qiazol Lysis Reagent (Qiagen Benelux, Venlo,
Netherlands). Total RNA was isolated using the miRNeasy Mini kit (Qiagen Benelux,
Venlo, Netherlands) according to the manufacturer instructions. Concentration and
purity of RNA was determined at 260/280 nm using a Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). To evaluate mRNA expression, 1 μg
tissue-derived total RNA were reverse-transcribed into cDNA using oligo-dT primers.
PCRs were run on a Roche Lightcycler 480 thermocycler (Roche Applied Science, Basel,
Switzerland) using reference genes actin and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (see Table 2 for primer sequences). PCR mix contained 1 μL cDNA, 2.5 μL
SensiFAST SYBR Green NoROX kit (Bioline Reagents Limited, London, UK), 0.4 μM
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of forward/reverse primers plus water to a final volume of 5 μL/well. PCR reactions were
run in duplicates and a negative control containing water instead of cDNA was included
for each gene in each run. Cycling conditions were as follows: initial denaturation at 95
°C for 5 min, followed by 45 cycles of denaturation at 95 °C for 15 s, annealing at 65 °C
for 5 s and extension at 72 °C for 10 s. Fluorescence of the sample was measured via
single acquisition mode at 72 °C after each cycle. Primer specificity was assessed using
melt curve analysis after each run. To study potentially relevant pathogenic elements
(inflammation, glial function, activity-dependent changes) associated to brain damage,
the following genes were analyzed: a) interleukin-1 beta (IL-1 β); b) cyclo-oxygenase-2
(COX-2); c) heme oxygenase-1 (HO-1); d) c-FOS; e) aquaporin 4 (AQP4) and f)
inwardly rectifying potassium channel 4.1 (Kir 4.1). Quantification of data was performed
using LinRegPCR in which linear regression on the Log (fluorescence) per cycle number
data was employed to determine the amplification efficiency per sample. The starting
concentration of each marker was divided by the starting concentration of the reference
genes (GAPDH and Actin) and this ratio was compared between all groups.

Table 2- Primer sequences used for quantitative real-time PCR
Gene

Forward primer

Reverse primer

IL-1β

CACAGTGGAATTTGAATCC

GACACTAGTTCTAACTTGAAG

COX-2

CTTCCTGCGCAATGCAATCA

GGCTTCCCAGCTTTTGTAGC

HO-1

ATGGAGATGGAGACGGGGAC

AGTGAGGAACTGAGGGGTCG

c-FOS

CCTGACTGTCGCTGATCCTC

AAATCTCAGGTCCCCAACG

AQP4

CACTAAATCGAGGCCACAGC

CCATGATGTCCTCTCTGGTGC

Kir 4.1

CCACTGTACCTGGGACACAA

CCATTATGGGCCGGCTTTCT

Actin

CTACCTTCAACTCCATCA

GGAGCAATGATCTTGATC

GAPDH

CTCGTCATCAATGGAAAG

GTGGATTCCACTACATAC
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Figure 5- Representation of hippocampal dissection for the mRNA analysis. (A) Whole brain removal. (B)
Whole hippocampus. (C) Slice of hippocampus right before being dissected into CA1, CA3 and DG
regions. Red arrow corresponds to injection needle mark.

3.3- Statistical analysis
All statistical analysis was performed in Graph-Pad Prism 8.2 (GraphPad Software
Inc., San Francisco, CA, US). Prior to any analysis, identification of outliers was
performed using the ROUT method. Afterwards, the Shapiro–Wilk normality test was
performed to access normal distribution. When normal distribution was met, one-way
analysis of variance (ANOVA) was used to compare 4 independent groups and a paired
or unpaired Student t-test to match 2 groups directly, for dependent or independent data
respectively. Moreover, when data was not normally distributed, the non-parametric
Kruskal-Wallis test followed by a Mann-Whitney U post-hoc test was employed to
compare 4 independent groups and a paired Wilcoxon signed-rank test to relate 2
dependent groups against each other. In the morphology data, results are expressed as
means ± standard deviation (SD) for the number of independent experiments (n). The
remaining graphical data is illustrated with boxplots with min., max., median and
quartiles shown. The confidence interval (1- α) was set as 95% (0.95) so that the
difference between means was considered statistically significant at p values of less than
5% (0.05), 1% (0.01), 0.1% (0.001) and 0.01% (0.0001) of significance level (α).
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4.1. Video-EEG
Focal non-convulsive status epilepticus (ncSE) was induced by a unilateral intrahippocampal injection of 1 µg in 1µl of kainic acid (KA) in the right (ipsilateral) dorsal
CA1 area of 34 guinea pigs. Of these, 14 were sacrificed 3 days post-KA injection (acute
post-ncSE phase) to assess the peak phase of brain damage, as it was shown before in
publications from our group in the same animal model72,74,85. Considering that time may
also be a key factor in the generation/progression of damage, a different group of animals
(n=14; KA chronic) were sacrificed 4 weeks post-KA injection, which has been the
previously established timepoint for these animals to develop chronic spontaneous
seizures72,74,85. To unravel if seizure activity during focal ncSE exacerbates the damage
established by KA, we treated another group of animals (n=6; DZP + KA) with
intraperitoneal diazepam (DZP). These 3 groups were compared against sham-operated
animals (n=10) that experienced the same protocol as all the other cohorts but were
injected with a 0.9% NaCl saline solution instead of KA. All these animals were separated
into 2 large groups: 1 was used for video-EEG, immunohistochemical and morphological
analysis (Naïve n=5; Sham n=5; 3 days post-KA n=9; KA chronic n=9; DZP + KA n=6)
and the other for gene expression studies (Sham n=5; 3 days post-KA n=5; KA chronic
n=5).

4.1.1- Acute 3-days post-KA
Within 5 min after KA injection, focal ncSE began in the injected right
hippocampus (ipsilateral KA in Figure 1A). Subsequent seizures during focal ncSE
propagated to the contralateral hippocampus and both hippocampi generated seizures
79.7 ± 11.9 % of the time (mean ± SD; Figure 1H) with no cortical EEG involvement.
Seizure activity was defined as large amplitude spiking with clear and tonic bursting
phases longer than 20 s, followed by post-ictal depression coupled with continuous
rhythmic 1-3 Hz spiking (Figure 1 A, B). Spikes and sharp waves were a common
interictal feature (not shown). Animal behavior during seizure activity was analyzed using
synchronized video-EEG recordings; seizures occurring during focal ncSE were
classified as non-convulsive or secondarily convulsive according to the Racine scale
(stages 1-3 correspond to non-convulsive and 4/5 to convulsive phenotype with bilateral
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and diffuse EEG discharges)59. Regarding the KA groups, seizures during focal ncSE
were 89.1 ± 12.9 % non-convulsive (Figure 1G), with the most common animal behavior
observed being exploration, immobility and mouth/head myoclonus with an occasional
head nodding (Figure 3). A total of 115 focal secondarily convulsive seizures lasting less
than 20 s were found among 1071 seizures analyzed (10.8 ± 12.9 %) occurring during the
focal ncSE of all 18 animals. The time spent in secondarily convulsive seizures was
minimal compared to the duration of the focal ncSE (not shown). In only 4 animals 1015 convulsive seizures were observed (out of 353), while the remaining 14 animals had
1-3 (Figure 1F). The inclusion of the 4 animals with >10 convulsive seizures did not
modify the overall immunostaining densitometric results (see below). None of the
animals processed for the mRNA expression analysis showed more than 1 convulsive
seizure during focal ncSE. When the spectrogram software to automatically detect
seizures was employed to be certain each seizure was correctly counted, clear bursts for
each seizure were easily observed (Figure 2). Furthermore, preceding each seizure, a fastactivity event was frequently detected (Figure 2 – bottom blue arrows in zoomed portion).
No epileptiform activity was detected in sham animals recorded for 6 h after
intrahippocampal NaCl saline solution injection (not shown).
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Figure 1 - EEG and seizure features during ncSE induced by unilateral intrahippocampal KA injection in
KA and diazepam (DZP) + KA animals. EEG analysis was performed in 18 KA animals (9 processed 3
days after SE onset, and 9 chronic KA animals recorded/analyzed in acute phase - n=18) and in 6 DZP +
KA animals (n=6). (A) Compressed 7h EEG recording from left (contralateral) and right [ipsilateral (KA)])
hippocampus after KA injection in CA1 area of right hippocampus (vertical dotted line on both traces). (B)
Compressed 7h EEG recording from left (contralateral) and right [ipsilateral (KA)] hippocampus after
intraperitoneal administration of DZP followed by intrahippocampal KA injection. (C) Mean seizures per
hour after KA injection (red trace) and KA preceded by DZP (blue trace). (D) Number of seizures per
animal treated with KA injection (red) vs DZP + KA (blue). (xxxx): p<0.0001 (unpaired t-test). (E) Status
epilepticus duration in hours per animal after KA injection (red) vs DZP + KA (blue). (++++): p<0.0001
(Mann-Whitney U test). (F) Number of convulsive (yellow) and non-convulsive (green) seizures for each
animal. (G) Percentage of seizures characterized by a convulsive (yellow) vs non-convulsive phenotype
(green). (####): p<0.0001 (Wilcoxon signed-rank test). (H) Percentage of seizures per animal defined as
focal bilateral (green) vs focal unilateral (green) vs generalized (yellow). (0000): p<0.0001 (paired t-test).

39

Chapter 4 | Results

Figure 2 – EEG spectrogram analysis. Top 2 spectrograms represent both hippocampi recordings 4h postKA injection. Bottom 3 spectrograms represent a zoomed view of 2 seizure events with a trademark fast
activity burst preceding each seizure highlighted with blue arrow. On Top: red arrow indicates KA injection
and blue arrows represent each seizure. Software developed by Vadym Gnatkovsky92.

Figure 3 - Animal phenotype characterization. In total, 18 KA animals were video-EEG monitored and
their behavior while seizing characterized and divided in 1 of 5 stages of the Racine scale59. For each animal,
the percentage of seizures per Racine stage is represented in colors. In each stage, animals could also
develop phenotypic characteristic of previous stages.
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4.1.2- Diazepam + KA
Furthermore, when KA animals were compared to DZP-treated animals, focal
ncSE duration was 8.3 ± 2.0 h in KA-injected animals and was higher in regard to the
DZP + KA group (3.5 ± 1.5 h; Figure 1E). Additionally, the number of seizures per animal
was higher in the KA group (63.5 ± 14.3 seizures per animal) in comparison to DZP +
KA animals (11 ± 6.3 seizures Figure 1C, D). Concerning the DZP + KA animal cohort,
the few residual seizures that these animals experienced had its origin in the injected
hippocampus and 64.6% of the time remained focal in the ipsilateral hippocampus (focal
unilateral) but could also spread to the contralateral hippocamps (focal bilateral – 35.4%)
(Figure 4A). All seizures observed in this group, were of a non-convulsive nature (Figure
4B), with only subtle behaviors such as immobility and mouth chewing being observed.

Figure 4 – DZP + KA animal EEG characterization. In total, 6 DZP + KA animals were video-EEG
monitored for 3 days post-KA injection and their phenotype analyzed. (A) Sum of seizures classified as
focal unilateral (blue) vs focal bilateral (orange) per hour post-KA injection. (B) Sum of seizures per hour
characterized by a non-convulsive behavior.

4.1.3- Chronic 1-month post-KA
As previously mentioned, KA chronic animals were video-EEG monitored for 4
weeks post-KA not only to detect subtle behaviors but also the development of
spontaneous chronic seizures. In all animals analyzed, a chronic epileptic condition
developed with recurrent spontaneous seizures occurring and ipsilateral hippocampal
sclerosis developing (see below). On average, animals had a latent phase of 8.7 ± 1.2 days
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until the first chronic spontaneous seizure was registered (Figure 5 B). Isolated spikes and
short bursts were also commonly observed (not shown). Seizure activity was mostly
focally restricted to the injected hippocampus (78.6% of the time; Figure 5 A, C) and
spread to the contralateral hippocampus on some occasions (21.4%). Similar to the DZP
+ KA animal cohort, these animals had almost no noticeable behaviors while
experiencing spontaneous seizure activity, re-enforcing the concept that it is absolutely
necessary a constant EEG monitoring to be able to properly study the chronic epileptic
phase in epileptic animal models.

Figure 5 – KA chronic animal EEG characterization. In total, 9 KA chronic animals were video-EEG
monitored for 4 weeks post-KA. (A) EEG recording of a spontaneous chronic seizure from left
(contralateral) and right [ipsilateral (KA)]) hippocampus 4 weeks post-KA injection. (B) Latency period in
days from the end of SE until the onset of the first spontaneous seizure per animal (C) Sum of seizures per
animal described as focal unilateral (blue) vs focal bilateral (orange).
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4.2. Immunostaining and apoptotic analysis
After video-EEG monitoring, animals were sacrificed either 3 days or 4 weeks
post injection and coronal sections were cut and immunostained to evaluate neuronal cell
loss (NeuN and MAP2; representative microphotographs in Figure 9), astrogliosis
(GFAP; Figure 12) and blood-brain barrier disruption (IgG; Figure 12). Initially, we
started by evaluating if the surgery procedure and the insertion of electrodes in the
hippocampus could have been potentially provoking some type of damage with
densitometric analysis of NeuN, MAP2, GFAP and IgG immunostaining in CA1, CA3,
DG and of naïve animals (n=5) compared to sham-operated animals (n=5). No statistical
differences were found by comparing these 2 groups (Figure 6 A-D); therefore, the sham
group was used as our control condition throughout the study.
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Figure 6 – Semi-quantitative analysis of NeuN, MAP2, GFAP and IgG densitometry in control (naïve) and
sham-operated animals. Percentage of densitometric changes in NeuN (A), MAP2 (B), GFAP (C) and IgG
(D) stainings in the contra and ipsilateral CA1 (left column), CA3 (middle column) and DG (right column)
subregions. Densitometric values were obtained from the same areas of naïve (n=5) and sham-operated
(n=5) control animals.

4.2.1- NeuN and MAP2
Densitometric measurements separately performed in the hippocampus ipsilateral
(KA + seizures) and contralateral (seizures only) to KA injection were compared to their
respective regions in sham-operated animals and DZP + KA group (Figures 7 and 12).
As shown in a preliminary study performed in a different set of animals73, 3 days postKA decrease in NeuN and MAP2 densitometric values were observed in the ipsilateral
CA1, CA3 and DG (only NeuN) with respect to the homologous subfields of shamoperated animals (Figure 7; also representative panel in Figure 9). The observed neuronal
loss in the KA-injected CA1, CA3 and DG persisted in the KA chronic group, except for
DG in NeuN when compared to the sham animal group (Figure 7). Remarkably,
densitometric NeuN and MAP2 values in the DZP + KA animal group (Figure 7) were
higher than the 3-days KA group for all subfields and were similar to sham-guinea pigs
for NeuN (CA1 and DG) and for MAP2 (DG). Moreover, in the DZP + KA group, the
values in CA3 for NeuN and in CA1 and CA3 for MAP2 were lower compared to the
sham groups but higher than the 3-days post-KA animal cohort (Figure 7). No
densitometric NeuN or MAP2 changes were detected in the contralateral hippocampus of
KA (both 3 days and 4 weeks) and DZP + KA animals when compared to their respective
sham-controls (Figure 7).
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Figure 7 – NeuN and MAP2 semi-quantitative densitometry analysis. For (A) and (B): Grey columns:
sham-operated animals. Red columns: 3 days post-KA injection (KA). Pink columns: 1-month post-KA
injection animals (KA chronic). Green columns: animals treated with DZP and KA injected (DZP + KA).
Average percentage of densitometric changes in the KA-injected (ipsilateral) and contralateral hippocampal
CA1 (first row), CA3 (middle row) and DG (last row) subregions are illustrated. (A) NeuN densitometric
values obtained from sham (n=5), KA (n=9), KA chronic (n=7) and DZP + KA (n=5) guinea pigs. (+):
p<0.05; (++): p<0.01; (+++): p<0.001 (Mann-Whitney U test); (***): p<0.001 [one-way analysis of variance
(ANOVA)]. (B) MAP2 densitometric changes from the same areas of sham (n=4), KA (n=9), KA chronic
(n=6) and DZP + KA injection (n=4) guinea pigs. (*): p<0.05; (***): p<0.001; (****): p<0.0001 (ANOVA).
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As previously mentioned, even though we defined our animal model as focal
ncSE, we found that roughly 10.8 ± 12.9 % of all seizures analyzed were defined as
convulsive seizures. The large majority of this convulsive seizures were present in 4
animals of the 3-days post-KA cohort (animals 4,8,11 and 12 in Figure 1F). Likewise, to
investigate how much 10% ± of convulsive seizures would influence the evaluation of
damage (with NeuN, MAP2; and below GFAP and IgG) we divided the 9 acute 3 days
post-KA cohort into animals with < 2% of convulsive seizures (KA-) vs animals with 10%
± convulsive seizures (KA+) and found no difference when the 2 groups were compared
against each other (Figure 8).

Figure 8 – NeuN and MAP2 semi-quantitative densitometry analysis. Average percentage of densitometric
changes in the KA-injected (ipsilateral - grey shading) and contralateral (green shading) hippocampal CA1
(left panels), CA3 (middle panels) and DG (right panels) subregions are illustrated. (A) NeuN densitometric
values obtained from sham (n=5) and 3 days-post KA animals divided into: KA– (<2% of convulsive
seizures; n=5), KA+ (±10% convulsive seizures; n=4). Ns = non-significant. (B) MAP2 densitometric
values obtained from sham (n=5) and 3 days-post KA animals divided into: KA– (<2% of convulsive
seizures; n=5), KA+ (±10% convulsive seizures; n=4). Ns = non-significant.
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Figure 9 – NeuN, MAP2 and GFAP representative micrographs. NeuN, MAP2 and GFAP immunostained
coronal sections represented at low (upper pictures) and high magnification (lower pictures; dotted area
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outlined in the upper photographs) for sham (first row), 3 days KA (second row), DZP + KA (third row)
and KA chronic animals (last row). KA was injected in the right dorsal CA1 region (injection cannula
artifact marked by arrowhead). Left and right hemispheres contralateral and ipsilateral to hippocampal KA
injection, respectively, are illustrated. Calibration bars in higher magnification = 0.1 mm and in lower
magnification = 1 mm.

4.2.2- Fluoro-Jade and TUNEL
To complement the neuronal loss evaluation, we investigated the ongoing
degeneration of neurons with Fluoro-Jade (FJ). Accordingly, FJ+ cells were observed
restrictedly and consistently in the ipsilateral hippocampus in CA1, CA3 and DG in the
3-days post-KA and DZP + KA groups only (Figure 10A, B). FJ+ cells were not detected
neither at 4 weeks post-KA nor in the contralateral hippocampus of any animal group
(Figure 10B).

Figure 10 – Fluoro-Jade (FJ) immunostaining and quantification in CA1, CA3 and DG subregions. (A)
Representative photographs of CA1 (first row) and CA3 (second row) subregions in the right hippocampi
ipsilateral to KA injection of sham-operated (left column), 3-days post-KA injection (middle column) and
DZP + KA injection (right column) guinea pigs. Higher magnification photos are illustrated in the inserts.
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Calibration bars at higher magnification = 50 µm and at lower magnification = 100 µm. (B) Comparison
between number of FJ+ cells in the KA injected (ipsilateral) and contralateral hippocampal subregions. In
all graphics, grey, red, pink and green plots show counts from sham (n=5), KA 3 days after ncSE (n=7),
KA chronic (n=6) and DZP + KA (n=6) guinea pigs, respectively. (+): p<0.05; (++): p<0.01; (+++): p<0.001
(Mann-Whitney U test).

Moreover, taking in consideration that all FJ+ cells observed were present in the
3-days acute phase, we measured the DNA fragmentation levels with the TUNEL assay
in CA1, CA3 and DG of the 3 days post-KA animal group. Similar to the FJ findings,
TUNEL+ cells were found exclusively and commonly in the injected hippocampus only
(Figure 11).

Figure 11 – TUNEL immunostaining and quantification in CA1, CA3 and DG subregions. (A)
Representative photographs of CA1 (first column), CA3 (middle column) and DG (last column) subregions
of the ipsilateral and contralateral hippocampi of 3-days post-KA guinea pigs. Calibration bars = 50 µm.
(B) Comparison between number of TUNEL+ cells in CA1, CA3 and DG of ipsilateral and contralateral
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hippocampal subregions. In all graphics, grey and red plots show counts from sham (n=5) and KA 3 days
after ncSE (n=5) guinea pigs, respectively. (++): p<0.01 (Mann-Whitney U test).

4.2.3- GFAP and IgG
Subsequently, we examined astrocytic reactive state in the same animal groups.
As illustrated in Figure 12A (see also Figure 9) astrogliosis was induced by KA treatment.
The densitometric values were significantly higher in all subfields ipsilateral to KA
injection at 3-days post-KA when matched to the sham-operated guinea pigs (Figure 12A;
representative panel in Figure 9). High GFAP immuno-density was sustained in CA1 and
DG of the KA chronic guinea pigs (Figure 12A). DZP + KA treated animals had the same
high densitometric profile of the 3-days post-KA injected guinea pigs when compared to
their respective sham-groups (Figure 12A). Contrasting to our previous preliminary
study73, an increase in GFAP densitometry was also detected in the contralateral
hippocampus of both KA (CA1, CA3 and DG) and DZP + KA guinea pigs (CA3 and DG)
in comparison with their corresponding sham-operated animals (Figure 12A). These
values decreased in the 4 weeks post-KA animal cohort and differences were no longer
observed when matched against the sham operated animals (Figure 12A).

50

Chapter 4 | Results

Figure 12 – GFAP and IgG semi-quantitative densitometry analysis. Average percentage of densitometric
changes in the KA injected (ipsilateral) and contralateral hippocampal CA1, CA3 and DG subregions. Grey
plots: sham-operated animals. Red plots: 3-days post-KA injection guinea pigs (KA). Pink plots: 1-month
post-KA injection animals (KA chronic). Green plots: animals treated with DZP and KA injected (DZP +
KA). (A) GFAP densitometric changes from sham (n=5), KA (n=9), KA chronic (n=9) and DZP + KA
(n=4) guinea pigs. (+): p<0.05; (+++): p<0.001 (Mann-Whitney U test); (***): p<0.001; (****): p<0.0001
(ANOVA). (C) Average percentage of densitometric IgG staining in sham (n=5), KA (n=9), KA chronic
(n=6) and DZP + KA (n=4) guinea pigs. (+): p<0.05; (++): p<0.01; (+++): p<0.001 (Mann-Whitney U test);
(**): p<0.01; (***): p<0.001; (****): p<0.0001 (ANOVA).
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Lastly, we evaluated the percentage of IgG immunostaining density in CA1, CA3
and DG as a measure of blood-brain barrier (BBB) extravasation into the brain. Higher
IgG densitometry values were observed in the ipsilateral hippocampus at 3 days post-KA
injection in all regions compared to their respective controls (Figure 12B; representative
panel in Figure 13); these values were sustained in CA1 and DG 4 weeks post-KA
injection (Figure 12B). Additionally, in the DZP + KA group, CA3 and DG values were
higher compared to sham-operated animals (Figure 12B). No changes in IgG
densitometry were observed in the contralateral hippocampus in any group (Figure 12B).
Overall, these data seem to indicate that KA induced a local increase in BBB permeability
exclusively in the KA-injected hippocampus.

DZP + KA

Figure 13 – IgG representative micrographs. IgG immunostained coronal sections represented for sham
(first), 3-days post-KA (second), DZP + KA (third) and KA chronic animals (last). KA was injected in the
right dorsal CA1 region (injection cannula artifact marked by arrowhead). Calibration bar= 1 mm.

Similar to the NeuN and MAP2 analysis, we also evaluated how the
aforementioned 4 animals that developed a higher % of convulsive seizures would match
against the remaining animals from the same 3-days post-KA cohort in the GFAP and
IgG immunodensitometry analysis (Figure 14). Identical to NeuN and MAP2, GFAP and
IgG analysis between these two groups showed no differences between animals with
roughly 10% ± of convulsive seizures vs animals that experience < 2% of convulsive
seizures, demonstrating that in our model the few convulsive seizures observed in a small
number of animals had no relevant contribution to the development of brain damage
markers as previously shown in preceding studies72–74.
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Figure 14 – GFAP and IgG semi-quantitative densitometry analysis. Average percentage of densitometric
changes in the KA-injected (ipsilateral - grey shading) and contralateral (green shading) hippocampal CA1
(left panels), CA3 (middle panels) and DG (right panels) subregions are illustrated. (A) GFAP densitometric
values obtained from sham (n=5) and 3 days-post KA animals divided into: KA– (< 2% of convulsive
seizures; n=5), KA+ (±10% convulsive seizures; n=4). Ns = non-significant. (B) IgG densitometric values
obtained from sham (n=5) and 3 days-post KA animals divided into: KA– (< 2% of convulsive seizures;
n=5), KA+ (±10% convulsive seizures; n=4). Ns = non-significant.

4.3. Morphological analysis of microglia
To further study glial involvement in KA-induced focal ncSE, we also examined
the morphological changes of microglia cells in the hippocampus ipsilateral and
contralateral to KA injection, analyzed with Iba-1 immunofluorescent sections (Figure
15A, F). Sholl analysis was used to quantify the number of intersections at radial intervals
of 2 μm starting from the soma (Figure 15B, C, D, E) and showed smaller values in the
ipsi (CA1 and DG) and contralateral (CA1) hippocampus of KA animals matched against
sham-their respective sham-operated guinea pigs (Figure 15D, E). Concerning the chronic
group, Sholl analysis showed microglia changes towards an activated-phenotype
occurring in both CA1 and DG in KA-injected ipsilateral hippocampus (Figure 15D, E),
whereas values similar to sham group were observed in the contralateral hippocampus
(Figure 15D, E).
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Figure 15 – Morphological analysis and reconstruction of microglial cells in hippocampal CA1 and DG.
(A) Representative immunofluorescence of a hippocampal coronal section of CA1 pyramidal layer: neurons
marked by DAPI in blue, microglia stained with Iba-1 in red. Calibration bar = 50 µm. (B) Representative
Sholl analysis setting of a manually reconstructed microglia cell from a KA animal (contralateral
hippocampus) and (C) from the ipsilateral hippocampus of the same animal. The circles centered around
the soma are separated by at radial intervals of 2 μm. (D) Number of intersections per 2 μm radius plotted
against the distance from the cell soma in the contralateral (left) and ipsilateral (right) CA1 hippocampal
region. Grey line: sham-operated animals. Red line: 3-days post-KA injection (KA). Pink line: 1-month
post-KA injection (KA chronic). (E) Number of intersections per 2 μm radial steps in the contralateral (left)
and ipsilateral (right) DG region. For (D) and (E) n=15 cells; 3 cells per animal. (F) Representative
morphologies of microglial cells in Iba-1 immunofluorescence coronal sections in the CA1 hippocampal
regions are shown for sham, KA and KA chronic animals.; the correspondent reconstruction of the
microglial cell is illustrated in the lower part of the panel. Left and right (KA-injected) hippocampus is
marked by contralateral and ipsilateral, respectively. Calibration bar = 20 µm.

Moreover, by directly comparing the Sholl analysis between the ipsilateral and
contralateral hippocampus of 3 days post-KA animals (Figure 16A) and 1-month postKA guinea pigs (Figure 16B), we observed a consistent decrease in the number of
intersections in both CA1 and DG and consequently in complexity (towards a more
microgliosis-like phenotype i.e. amoeboid shape) of microglia in the ipsilateral
hippocampus of 3 days post-KA animals when compared to their respective contralateral
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hippocampus (Figure 16A) that was maintained over time as demonstrated by the chronic
KA animal group (Figure 16B).

Figure 16 – Sholl analysis of microglial cells in hippocampal CA1 and DG. (A) Number of intersections
per 2 μm radius plotted against the distance from the cell soma in the contralateral and ipsilateral CA1 and
DG hippocampal regions of 3-days post-KA injected guinea pigs. Green line: contralateral hippocampus.
Orange line: ipsilateral hippocampus. (++++): p<0.001 (Mann-Whitney U test). (B) Number of intersections
per 2 μm radius plotted against the distance from the cell soma in the contralateral and ipsilateral CA1 and
DG hippocampal regions of 1-month post-KA injected guinea pigs. Green line: contralateral hippocampus.
Orange line: ipsilateral hippocampus. (++++): p<0.0001 (Mann-Whitney U test). For (A) and (B) n=15 cells;
3 cells per animal.

Furthermore, microglia cells had a significantly reduction in the number of
number of processes (firs row), total length (second row) and average intersections (last
row) at 3 days post-KA in ipsilateral CA1 and DG when compared to their respective
sham-animals (Figure 17; see also Figure 15F). The same profile was observed in the
contralateral hippocampus 3-days post KA (except average number of intersections in
DG; Figure 17). Curiously, while in the ipsilateral hippocampus these changes were
sustained over time (except average intersections in CA1), in the contralateral
hippocampus they all returned to basal levels in the KA chronic group and showed no
difference when compared to their correspondent sham-groups (Figure 17).
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Figure 17 – Comparative analysis of microglial tridimensional morphology based on Sholl analysis. Grey
plots: sham-operated animals. Red plots: 3 days post-KA injection guinea pigs (KA). Pink plots: 1-month
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post-KA injection animals (KA chronic). (A) Number of processes per 2 μm radius, total length and average
number of intersections of microglia cells in CA1 hippocampal formation from sham (n=15 cells), KA
(n=15 cells) and KA chronic (n=15 cells) guinea pigs (3 cells per animal). (*): p<0.05; (**): p<0.01; (***):
p<0.001; (****): p<0.0001 (ANOVA). (B) Number of processes per 2 μm radius, total length and average
number of intersections of microglia cells in DG from sham (n=15 cells), KA (n=15 cells) and KA chronic
(n=15 cells) animals (3 cells per animal). (*): p<0.05; (***): p<0.001; (****): p<0.0001 (ANOVA).

4.4. Gene expression analysis
4.4.1- IL1-, Cox-2, HO-1 and c-FOS
In light of the observed transient and perchance reversible glial activation coupled
with a general neuronal preservation in the hippocampus contralateral to KA injection,
we complemented the morphological analysis with the study of gene expression (through
mRNA relative expression) in CA1 and DG using quantitative real-time PCR (Figure 18
and 19). Initially, we measured the mRNA levels of pro-inflammatory genes IL1- and
COX-2 (Figure 18A, B, respectively). Similar to the densitometry analysis, we observed
a significant increase in mRNA levels in the ipsilateral CA1, 3 days post-KA with respect
to their sham-operated animals (Figure 18A, B); expression was higher also in DG, with
statistical significance only for COX-2 (Figure 18B). One month following KA injection,
these genes were no longer upregulated when compared to their respective sham-operated
groups (Figure 18A, B). Contralaterally, no increase in the aforementioned genes was
observed in any group (Figure 18A, B). Stress-induced gene HO-1 and activity-dependent
c-Fos expression were upregulated in the ipsilateral side at 3 days post-KA injection
compared against sham-animals in CA1 and DG (Figure 18C, 19A, respectively). No
increment on mRNA expression levels were observed in the KA chronic group in the
ipsilateral side as well as all contralateral hippocampi groups matched against their
respective sham-operated groups in both CA1 and DG (Figure 18, 19A).
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Figure 18 – Quantitative real-time PCR gene expression analysis of IL-1β, COX-2 and HO-1 genes. Grey
plots: sham-operated animals. Red plots: 3-days post-KA injection guinea pigs (KA). Pink plots: 1-month
post-KA injection animals (KA chronic). Average relative mRNA expression (fold change) in the
hippocampal CA1 and DG subregions ipsi- and contralateral to KA injection are represented. The mean
value of 5 animals for each of the 3 groups is reported, unless indicated. All values were normalized to
housekeeping genes (Actin and GADPH) as well as to their respective sham-operated animal groups. (A)
IL-1β RNA expression obtained from sham, KA and KA chronic guinea pigs in CA1 (left) and DG (right).
(***): p<0.001 (ANOVA). (B) COX-2 mRNA expression levels obtained from the same areas of sham (n=45), KA and KA chronic (n=4-5) guinea pigs in CA1 (left) and DG (right). (+): p<0.05 (Mann-Whitney U
test). (C) HO-1 RNA expression levels obtained from the same areas of sham, KA and KA chronic guinea
pigs in CA1 (left) and DG (right). (*): p<0.05 (ANOVA).
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4.4.2- AQP4 and Kir 4.1
Finally, astrocyte specific AQP4 and Kir 4.1 gene expression was evaluated
(Figure 19B, C). AQP4 mRNA levels were upregulated in DG ipsilaterally at 3 days postKA injection compared sham animals, but not in KA chronic animals (Figure 19B).
Intriguingly, an increase in the expression levels of AQP4 in CA1 and DG and Kir 4.1 in
DG was observed in the contralateral hippocampus compared to sham guinea pigs (Figure
19B, C) suggesting a seizure activity-mediated upregulation of both genes that are
selectively expressed in astrocytes95. These increased levels in mRNA expression
reverted to sham-operated values in the animals 1-month post-KA injection (Figure 19B,
C). This seems to suggest that, in the contralateral hippocampus, the increased expression
in GFAP and morphological change in microglia was accompanied with an upregulation
of AQP4 and Kir 4.1 genes at 3 days post-KA but no correlation towards neuronal death
or BBB leakage was observed (based upon the NeuN, MAP2, FJ, TUNEL and IgG
results).
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Figure 19 – Quantitative real-time PCR gene expression analysis of c-FOS, AQP4 and Kir 4.1 genes. Grey
plots: sham-operated animals. Red plots: 3-days post-KA injection guinea pigs (KA). Pink plots: 1-month
post-KA injection animals (KA chronic). Average relative mRNA expression (fold change) in the
hippocampal CA1 and DG subregions ipsi- and contralateral to KA injection are represented. The mean
value of 5 animals for each of the 3 groups is reported, unless indicated. All values were normalized to
housekeeping genes (Actin and GADPH) as well as to their respective sham-operated animal groups. (A)
c-FOS mRNA expression levels obtained from the same areas of sham, KA and KA chronic guinea pigs in
CA1 (left) and DG (right). (+): p<0.05 (Mann-Whitney U test). (B) AQP4 mRNA expression levels obtained
from the same areas of sham, KA and KA chronic (n=4-5) guinea pigs in CA1 (left) and DG (right). (++):
p<0.01 (Mann-Whitney U test); (*): p<0.05; (**): p<0.01 (ANOVA). (C) Kir 4.1 mRNA expression levels
obtained from the same areas of sham, KA and KA chronic (n=4-5) guinea pigs in CA1 (left) and DG
(right). (+): p<0.05 (Mann-Whitney U test).
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5.1 Discussion
The present study focusses on a model of focal non-convulsive status epilepticus
(ncSE) without secondary generalization that mimics one of the most common and
unproperly treated types of human status epilepticus (SE). Our data supports the notion
that focal non-convulsive seizures recorded during the course of focal ncSE, when
occurring without the contribution of any other harmful insult to the brain [kainic acid
(KA) in our case], might not be as detrimental as we once thought. Furthermore, we show
for the first time to our knowledge that in this model of focal ncSE without secondary
generalization, when analyzing a remote secondary seizing structure that experiences no
cytotoxic effect of KA (i.e. contralateral hippocampus), glial cells seem to have a mild
transient and possibly reversible activation with intrinsic defense mechanisms that might
help neurons cope with seizure activity and therefore do not translate into neuronal loss
or blood-brain barrier (BBB) leakage.
As previously mentioned, the majority of animal models that use intracerebral KA
injection report focal secondarily generalized seizures48,49,62. The presence of prominent
convulsive generalized seizures in these studies is a major confounder for the analysis of
tissue pathology, since convulsive seizures have been demonstrated for years to cause
brain damage via complex generalized and systemic pathogenic mechanisms (for
reviews, see4,5). In our model, we were able to induce a primary epileptogenic focus in
one hippocampus with the intrahippocampal KA injection, that consequently spreads to
the contralateral hippocampus in less than a minute. For this reason, we were able to
analyze a remote secondary region that was characterized by having independent seizure
activity during focal ncSE with no other underlying cytotoxic damaging event occurring
in parallel. Additionally, the separate activity patterns and occasional desynchronization
of the two hippocampi observed in the EEG analysis suggested that these structures, in
fact, undergo a different spatiotemporal evolution following the initial SE. As shown in
our group before73, the unilateral EEG recording observed at focal ncSE onset excludes
that the bilateral activation is due volume-conducted activity from the injected
hippocampus.
For the data to be as coherent as possible, all animals included in this study
developed a focal ncSE with focal non-convulsive seizures entraining both hippocampi;
focal seizures could, on occasion, secondarily evolve into diffusely propagated cortical
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epileptiform discharges that correlated with a generalized motor behavior. With the
exception of 4 animals that presented 10-15 secondarily convulsive seizures during focal
ncSE, the number of brief (<30 s) convulsive seizures in our experimental group was
minimal and results did not change when these 4 animals were removed from the analysis
(further addressed below).
As aforementioned, the reasoning for the inclusion of a chronic condition in this
study was twofold: a) the intent of characterizing its electrobehavioural features as well
as establish if epileptogenesis had occurred in all animals with features that faithfully
mimic human mesial temporal lobe epilepsy with hippocampal sclerosis (mTLE-HS), as
previously described72,74; b) understand if the damage developed in the acute 3 days KA
animal cohort could progress/worsen in a time dependent manner or if, on the contrary,
the main damaging event in this model was the ncSE phase and time/spontaneous seizures
had no significant impact in further harming the brain. Moreover, seizure suppressor
diazepam (DZP) was employed with the intent of indirectly analyzing how much seizure
activity could exacerbate the damage already established by KA, by comparing the 3 days
KA animal group that in the ipsilateral hippocampus experienced KA injection together
with seizures activity vs the ipsilateral hippocampus of DZP animals that only underwent
the cytotoxic sequalae of KA. For the DZP-related part of the study, the analysis of the
contralateral hippocampus was not as important (but still carried out) since very few
seizures were observed contralaterally in this group.
Interestingly, in our model, the treatment with DZP reduced both the number of
seizures during focal ncSE and ncSE duration itself; these findings correlated with a
much-reduced extension of brain damage in the hippocampus ipsilateral to KA injection,
as demonstrated by the reduced density of NeuN, MAP2, GFAP, IgG and Fluoro-Jade
(FJ) stainings. Even though a direct effect of DZP in reducing the time spent in seizures
should also be considered, the less intense cell loss and gliosis spotted in DZP-treated
guinea pigs strongly imply that the KA-induced damage is partially due to the direct
excitotoxic action of KA at the injection site. Furthermore, the larger and more intense
distribution of damage markers in the KA-injected hippocampus in the absence of DZP
supports the notion that seizure discharges during focal ncSE are able to exacerbate the
KA-induced hippocampal damage. Therefore, the damage inflicted upon the brain by KA
injection has a twofold etiology: deterioration due to the direct toxicity of KA at the
injection site and the exacerbated degeneration secondary to the KA elicited by
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epileptiform activity. These findings are in line with other studies on focal secondarily
generalized SE (FSGSE) induced by local intracerebral KA injections that reported
reduced local brain damage at the site of injection when DZP was administrated after
SE48,55,96. Our study is the first to our knowledge to demonstrate that DZP treatment
dramatically reduces focal non-convulsive seizures during focal ncSE without secondary
generalization and that these changes correlate with a reduced damage at the KA injection
site.
When trying to establish if seizure activity is able to induce brain damage or not,
the first line of evidence is obtained with the analysis of neuronal loss. In our study, we
evaluated neuronal loss using neuronal markers NeuN and MAP2 and FJ (shown to label
irreversibly damaged neurons97) and TUNEL (detects apoptotic DNA fragmentation98)
apoptotic assays. Our results showed a consistent and recurrent neuronal cell loss in the
ipsilateral hippocampus in 3 days acute KA and 1 month KA chronic animals, with no
correspondent neuronal loss in the contralateral hippocampus. From which specifically
molecular mechanism this neuronal loss was triggered requires further studies, but most
likely there were several processes occurring simultaneously that contributed to this
outcome. Glial cell loss was not evaluated, and additional studies are necessary to address
this topic. Nevertheless, FJ+ and TUNEL+ cells were not observed in a remote brain region
(contralateral hippocampus), where focal seizures during focal ncSE were also generated,
as mentioned before. Moreover, observing the FJ and TUNEL results it was revealed that
ipsilateral neuronal cell loss occurred in the 3 days KA animal cohort, with no positive
cells observed in the KA chronic group. This seems to suggest that the bulk of apoptotic
neurons were produced early after focal ncSE and that 1 month post-KA the neuronal loss
observed in the NeuN and MAP2 stainings was very similar to the one observed early at
3-days post-KA with no major progression of neuronal cell loss in a time-dependent
manner. These data are in line with findings showing that seizures after an initial
epileptogenic insult may not lead to progressive cell loss78. Additionally, a lack of clear
association between the number of lifetime seizures and the severity of neuronal loss was
shown in a long follow-up study extended 8 months after SE67,76. Similar results were
also described in post-surgical tissue obtained from patients with focal epilepsy submitted
to surgery99. Also, in a post-mortem study, where 28 patients with poorly controlled
seizures were examined, a subgroup was reported with no significant hippocampal
neuronal loss despite decades of seizures, including SE100. However, there are also several
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animal studies showing clear progressive neuronal loss produced by seizures not only in
the local site of KA injection, but also in remote regions48,49,101. This discrepancy might
be due to the use of protocols that induce a convulsive SE condition rather than a focal
ncSE (as discussed in the Introduction section). In models of proper focal ncSE developed
in different animal species, indeed, remote damage in the hippocampus contralateral to
KA injection was never explicitly reported46,47,50,52,61,72–74,102. We cannot exclude that
stronger and more intense seizure activity could induce secondary damage in remote
regions and evolve into FSGSE, even though in our experiments no difference in the
damage extent in both ipsi and contralateral hippocampi was found in those animals that
experienced few secondary convulsive seizures during focal ncSE compared to those with
focal seizure only. Nevertheless, a higher percentage of convulsive seizures might have
produced different results.
In the present study, we did not examine the mossy fiber sprouting and granule
cells dispersion into the dentate gyrus (DG) since it is a widely inconsistent feature of
TLE-HS that, when present, is responsible for inducing synaptic reorganization and
contribute to chronic hyperexcitability28. Additionally, a previous study from our group
in the same animal model using Timm stainings showed no obvious cellular dispersion
in DG, possibly due to the fact that small volumes of KA are injected focally in CA1 and
these alterations could be more due to the KA toxicity than seizure activity per se, the
authors concluded72.
The possibility that immunohistochemical changes were not sensitive enough to
detect minor changes in regions remote to focal ncSE was here considered and analyzed
by evaluating gene expression levels (through mRNA) in acute and chronic post-ncSE
guinea pigs. These experiments revealed that genes associated with inflammatory
response (IL1- and COX-2), brain activity (c-FOS) and oxidative stress (HO-1) were
upregulated exclusively in the KA-ipsilateral hippocampus early during the acute phase,
whereas only genes linked to glial function (AQP4 and Kir4.1) were upregulated 3 days
post-KA (but not after 1 month) in the contralateral hippocampus (further discussed
below).
For a thorough evaluation of brain damage in focal ncSE (or any other model),
neuronal loss is just one of many aspects. Glial cells should be taken into account since
their role is of the upmost importance for proper neuronal function. Specifically, they
have a plethora of multitasking housekeeping functions such as sensing and responding
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to alterations in energy supply, neuronal activity, extracellular ion concentrations,
osmolarity, and many other signals. Their dysfunction has been associated to epilepsy for
decades80,103. As observed in other focal ncSE studies46,50,72–74,102, an intense gliosis in the
injected hippocampus was detected in our model. Here, astro and microgliosis, BBB
disruption (indirectly measured through the infiltration of blood-borne molecule IgG) and
inflammatory genes IL1- and COX-2 as well as activity dependent gene c-FOS and
stress-related gene HO-1 mRNA levels were increased and, in the case of gliosis and BBB
dysfunction, withstood 1 month after focal ncSE. In contrast, a mild astrocytic and
microglial reactivity was detected in the contralateral hippocampus only at 3 days postKA through GFAP densitometry analysis and Iba-1 morphological reconstructions,
respectively. As mentioned above, astrogliosis was coupled with specific astrocytic genes
AQP4 and Kir4.1 upregulation, without overexpression of pro-inflammatory, activity or
stress-related genes. A short-lived contralateral microgliosis was also reported, with a
significant reduction of microglia complexity, number of processes and total length in
CA1 and DG in the acute phase, but not in chronic animals. Interestingly, 1 month postKA injection, all these alterations returned to basal levels and differences were no longer
found with respect to control guinea pigs.
Overall, these results point towards a possible transient effect mediated by seizure
activity on glial cells. Our data do not specifically show, however, if the same cells
reverted to their inactivated state or if only the resting/inactivated glial cells remained 1
month after focal ncSE. Interestingly, these transient effects correlated with the absence
of contralateral neuronal loss or BBB dysfunction. These findings suggest a possible early
protective role promoted by glial cells in the hippocampus contralateral to KA injection:
the astrocyte-specific expression of AQP4 and Kir4.1 might enhance neuron potassium
(K+) clearing during seizure activity. Since both extracellular K+ concentration and
osmolarity have been shown to dramatically modulate neural excitability81,104,105 it is
plausible to speculate that astrocytes increase AQP4 and Kir4.1 gene expression as a first
line of defense to counter-balance the potential nefarious effect of seizure activity, hence
reducing the hyperexcitability through the glial-network. It is unclear however if this
compensatory gene upregulation is accompanied by a translation into functional proteins
and further studies are required to address this issue. Nevertheless, studies have shown
that a dysfunction of astroglial Kir4.1 channels underlies impaired K+ buffering and
contributes to hyperexcitability in epileptic tissue105. Also, AQP4-/- mice have remarkably
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slowed K+ reuptake in models of seizure and were associated with increased seizure
duration, supporting the hypothesis that AQP4 and Kir4.1 can act together in K+ and H2O
regulation106. Additionally, in line with our findings, an acute reactive astro and
microgliosis that decreased over time in the contralateral hippocampus, but remained
altered in the KA-injected hippocampus was reported in an similar unilateral
intrahippocampal KA mouse model52. This study reported a delayed upregulation in the
contralateral hippocampus of SOCS3, which acts by limiting IL-6 mediated processes,
possibly indicating an attempt to limit the intensity/duration of neuroinflammatory signals
during the early phase of epileptogenesis. The authors hypothesized that the SOCS3
mRNA delayed increase could be involved in neuronal survival and/or induction of
homeostatic mechanisms against neurodegeneration by limiting cytokine signaling in the
contralateral hippocampus.
In summary, we were able to induce a focal ncSE in guinea pigs with clear damage
being generated by seizure activity + KA in the ipsilateral hippocampus. In a remote
region (contralateral hippocampus), even though seizure activity was still independently
being generated, no inflammatory/stress-related gene upregulation, BBB dysfunction,
neuronal loss or long-lasting astro/microgliosis were observed.
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6.1 Conclusion
As summarized below in Figure 1, in our focal ncSE animal model, brain tissue
damage was aggravated by seizure activity when it occurred in combination with the
excitotoxic effect of KA. The secondary spread of seizure activity to the contralateral
hippocampus transiently activated glial cells, as a potential defense mechanism that
prevented remote seizure-associated damage. Additionally, over time (1 month post-KA
animal group data) the already established damage observed at 3 days post-KA injection
was not augmented, contributing to the idea that after the initial acute SE phase further
spontaneous chronic seizures do not lead to a progressive neuronal loss. Of note, these
results might only hold true for this particular dosage of KA and/or for the specific
seizure-ncSE pattern generated in this animal model. Even though the experimental
findings here reported cannot directly be translated into clinical conclusions, our study
recommends (examining the DZP findings) the use of anti-seizure treatment in patients
suffering from focal ncSE to prevent localized seizure-mediated damage in addition to
the injury determined by the primary noxa. When combined with a coexisting insult,
seizures can work synergistically to further exacerbate the damage done by the underlying
focal ncSE cause. However, if seizure activity spreads to regions away from the
boundaries of the primary injury constraint, a detrimental action caused by seizure activity
per se is not likely to occur in focal ncSE without secondary generalization.
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Figure 1 – Scheme with key findings of the study. Orange rectangle: Main conclusions in the 3 days postKA group and DZP animal cohort as well, separated by a double grey line. The ipsilateral side in the 3 days
post-KA animal group showed high levels of neuronal loss and gliosis as well as blood-brain barrier (BBB)
leakage; the upregulation of genes Il-1β, COX-2, HO-1, c-FOS and AQP4 were also observed.
Contralaterally, only gliosis and high mRNA levels of AQP4 and Kir4.1 were found. No neuronal loss nor
BBB dysfunction was observed. In the DZP guinea pigs, results were similar: while on the ipsilateral side
neuronal loss, gliosis and BBB leakage was detected, on the contralateral side, only gliosis was found. Blue
rectangle: Main findings in the 1-month post KA animal group. The ipsilateral side still had high levels of
neuronal loss, gliosis and BBB dysfunction (with the development of hippocampal sclerosis) while the
contralateral side maintained no neuronal loss or BBB dysfunction with the gliosis observed at 3 days postKA being reverted to control levels. No gene upregulation was observed in any side at this time-point.
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