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Abstract
Aims: Focal non-convulsive status epilepticus (FncSE) is a common emergency condition
that may present as the first epileptic manifestation. In recent years, it has become
increasingly clear that de novo FncSE should be promptly treated to improve post-status
outcome. Whether seizure activity occurring during the course of the FncSE contributes
to ensuing brain damage has not been demonstrated unequivocally and is here addressed.
Methods: We used continuous video-EEG monitoring to characterise an acute
experimental FncSE model induced by unilateral intrahippocampal injection of kainic acid
(KA) in guinea pigs. Immunohistochemistry and mRNA expression analysis were utilised
to detect and quantify brain injury, 3-days and 1-month after FncSE.
Results: Seizure activity occurring during the course of FncSE involved both hippocampi
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equally. Neuronal loss, blood-brain barrier permeability changes, gliosis and up-regulation
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injected hippocampus. Diazepam treatment reduced FncSE duration and KA-induced
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Conclusions: In our model, focal seizures occurring during FncSE worsen ipsilateral KA-

of inflammation, activity-induced and astrocyte-specific genes were observed in the KAneuropathological damage. In the contralateral hippocampus, transient and possibly
reversible gliosis with increase of aquaporin-4 and Kir4.1 genes were observed 3 days
post-KA. No tissue injury and gene expression changes were found 1-month after FncSE.
induced tissue damage. FncSE only transiently activated glia in regions remote from
KA-injection, suggesting that seizure activity during FncSE without local pathogenic cofactors does not promote long-lasting detrimental changes in the brain. These findings
demonstrate that in our experimental model, brain damage remains circumscribed to the
area where the primary cause (KA) of the FncSE acts. Our study emphasises the need
to use antiepileptic drugs to contain local damage induced by focal seizures that occur
during FncSE.
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Italy), housed in a 12-h light-dark controlled cycle environment
with ad libitum food and water supply. The experimental protocol

One of the recurrent questions in epilepsy research is whether seizures

was reviewed and approved by the Animal Welfare Office of the

during status epilepticus (SE) can cause brain damage. While there is

Italian Health Ministry (Authorization n. 36/2016-PR), in accordance

increasing experimental evidence that generalised convulsive SE pro-

with the European Committee Council Directive (2010/63/EU) and

duces long-lasting neuropathological changes in the brain of rodents

with the 3Rs principle. Efforts were made to minimise the number

and humans [1, 2], it has been questioned whether seizure events that

of animals and their suffering. Thirty-four animals were processed

commonly occur during focal non-convulsive status epilepticus (FncSE)

for molecular analysis and 15 were submitted to gene expression

results in long-term consequences and contributes to pathology [3].

analysis (see below).

The need to recognise if seizure activity during FncSE aggravates brain
damage is critical, even more since seizures during FncSE are often
overlooked and consequently not properly treated [4].
Human studies and clinical data have proven controversial, since it

Electrode implantation and unilateral
intrahippocampal injection

is not easy to distinguish seizure-induced brain damage from the underlying cause that triggers FncSE [5]. While one study has demon-

Forty-four guinea pigs were surgically implanted with bilateral

strated that seizures during FncSE without an evident acute brain

intrahippocampal (AP −3 mm, ML ±3 mm, DV −3.25 mm relatively

injury can trigger the production of blood biomarkers of neuronal dam-

to Bregma) and epidural EEG recording electrodes, as described

age [6], others have found that patients suffering from FncSE do not

previously [33]. Seven days after electrode implantation, animals

develop long-term cognitive, memory or behavioural deficits [7–10].

were injected in the dorsal cornu ammonis (CA1) of the right

Also, animal data have not proven conclusive, since brain damage has

hippocampus with either a solution containing kainic acid (KA;

been mainly evaluated in models that do not accurately represent a

n = 34) or 0.9% NaCl saline (sham operated animals; n = 10) under

proper FncSE condition. Intraperitoneal injection with either pilocar-

continuous video-EEG recording. A 30-gauge needle, connected to

pine or kainic acid (KA) induces an acute convulsive SE and widespread

a 5 µl Hamilton syringe, was lowered through the guide cannula in

multifocal damage [11–13], and for these reasons cannot be consid-

the right hippocampus to inject a volume of 1 µl 0.9% NaCl solution

ered pure models of focal SE [14]. Intracerebral KA injection offers a

with 1 µg KA (Sigma, St. Louis, MO, USA) over a period of 2 min.

better approach to study focal ictogenesis and epileptogenesis [15].

The needle was kept in place for 2 min to prevent backflow of the

Intra-hippocampal [16–19], intra-amygdala [20–22] or intracortical [23]

injected solution. Within 10 min after KA injection, epileptiform

microinjections of KA result in pathological alterations resembling hip-

activity typical of a focal non-convulsive status epilepticus (FncSE)

pocampal sclerosis. Some of these studies proposed that the acute SE

was recorded in all animals. Six animals were twice injected i.p.

promotes secondary epileptogenesis and alterations in brain regions

with diazepam (DZP; 25 µl/kg dissolved in NaCl) 30 min before and

remote to the KA injection site [17, 20, 21, 24, 25]. Nevertheless, intra-

30 min after KA injection (12.5 µl/kg). Sham animals were injected

cerebral KA injection may promote either FncSE or secondarily con-

in the right hippocampus with 1 µl 0.9% NaCl following the same

vulsive SE, depending on the protocol (dose, site of injection, etc.) and

procedure. None of the sham operated/injected guinea pigs showed

animal species [16, 18–20, 26]. Moreover focal electrical stimulation

epileptiform activity. Acute animals were recorded for 3 days

of the perforant path or other limbic structures can also induce either

post-KA injection; chronic animals were video-EEG recorded for no

focal or secondary convulsive SE, with or without damage beyond the

less than 4 weeks after FncSE, to verify the presence of spontaneous

area of stimulation [27–31]. In conclusion, the aforementioned exper-

seizures [33, 34]. Video-EEG monitoring was performed in 10 sham-

imental models do not unequivocally resolve whether focal seizures

operated/treated animals, 28 KA-injected guinea pigs and in 6 KA-

occurring during FncSE have an impact on the extent, severity or dis-

injected animals treated with DZP (DZP+KA). A fifth group of naïve

tribution of brain damage.

animals was used but not video-EEG monitored (n = 5).

Here, we investigated how much acute seizure activity per se
affects the development of both localised and remote brain damage in a model of FncSE, defined as a model in which focal seizures

Video-EEG recordings

predominantly occur during the acute SE [5]. The present report extends preliminary observations [32] by focusing on RNA expression

Continuous 24/24-hour video-EEG monitoring started 1 week

changes and glial activation patterns that transiently occur outside

after surgery; implanted pedestals were connected to a cable

the KA-injected region.

mounted on a swivel coupled to the preamplifier of a BrainQuick
EEG System (Micromed, Mogliano Veneto, Italy). Synchronised

M ATE R I A L A N D M E TH O D S

video-EEG was continuously recorded 48 h before injection,
during the induction of FncSE and for the following 3 days in the
acute animals (KA and DZP+KA) and for 4 weeks in the chronic

The study is based on a population of 49 adult female Hartley guinea

KA group. EEG data were recorded at 0.1–1.0 kHz, 2064 Hz

pigs (250–300 g, 3 postnatal weeks of age; Charles River, Calco,

sampling rate, with 16-bit precision and high-pass filter at 0.1 Hz,

|
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using the System Plus Evolution (Micromed). Video signals were

to KA injection. Densitometric ROIs were positioned at least

simultaneously acquired with digital cameras to detect motor

0.5 mm away from the electrode tracks. For three dimensional

events. Video-EEG was analysed offline and hippocampal EEG

reconstruction of microglial cells, immunofluorescence for Iba-1

patterns were identified and quantified for each animal. The EEG

and DAPI (1:5000) conjugated to Cy3 was performed on 50 μm

activity recorded with epidural electrodes was used to identify

thick coronal sections.

diffuse seizure patterns. KA-induced epileptiform activity was
characterised by seizures combined with continuous 1–3 Hz spiking
[32–34]. Seizure events during KA-induced FncSE were defined by

Fluoro-jade staining

researchers that were blinded to the treatment group. Seizures
were also automatically counted with a software developed by

Sections were mounted and then treated with 0.06% potassium

Vadym Gnatkovsky to analyse long EEG recording periods with a

permanganate for 15 min, washed 3 times, immersed in 0.001%

compressed time scale. Seizure discharges were identified as focal

FJ (Histo-Chem, Inc., Jefferson, Arkansas, USA) in 0.1% acetic acid

unilateral, bilateral, convulsive or non-convulsive based on the EEG

for 30 min and rinsed in distilled water. After drying, slides were

pattern distribution and on video analysis. In the chronic animals,

clarified in xylene and cover slipped with distyrene plasticizer

spontaneous focal seizures were identified with 24/24-hour

xylene (DPX; BDH Lab Supplies, Leicestershire, UK) [32]. All

video-EEG monitoring recorded every other week for 4 weeks;

fluoro-jade positive (FJ+) cells were counted using FIJI-ImageJ

the features of chronic spontaneous seizures were comparable

(v2.0.0). Non-overlapping fields in CA1, CA3 and DG areas of both

to those described in previous studies [33, 34]. In these animals,

ipsi- and contralateral hippocampi were captured under identical

FncSE profile was similar to the animals sacrificed at 3 days.

conditions at 20x and 40x magnification with a Leica TCS SP8
microscope (Leica Microsystems, Germany). Cell counting was

Immunohistochemical analysis

independently performed by 2 investigators in each experimental
group (2 sections per animal, 0.5 mm away from the electrode
tracks).

Following video-EEG recordings, animals were anaesthetised with
sodium thiopental (125 mg/kg i.p., Farmotal; Pharmacia, Milan,
Italy) and were trans-cardially perfused with 0.9% NaCl, followed

Morphometric analysis of microglia

by 4% paraformaldehyde in phosphate buffer 0.1 M for 5 min.
Brains were explanted, immersed in 4% paraformaldehyde for 24 h

Sections were visualised using a Leica SP8 confocal microscope

and cut into 50 µm coronal sections. For immunohistochemical

(Leica Microsystems, Germany), applying the LASX software with

processing, the following antibodies were used: (a) monoclonal

navigator (version 3.1.5.16). Regions in dorsal CA1 stratum radiatum

mouse anti-neuronal nuclei (NeuN 1:1000 – Merck-Millipore,

and the hilus of DG were acquired at high resolution (2 sections per

Darmstadt, Germany); (b) mouse anti-microtubule associated

animal, 0.5 mm away from the electrode tracks) using a 63X/1.4

protein 2 (MAP2 1:1000 – Neomarker-Invitrogen, Fremont, CA,

oil objective with a x-y sampling of 72 nm. Cells were eligible

USA); (c) polyclonal rabbit anti-glial fibrillary acid protein (GFAP

for reconstruction if the following criteria were met: i) an Iba-1

1:500 - DAKO, Glostrup, Denmark); (d) ionised calcium-binding

positive cell was surrounding a single DAPI-stained nucleus; ii) the

adapter molecule 1 (Iba-1 1:200 – Merck-Millipore, Darmstadt,

cell did not have truncated processes; iii) the cell was sufficiently

Germany) and (e) Immunoglobulin G (IgG 1:200 – Vector

separated from neighbouring cells to ensure correct reconstruction.

Laboratories, Burlingame, CA USA). Two serial coronal sections

A total of 240 cells, 120 for CA1 and 120 for DG, were selected

per animal were selected and analysed by researchers that were

for reconstruction performed using simple neurite tracer available

blinded to the treatment group. A standardised protocol was

in FIJI-ImageJ software (v2.0.0) [35]. Microglial morphometric

used for histochemical staining [32,33]. Immuno-stained sections

properties were evaluated by quantifying the number of processes,

were digitised using Scanscope software (Aperio Technologies,

total length, average number of intersections and Sholl analysis

Sausalito, CA, USA). Staining for NeuN, MAP2, GFAP and IgG were

(number of intersections at radial intervals of 2 μm starting from the

analysed in naïve, sham-treated, acute KA, acute DZP+KA and

soma central point).

chronic KA animals. Quantitative field fraction estimates of these
immunostains were carried out in both hippocampi using ImagePro Plus 7 software (Media Cybernetics, Inc. Rockville, MD, USA).
Specific immunostaining density was estimated at 5x magnification

RNA isolation and quantitative real-time PCR
measurements

in 2 regions of interest (ROIs) positioned in CA1, CA3 and dentate
gyrus (DG) with respect to background signal. For each ROI

Fresh hippocampal brain tissue for gene expression analysis

densitometry was automatically calculated by the software on 2

was obtained from a group of 5 sham-operated and KA-injected

adjacent slices in each hippocampal subfield (18 ROIs per brain

guinea pigs either 3 days (n = 5) or 4 weeks (n = 5) post-injection.

slice; 3 ROIs per subfield) ipsilateral (right) and contralateral (left)

After saline intra-cardiac perfusion, brains were removed and the
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whole hippocampus dissected out on a cold Petri dish. Dorsal

(1- α) was set as 95% (0.95) so that the difference between means

CA1 and DG ipsilateral and contralateral to KA injection were

was considered statistically significant at p values of less than 5%

further dissected and separately stored at −80ºC. Samples were

(0.05), 1% (0.01), 0.1% (0.001) and 0.01% (0.0001) of significance

shipped to Amsterdam UMC where gene expression analysis

level (α).

was performed. Frozen brain tissue was homogenised in 700 µL
Qiazol Lysis Reagent (Qiagen Benelux, Venlo, the Netherlands).
Total RNA was isolated using the miRNeasy Mini kit (Qiagen

R E S U LT S

Benelux, Venlo, the Netherlands) according to the manufacturer's
instructions. RNA concentration and purity were determined

Focal non-convulsive status epilepticus (FncSE) was induced in 34

at 260/280 nm using a Nanodrop 2000 spectrophotometer

guinea pigs. Of these, 14 were sacrificed 3 days post-KA injection

(Thermo Fisher Scientific, Waltham, MA, USA). To evaluate

(acute post-FncSE phase) to evaluate the peak phase of brain

mRNA expression, 1 μg tissue-derived total RNA was reverse-

damage [32, 34]. A different group of animals (n = 14; KA chronic

transcribed into cDNA using oligo-dT primers. PCRs were run on

group) was sacrificed 4 weeks post-KA injection [33, 34]. We treated

a thermocycler (Lightcycler 480, Roche Applied Science, Basel,

another group of animals with intraperitoneal diazepam (DZP)

Switzerland) using housekeeping reference genes actin and

before KA injection (DZP+KA group; n = 6). Sham-operated animals

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). PCR mix

(n = 10) were injected in one hippocampus with saline solution.

contained 1 μL cDNA, 2.5 μL SensiFAST SYBR Green NoROX

Video-EEG, immunohistochemical and morphological evaluations

kit (Bioline Reagents Limited, London, UK), 0.4 μM of forward/

were performed in a total of 5 naïve, 5 sham, 9 acute post-KA, 9

reverse primers plus water to a final volume of 5 μL/well. PCR

KA chronic and 6 DZP+KA animals. Gene expression analysis was

reactions were run in duplicates and a negative control containing

performed in 5 sham, 5 acute post-KA and 5 KA chronic guinea pigs.

water instead of cDNA was included for each gene in each run.

Within 10 min of KA injection, FncSE started in the injected

Cycling conditions were as follows: initial denaturation at 95 °C

right hippocampus (ipsilateral KA in Figure 1A) and subsequently

for 5 min, followed by 45 cycles of denaturation at 95 °C for 15 s,

propagated within 1 min to the contralateral hippocampus. Seizures

annealing at 65 °C for 5 s and extension at 72 °C for 10 s. Sample

occurring during FncSE were classified by video-EEG monitoring as

fluorescence was measured via single acquisition mode at 72 °C

non-convulsive or secondarily convulsive according to the Racine

after each cycle. Primer specificity was assessed using melt curve

scale [37] (stages 1–3 correspond to non-convulsive phenotype

analysis after each run. To analyse potentially relevant pathogenic

and 4/5 to convulsive phenotype with bilateral and diffuse EEG dis-

elements

activity-dependent

charges). In the KA groups, seizures during FncSE were 89.1 ± 12.9%

changes) associated with brain damage, the following genes were

non-convulsive (Figure 1G), with the most common phenotype ob-

analysed: (a) interleukin 1 beta (IL-1 β); (b) cyclo-oxygenase-2

served being mouth and head myoclonus with the occasional uni-

(COX-2); (c) haem oxygenase 1 (HO-1); (d) c-FOS; (e) aquaporin-4

lateral front limb myoclonus [34]. A total of 115 focal secondarily

(AQP4) and (f) inwardly rectifying potassium channel 4.1 (Kir4.1).

convulsive seizures lasting less than 30 s were counted among 1071

Quantification of data was performed using LinRegPCR as

seizures occurring during the FncSE in all 18 animals. The time spent

described elsewhere [36].

in secondarily convulsive seizures was minimal compared to the du-

(inflammation,

glial

function,

ration of the SE. In only 4 animals 10 to 15 convulsive seizures were

Statistical analysis

observed (out of 353; Figure 1F), while the remaining 14 animals had
from 1 to 3 convulsions (Figure 1F). The inclusion of the four animals
with >10 convulsive seizures did not modify the overall immunos-

Statistical analysis was performed using Prism 8.2 (GraphPad

taining densitometric results (see below). None of the animals pro-

Software Inc., San Francisco, CA, USA). After identification of outliers

cessed for the RNA expression analysis showed convulsive seizures

(ROUT method), the Shapiro–Wilk normality test was performed to

during FncSE. The large majority of focal seizures recorded during

assess normality of the distribution. Where a normal distribution

the FncSE (79.7 ± 11.9%) involved both the KA injected and the con-

was found, one-way analysis of variance (ANOVA) was used to

tralateral hippocampi (Figure 1H) with no cortical EEG involvement.

compare four independent groups and a paired or unpaired Student

Epileptiform activity was not detected in sham animals recorded for

t-test to match 2 groups directly, for dependent or independent

6 h after intrahippocampal saline injection (data not shown). As illus-

data respectively. When the data was not normally distributed, the

trated in Figure 1B, C and E, FncSE duration was 8.3 ± 2.0 h in KA-

non-parametric Kruskal-Wallis test followed by a Mann-Whitney U

injected animals (n = 18) and was significantly shorter in the DZP+KA

post-hoc test was employed to compare four independent groups

group (3.5 ± 1.5 h; n = 6). Moreover the number of seizures per an-

and a paired Wilcoxon signed-rank test to relate two groups against

imal was higher in the KA group (63.5 ± 14.3 seizures per animal;

each other. In the morphology data, results are expressed as means

n = 18) in comparison to the DZP+KA group (11 ± 6.3 seizures per

±standard deviation (SD) for the number of independent experiments

animal; n = 6; Figure 1D).

(n). The remaining graphical data is illustrated with boxplots with

Animals were sacrificed and brains were processed for mor-

min., max., median and quartiles shown. The confidence interval

phological analysis either 3 days or 4 weeks post FncSE. First, we
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F I G U R E 1 EEG and seizure features during the focal non convulsive status epilepticus induced by unilateral intrahippocampal KA
injection in KA and diazepam +KA animals. EEG analysis was performed in 18 KA animals (9 processed 3 days after SE onset, and 9 chronic
KA animals recorded/analysed in acute phase - n = 18) and in 6 DZP+KA animals (n = 6). (A) Compressed 7 h EEG recording from left
(contralateral) and right [ipsilateral (KA)]) hippocampus after KA injection in the dorsal CA1 area of right hippocampus (vertical dotted line
on both traces). (B) Compressed 7 h EEG recording from left (contralateral) and right [ipsilateral (KA)] hippocampus after intraperitoneal
administration of diazepam (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 (MannWhitney U test). (F) Number of convulsive (yellow) and non-convulsive (green) seizures for each animal individually. (G) Percentage of
seizures characterised by a convulsive (yellow) vs non-convulsive phenotype (green); one dot per column represents the same animal. (####):
p < 0.0001 (Wilcoxon signed-rank test). (H) Percentage of seizures per animal defined as focal bilateral (green) vs focal unilateral (green) vs
generalised (yellow). (0000): p < 0.0001 (paired t-test)
assessed two weeks after implantation if the surgery procedure

sham-operated animals (n = 5). No statistical difference was found

provoked any type of damage with densitometric analysis of NeuN,

by comparing these two groups (Figure S1A–D); therefore, the sham

MAP2, GFAP and IgG in CA1, CA3 and DG of naïve animals (n = 5) vs

group was used as our control condition throughout the study.

684
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Densitometric measurements separately performed in the hip-

previously shown in a different group of animals [32], the densitomet-

pocampus ipsilateral (KA+seizures) and contralateral (seizures only)

ric values of NeuN and MAP2, 3 days post-KA, in the ipsilateral CA1,

to the KA-injection were compared to their respective regions in

CA3 and DG (only NeuN) were lower with respect to the homologous

sham-operated animals and DZP+KA (Figures 2B–C and 4B–C). As

subfields of sham-operated animals (Figure 2B–C, representative

F I G U R E 2 NeuN and MAP2 semi-quantitative densitometry analysis. (A) NeuN immunostained coronal sections represented at low
(upper pictures) and high magnification (lower pictures; dotted area outlined in the upper photographs) for sham (left), KA (middle) and
DZP+KA (right) animals 3 days post-KA. KA was injected in the right dorsal CA1 region (injection cannula artifact marked by arrowhead
in the middle panel). 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. For B and C: Grey plots: sham-operated animals. Red
plots: 3 days post-KA injection (KA). Pink plots: 1 month post-KA injection animals (KA chronic). Green plots: animals treated with DZP
and KA injected (DZP+KA). Average percentage of densitometric changes in the KA-injected (ipsilateral) and contralateral hippocampal
CA1 (left panels), CA3 (middle panels) and DG (right panels) subregions are illustrated. (B) 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)]. (C) 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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panels in Figure 2A). The neuronal loss in the KA-injected CA1, CA3

injection and DZP+KA groups (Figure 3B, also representative panel

and DG observed in the acute phase remained in the KA chronic

3A). FJ+ cells were never detected either 4 weeks post-KA or the

group, except for the DG when compared to the 3-days KA group

hippocampus contralateral to KA injection in any group (Figure 3B).

(Figure 2B,C; Figure S1 E). Interestingly, densitometric NeuN and

NeuN, MAP2, GFAP and IgG staining patterns were identical when

MAP2 values in the DZP+KA animal group (Figure 2B,C; also, right

the four animals that featured >10 convulsive seizures were excluded

panel in Figure 2A) were higher than the 3 days KA group for all

from the densitometric analysis and also when data from those four

subfields and were similar to the sham-group for NeuN in CA1 and

animals were compared against the remaining five animals from the

DG and for MAP2 in DG. Of note, in the DZP+KA groups the values

same group that experienced only focal seizures (Figure S2).

in CA3 for NeuN and in CA1, CA3 for MAP2 were lower compared

Next, we investigated astrocytic activation in the same animal

to the sham groups (Figure 2B,C). NeuN and MAP2 densitometric

groups. As illustrated in Figure 4A astrogliosis was induced by KA

values did not differ in the contralateral hippocampi of both KA (at

injection. The densitometric values were higher in all subfields ip-

3 days and 4 weeks) and DZP+KA animals when compared to their

silateral to KA injection at 3 days post-FncSE when compared to

respective sham-controls (Figure 2B,C). In line with these findings,

the sham-group (Figure 4B; also, middle column in Figure 4A). High

+

fluoro-jade positive cells (FJ ) in the ipsilateral CA1, CA3 and DG

GFAP immuno-density was maintained in CA1 and DG of the KA

were observed exclusively and consistently in the 3 days post-KA

chronic group (Figure 4B; also, right column in Figure S1E). DZP+KA

F I G U R E 3 Fluoro-jade immunostaining and quantification in CA1, CA3 and DG subregions. (A) Representative micrographs of CA1
(upper part) and CA3 (lower part) subregions in the right hippocampi ipsilateral to the injection of sham-operated (left column), 3 day postKA injection (middle column) and DZP+KA injection (right column) guinea pigs. Higher magnification photos are illustrated in the inserts.
Calibration bars at higher magnification =50 µm and at lower magnification =100 µm. (B) Comparison between number of fluoro-jade+ 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 FncSE (n = 7), chronic KA (n = 6) and DZP+KA (n = 6) guinea pigs, respectively. (+): p < 0.05; (++): p < 0.01; (+++):
p < 0.001 (Mann-Whitney U test)
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treated animals had the same high densitometric profile of the

values were also observed in the contralateral hippocampus of both

3 days post-KA injected guinea pigs (Figure 4B, also right column in

KA (CA1, CA3 and DG; Figure 4B) and DZP+KA animals (CA3 and

Figure 4A). Unlike previously noted [32], higher GFAP densitometry

DG; Figure 4B) in comparison to sham-operated animals. Control

F I G U R E 4 GFAP and IgG semi-quantitative densitometry analysis. (A) GFAP immunostained coronal sections are represented at low
(upper pictures) and high magnification (lower pictures; dotted area outlined in the upper photographs) for sham (left panel), KA (middle
panel) and DZP+KA (right panel) animals 3 days post-KA. Left and right hemispheres are marked as contralateral and ipsilateral (KA)
respectively. Arrows mark in the upper middle panel points to the track of the intrahippocampal injection needle. Calibration bars in higher
magnification =0.1 mm and in lower magnification =1 mm. (B and C): 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). (B) 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 (MannWhitney U test); (**): p < 0.01; (***): p < 0.001; (****): p < 0.0001 (ANOVA)
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values were observed in contralateral hippocampi 4 weeks after KA

KA induced a local increase in BBB permeability [38] exclusively in

(Figure 4B; see also right panel in Figure S1E).

the KA-injected hippocampus.

Finally, we observed higher IgG densitometry values in the ip-

To further evaluate glial involvement in KA-induced FncSE, we

silateral hippocampus 3 days post-KA injection in all regions com-

also investigated with Iba-1 immunofluorescence, the morpho-

pared to the sham group (Figure 4C); these values were similar in

logical changes of microglia cells in the hippocampi ipsilateral and

CA1 and DG 4 weeks post-KA injection (Figure 4C). Furthermore, in

contralateral to KA injection (Figure 5A and F). Sholl analysis em-

the DZP+KA group, CA3 and DG values were higher than the sham

ployed to quantify the number of intersections at radial intervals of

guinea pigs (Figure 4C). IgG staining was never observed in the con-

2 μm starting from the soma (Figure 5B–E) showed smaller values

tralateral hippocampus (Figure 4C). Overall, these data suggest that

in the ipsi- (CA1 and DG) and contralateral (CA1) hippocampi of KA

F I G U R E 5 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 by
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 centred around the soma are separated
by 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. (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 are marked by contralateral and ipsilateral, respectively. Calibration bar = 20 µm
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animals compared to sham animals (Figure 5D–E). In chronic KA

We complemented the morphological analysis with the study of

animals, Sholl analysis confirmed microglia morphological changes

gene expression (through mRNA relative expression) in CA1 and DG

in the KA-injected ipsilateral hippocampi, whereas values similar

using quantitative real-time PCR (Figure 7). First, we measured mRNA

to sham condition were found in the contralateral hippocampus

expression of pro-inflammatory genes, IL1-β and COX-2 (Figure 7A,B,

(Figure 5D–E). As expected, microglial cells had a lower number of

respectively). In line with the densitometry analysis, we observed a

processes (Figure 6A I and B I), total length (Figure 6 A II and B II)

higher expression of both genes in the ipsilateral CA1, 3 days post-

and average intersections (Figure 6 A III and B III) at 3 days post-KA

FncSE with respect to their sham-operated animals; expression

in the ipsilateral CA1 and DG in comparison to sham-animals (see

was also higher in DG, with statistical significance only for COX-2

also Figure 5F). A similar profile was obtained in the contralateral

(Figure 7B). At one-month post-KA injection, these genes were no

hippocampi 3-days post KA (Figure 6AI–III and B I–II), except for

longer upregulated. In the contralateral hippocampus, the expression

the DG number of intersections (Figure 6 B III). Interestingly, while

of the aforementioned genes was similar in all groups (Figure 7A,B).

in the ipsilateral hippocampus these changes were maintained over

Stress-induced gene HO-1 and activity-dependent c-Fos expression

time (except average intersections in CA1 - compare the KA chronic

were upregulated in the ipsilateral side 3 days post-KA injection com-

groups with the matched sham-groups; in Figure 6A I and II and B

pared to sham in CA1 and DG (Figure 7C,D). mRNA expression did not

I-III), in the contralateral hippocampus of KA chronic animals, all pa-

change in the KA chronic group in the ipsilateral side and in all contra-

rameters were similar to the respective sham-animals (Figure 6A I–III

lateral side groups compared to the respective sham-operated groups

and B I-III). These experiments show a transient and possibly revers-

(Figure 7C,D). AQP4 expression was higher than in sham animals in the

ible glial activation pattern, coupled with no apparent cell loss in the

ipsilateral DG at 3 days post-KA injection, but not in KA chronic ani-

hippocampi, contralateral to the KA injection.

mals (Figure 7E). Interestingly, higher expression of AQP4 in CA1 and

F I G U R E 6 Comparative analysis of microglial three dimensional morphology based on Sholl analysis. 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). (A) Number of processes
per 2 μm radius (A I), total length (A II) and average number of intersections (A III) 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 (B I), total length (B II) and average number of intersections (B III) 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)
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F I G U R E 7 Quantitative real-time PCR gene expression analysis of IL-1β, COX-2, HO-1, c-Fos, AQP4 and Kir4.1 genes. Grey plots: shamoperated 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 five animals for each of the three groups is reported, unless indicated. All values were normalised 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 (upper graphic) and DG (lower graphic). (***): p < 0.001 (ANOVA). (B) COX-2 mRNA expression levels obtained
from the same areas of sham (n = 4–5), KA and KA chronic (n = 4–5) guinea pigs in CA1 (upper graphic) and DG (lower graphic). (+): 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
(upper graphic) and DG (lower graphic). (*): p < 0.05 (ANOVA). (D) c-FOS mRNA expression levels obtained from the same areas of sham, KA
and KA chronic guinea pigs in CA1 (upper graphic) and DG (lower graphic). (+): p < 0.05 (Mann-Whitney U test). (E) AQP4 mRNA expression
levels obtained from the same areas of sham, KA and KA chronic(n = 4–5) guinea pigs in CA1 (upper graphic) and DG (lower graphic). (++):
p < 0.01 (Mann-Whitney U test); (*): p < 0.05; (**): p < 0.01 (ANOVA). (F) Kir4.1 mRNA expression levels obtained from the same areas of
sham, KA and KA chronic (n = 4–5) guinea pigs in CA1 (upper graphic) and DG (lower graphic). (+): p < 0.05 (Mann-Whitney U test)
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DG and Kir4.1 in DG was observed in the contralateral hippocampus

We analysed neuronal loss by both NeuN and FJ staining that

as compared to the sham animals (Figure 7E,F), suggesting a seizure

label irreversibly damaged neurons [43] and by MAP2 immunos-

activity-mediated upregulation of both genes selectively expressed in

taining that has been shown to concentrate in neuronal somata

astrocytes [39]. These acute changes reverted to sham values in KA

during reversible neuronal suffering [44]. Our results showed a con-

chronic animals (Figure 7E,F).

sistent and recurrent cell loss and neuronal stress in the ipsilateral
hippocampus in KA acute and chronic animals, with no correspon-

DISCUSSION

dent neuronal loss in the contralateral hippocampus. The FJ results
revealed ipsilateral cell loss in the 3 days KA group, with no positive
cells observed in the KA chronic group, suggesting that the bulk of

The present study analyses a model of FncSE that mimics one of the

apoptotic neurons were produced early after FncSE. Similar find-

most frequent and often unrecognised types of human SE. Our results

ings were published by our group in the same animal model using

uphold the concept that focal seizures recorded during the course of

TUNEL assay that specifically targets DNA-fragmented neurons

FncSE have no detrimental effect on the brain unless they are paired

[32]. Notably, FJ+ were not observed in remote brain regions (con-

with the local excitotoxic effect of KA. Most animal studies that use

tralateral hippocampus), where focal seizures during FncSE were

localised intracerebral KA injection report focal secondarily generalised

also generated. These data are in line with the finding that seizures,

seizures [20, 21, 40]. The presence of prominent convulsive general-

after an initial epileptogenic insult, do not lead to progressive cell

ised seizures in these studies is a major confounder for the evaluation

loss [45]. Moreover, a lack of clear association between the number

of tissue pathology, since convulsive seizures have been demonstrated

of lifetime seizures and the severity of neuronal loss in the hilus was

to promote brain damage via complex generalised and systemic patho-

shown in a long follow-up study extended 8 months after SE [46,

genic mechanisms (for reviews, see [1, 2]).

47]. Similar conclusions were also reported in post-surgical tissue

Our protocol induced a primary epileptogenic area in the hip-

obtained from patients with focal epilepsy submitted to surgery

pocampus injected with the KA; within a minute epileptiform ac-

[48]. Nevertheless, there are also several animal studies showing

tivity propagated to the contralateral hippocampus. In this remote

clear progressive neuronal loss produced by seizures not only in the

secondary region, seizure activity during FncSE was not associated

local site of KA injection, but also in remote regions [20, 21, 49]. This

with any underlying damaging event. For the data to be as coherent

discrepancy might be due to the use of protocols that induce a con-

as possible, all animals included in this study developed a FncSE with

vulsive SE condition rather than a FncSE. In models of proper FncSE

focal non-convulsive seizures entraining both hippocampi; focal sei-

developed in different animal species, indeed, remote damage in

zures could secondarily evolve in diffusely propagated epileptiform

the hippocampus contralateral to KA injection was never explic-

discharges that correlated with a generated convulsive behaviour

itly reported [18, 19, 22–24,50]. We cannot exclude that stronger

(see also [32, 34]). With the exception of 4 animals that presented 10

and more intense seizure activity could induce secondary damage

to 15 secondarily seizures during FncSE, the number of brief (<30 s)

in remote regions, even though in our experiments, no difference

convulsive seizures in our experimental group was minimal (1–3 per

in the extent of damage in both ipsi- and contralateral hippocampi

animal, as illustrated in Figure 1F).

was found in those animals that experienced secondary convulsive

In our model the treatment with DZP reduced both the number

seizures during FncSE compared to those with focal seizure only.

of seizures during FncSE and FncSE duration itself; these findings

The possibility that immunohistochemical changes were not

correlated with a much-reduced extension of brain damage in the

sensitive enough to detect minor changes in regions remote

hippocampus ipsilateral to KA injection, as demonstrated by the

to FncSE was considered and analysed by evaluating gene ex-

density of NeuN, MAP2, GFAP, IgG and FJ staining. Even though a

pression levels in acute and chronic post-SE animals. These ex-

direct effect of DZP in reducing the time spent in seizures should

periments revealed that genes associated with inflammatory

also be considered, the less intense cell loss and gliosis observed in

response (IL1-β and COX-2), brain activity (c-FOS) and oxidative

DZP-treated animals strongly suggest that the KA-induced damage

stress (HO-1) were upregulated exclusively in the KA-ipsilateral

is partially due to the direct excitotoxic action of KA at the injection

hippocampus early during the acute phase, whereas only genes

site. The larger and more intense distribution of damage markers in

linked to glial function (AQP4 and Kir4.1) were upregulated

the KA-injected hippocampus in the absence of DZP supports the

3 days post-KA (but not after 1 month) in the contralateral hippo-

concept that seizure discharges during FncSE are able to exacerbate

campus. Glial cells have a plethora of multitasking housekeeping

the KA-induced hippocampal damage. These findings are in line with

functions such as sensing and responding to alterations in en-

other studies on focal secondarily generalised seizures induced by

ergy supply, neuronal activity, extracellular ion concentrations,

local intracerebral KA injections that reported reduced local brain

osmolarity and many other signals. Their dysfunction has been

damage at the site of injection when DZP was administrated after SE

associated with epilepsy mainly through hyperexcitability and

[20, 41, 42]. Our study is the first, to our knowledge, to demonstrate

inflammatory-related processes (for extensive reviews see [51,

that DZP treatment dramatically reduces focal non-convulsive sei-

52]). As observed in other FncSE studies [18,22,23,32], astro-

zures during FncSE; these changes correlate with reduced damage

and micro-gliosis in the injected hippocampus was also confirmed

at the KA injection site.

in our model. Here, astro- and microgliosis, BBB disruption and
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upregulation of inflammatory genes IL1-β and COX-2, as well as

the excitotoxic effect of KA. The secondary spread of seizure ac-

stress-related genes c-FOS and HO-1 were evident and persisted

tivity to the contralateral hippocampus transiently activated glial

1 month after FncSE in some areas. In contrast, a mild astrocytic

cells, as a potential defence mechanism that prevented remote

and microglial activation was detected in the contralateral hippo-

seizure-associated damage. These results might only hold true for

campus only at 3 days post-KA with GFAP densitometry analysis

this particular dosage of KA and/or for the specific seizure-FncSE

and Iba-1 morphological reconstructions. As mentioned above,

pattern generated in this animal model. Even though the experi-

gliosis was coupled with upregulation of specific astrocytic genes

mental findings here reported cannot directly be translated into

AQP4 and Kir4.1 without overexpression of pro-inflammatory,

clinical conclusions, our study recommends the use of anti-seizure

activity-related or oxidative stress-related genes. Furthermore,

treatment in patients suffering from FncSE to prevent further

1 month post-KA injection, these alterations returned to basal

localised seizure-mediated damage in addition to the injury de-

expression levels comparable to sham-operated animals. A short-

termined by the primary noxa. When combined with a coexisting

lived contralateral microgliosis was also reported, with a signif-

insult, seizures can work synergistically to further exacerbate the

icant reduction of microglia complexity, number of processes

damage done by the underlying FncSE cause. However, if seizure

and total length in CA1 and DG in the acute phase, but not in

activity spreads to regions away from the boundaries of the pri-

chronic animals. Overall, these results point towards a possible

mary injury constraint, a detrimental action caused by seizures per

transient effect mediated by seizure activity on glial cells. Our

se is not likely to occur.

data do not specifically show, however, if the same cells reverted
to their inactivated state or if only the resting/inactivated glial
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