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A biomarker that will enable the identification of patients at high-risk for developing post-injury epilepsy is critically required.

Microvascular pathology and related blood–brain barrier dysfunction and neuroinflammation were shown to be associated with

epileptogenesis after injury. Here we used prospective, longitudinal magnetic resonance imaging to quantitatively follow blood–

brain barrier pathology in rats following status epilepticus, late electrocorticography to identify epileptic animals and post-mortem

immunohistochemistry to confirm blood–brain barrier dysfunction and neuroinflammation. Finally, to test the pharmacodynamic

relevance of the proposed biomarker, two anti-epileptogenic interventions were used; isoflurane anaesthesia and losartan. Our results

show that early blood–brain barrier pathology in the piriform network is a sensitive and specific predictor (area under the curve of

0.96, P50.0001) for epilepsy, while diffused pathology is associated with a lower risk. Early treatments with either isoflurane

anaesthesia or losartan prevented early microvascular damage and late epilepsy. We suggest quantitative assessment of blood–brain

barrier pathology as a clinically relevant predictive, diagnostic and pharmaco!dynamics biomarker for acquired epilepsy.
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Introduction
In the field of brain protection and therapeutics, phase III

clinical trials have repeatedly failed to show therapeutic

efficacy. This has necessitated a re-examination of transla-

tional research in this area. A growing consensus holds

that, in addition to better understanding of underlying dis-

ease mechanisms, there is also a need for biomarker-driven

strategies to identify patients with specific brain pathobio-

logical processes increasing the risk for a brain disorder,

confirm engagement of the proposed molecular target by

the therapeutic agent and provide quantitative measures

to assess therapeutic efficacy. The goal of biomarker re-

search is thus to facilitate clinical studies by enabling ratio-

nalized subject selection, dosing, timing, and duration of

treatment. In the field of post-injury epilepsy, no such bio-

marker is currently available (Cendes, 2012; Engel et al.,

2013; Friedman et al., 2014; Pitkänen et al., 2016).

Cerebral microvascular pathology (microvasculopathy) is

a frequent feature of the injured brain, with dysfunction of

the blood–brain barrier (BBB) as one prominent hallmark

(Abbott et al., 2006; Kenney et al., 2016). A compromised

BBB is also found in epileptic brain tissue (Oby and

Janigro, 2006; van Vliet et al., 2007) and in patients with

post-traumatic epilepsy (Tomkins et al., 2008). BBB dys-

function occurs early in kainic acid model of status epilep-

ticus and correlates with the seizures frequency in the

chronic stage (van Vliet et al., 2014). Experimental BBB

breakdown induces rewiring of brain networks and epi-

lepsy (Seiffert et al., 2004; Bar-Klein et al., 2014a) through

brain exposure to serum albumin (Ivens et al., 2007; Bar-

Klein et al., 2014a; Weissberg et al., 2015; van Vliet et al.,

2016a). Albumin binds to transforming growth factor b

(TGF-b) receptor II in astrocytes and activates the activin-

like kinase 5 pathway, leading to phosphorylation of its

intracellular messengers (Smad2/3) (Cacheaux et al.,

2009; Bar-Klein et al., 2014a) and a transcriptional re-

sponse resulting in astroglial dysfunction, neuroinflamma-

tion, downregulation of GABA-related genes, and

excitatory synaptogenesis (Ivens et al., 2007; David et al.,

2009; Levy et al., 2015; Weissberg et al., 2015). It there-

fore stands to reason that microvasculopathy is likely

responsible, at least in part, for neural dysfunction and

post-injury epilepsy, making brain vasculature an attractive

biomarker and therapeutic target after insults to the brain.

Our goal was to test the potential of a quantitative BBB

imaging as a pathobiologically relevant biomarker for iden-

tifying the ‘epileptogenic brain tissue’, predict the develop-

ment of epilepsy and serve as a pharmacodynamic

biomarker to assess the efficacy of novel treatments. We

have thus designed our study with the following aims:

(i) to develop a clinically relevant animal model that is

likely to induce epileptogenesis but with a diverse outcome,

in which only �50% of the animals develop epilepsy; (ii) to

develop and validate clinically relevant imaging methods to

detect and quantify BBB dysfunction; (iii) to challenge the

hypothesis that early BBB dysfunction predicts the develop-

ment of epilepsy; and (iv) to explore the use of BBB dys-

function as a pharmacodynamic biomarker. We used MRI

protocols and electrocorticographic (ECoG) recordings in a

modified rat model of paraoxon-induced epileptogenesis

(Todorovic et al., 2012; Bar-Klein et al., 2014b).

Paraoxon is a commonly used pesticide and a frequent

cause of seizures due to accidental intoxication (most

often in developing countries) (Cehovic et al., 1972;

Marrs, 1993) and has been recently shown as a reliable

model for status epilepticus-induced epileptogenesis in the

rat (Shrot et al., 2014). We report that quantitative assess-

ment of vascular injury can serve as a diagnostic, predictive

and pharmacodynamics biomarker for epilepsy. Finally, we

illustrate the feasibility of contrast-enhanced MRI for the

quantitative assessment of BBB pathology in the clinical

scenario.

Material and methods

Experimental design

We modified the established paraoxon-induced status epi-

lepticus model by pharmacologically terminating the status

after 30min. We next developed three MRI protocols and

quantitative analysis methods for the detection of abnormal

magnetic resonance signals in 13 segmented brain regions.

Rats were randomly assigned into naı̈ve (controls) and

paraoxon-treated groups. Our experience, based on previ-

ously acquired data, showed that neocortical seizures and

general tonic-clonic convulsions before Week 4 after poi-

soning were rarely documented. However, once animals

develop epilepsy, recurrent seizures persist as long as the

recordings continued. Therefore, in this study rats were

scanned at 2 days (early epileptogenesis), 1 week (late epi-

leptogenesis) and 1 month (after epilepsy developed) fol-

lowing status epilepticus. An experimenter blinded to the

treatment performed all data analysis. After magnetic res-

onance scans, rats (n = 22) were monitored for epilepsy 5–7

weeks after exposure, using continuous (24/7) video-ECoG.

The major outcome measure (development of epilepsy) was

determined using an automated seizure detection algorithm,

allowing classification of animals as epileptic if spontan-

eous seizures were detected. Each animal was given a

code and the experimenter was blinded to treatment

during ECoG analysis. Using this binary determination,

we analysed the extent of abnormal magnetic resonance

signal in each brain region using logistic regression and

forward selection with a ‘leave one out’ procedure. Three

control groups were included in our experiments: (i) con-

trol animals with no additional treatment; (ii) animals with

‘anaesthesia treatment’ that were provided with repetitive

isoflurane anaesthesia, a documented treatment of refrac-

tory status epilepticus and an epileptogenesis-modifying

treatment (Bar-Klein et al., 2016); and (iii) animals

with ‘losartan treatment’, which were provided with
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intraperitoneal adminstration (60mg/kg) once every 24 h

for 3 days followed by oral treatment (2 g/l in the drinking

water) for an additional 18 days. Losartan is an angioten-

sin receptor antagonist also shown to antagonize TGF-b

signalling, used as an anti-inflammatory and neuroprotec-

tive drug (Campistol et al., 1999; Ongali et al., 2014), and

reported to suppress epileptogenesis in BBB and albumin

models of epilepsy (Bar-Klein et al., 2014a).

The sample sizes chosen were adequately powered to ob-

serve the effects based on previous studies from our group

using the same treatment protocols (Bar-Klein et al., 2014b;

Shrot et al., 2014). The experimenters were blind to the

treatment during the experiments and initial data analysis

(seizure detection and image analysis). All data are included

(no outlier values were excluded).

Reagents

Paraoxon, atropine, propylene glycol, Evans blue and

Triton
TM

X-100 were purchased from Sigma Aldrich.

Toxogonin (obidoxime chloride) was obtained from Merck

Sereno, midazolam from Rafa Laboratories Ltd.; gadoteric

acid (Dotarem�) from Guerbet; and Gadofosveset trisodium

(Ablavar�) from Lantheus Medical Imaging.

Animal preparation

All experimental procedures were approved by the Animal

Care and Use Ethical Committees at the Ben-Gurion

University of the Negev, Beer-Sheva, Israel, and were con-

ducted in adherence to the NIH Guide for the Care and

Use of Laboratory Animals. Experimental animals were ob-

tained from Harlan Laboratories and were kept under a

12:12 h light-dark routine, and supplied with drinking

water and food ad libitum.

Ninety-nine adult male Sprague-Dawley rats (300–325 g)

were treated with paraoxon (intramuscular, 0.45mg/kg,

equivalent to 1.4 LD50) dissolved in propylene glycol and

saline (at a ratio of 1:27.25) to induce status epilepticus.

To reduce the peripheral effects of paraoxon and prevent

mortality, 1min after treatment rats were treated with at-

ropine and toxogonin (intramuscular, 3 and 20mg/kg re-

spectively, in saline). Midazolam was administered

(intramuscular, 1mg/kg) 30min following exposure to

paraoxon (Shrot et al., 2014).

MRI

MRI was performed in midazolam-treated rats. In the first

series of experiments, scans were performed in naı̈ve (n = 16)

and treated (n = 42) rats at intervals of 2 days, 1 week and 1

month. In the second series of experiments, scans were per-

formed every 1, 6 and 12h, and every 1, 2 and 3 days, as

well as 1 week and 1 month following status epilepticus

(n = 8). Scans were performed using the Aspect M2 system

(Aspect Imaging Technologies) under isoflurane anaesthesia

(1–2%) with a constant oxygen flow (99%, 1 l/h). Breathing

was monitored continuously during imaging using a respir-

ation monitor (Aspect Imaging Technologies).

Scanning protocols included: (i) T1-weighted spin echo

classic scans (repetition time/echo time/number of excita-

tions = 400/14/2ms, with acquisition time of 2.5min),

performed before and after the injection of the gadolin-

ium-based tracers (gadoteric acid or gadofosveset triso-

dium, IM, 0.5mmol/kg) as previously established

(Chassidim et al., 2013); (ii) standard T2-weighted fast

spin echo sequence (repetition time/echo time/number of

excitations = 3400/74/4ms, with acquisition time of

14.5min); and (iii) diffusion-weighted imaging (DWI) se-

quences (repetition time/echo time = 1500/22.5ms, with ac-

quisition time of 12.5min). The scans were collected with a

5 cm field-of-view and data matrix of 256 � 256, resulting

in a 0.195mm in-plane resolution and slice thickness of

1mm.

Analysis of the images was performed using in-house

Matlab scripts. Images first underwent preprocessing to ex-

tract the brain volume of interest and the creation of

enclosed 3D brain objects. Images were then registered to

a rat brain atlas (LONI Laboratory of Neuro Imaging,

http://www.loni.usc.edu/atlases), enabling the automatic

segmentation into anatomical brain regions. Signal changes,

reflecting a compromised BBB, were measured in 13 brain

regions (comprising 91% of the scanned brain): the amyg-

dala, corpus callosum, fimbria fornix, hindbrain, hippo-

campus, internal capsule, midbrain, neocortex, pallidum,

piriform network (included here the olfactory bulbs, piri-

form cortex, dorsal endopiriform nucleus and inferior

olive), septum, striatum and thalamus. For each region,

the percentage of voxels, with apparent BBB dysfunction,

was calculated using three different methods.

T1-weighted contrast enhancement

Contrast-enhanced imaging is the most common approach

to assess BBB integrity in vivo. Enhancement was deter-

mined by calculating the per cent difference between pre-

and post-contrast scans (Chassidim et al., 2013). Based on

normal distribution of enhancement in naı̈ve animals,

voxels within the enhancement range of 30–100% were

considered to represent brain tissue with a compromised

BBB [with voxels enhanced over 100% corresponding to

blood vessels (Chassidim et al., 2015)]. A region-growing

procedure was applied to BBB-compromised voxels, invol-

ving repeatedly connecting neighbouring voxels with an en-

hancement range of 20–30% to the seed object until the

final growth was achieved. Small noisy clusters (less than

four neighbouring voxels) were removed using a morpho-

logical filtering procedure.

T2-weighted signal

An abnormal T2-weighted signal was used to reflect the

accumulation of water molecules (i.e. oedema; Gerriets

et al., 2004). Hyperintense voxels from brain volumes of

interest were defined using the finite Gaussian mixture

model. The observed variability of intensities could be

1694 | BRAIN 2017: 140; 1692–1705 G. Bar-Klein et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
ra

in
/a

rtic
le

/1
4
0
/6

/1
6
9
2
/3

7
4
8
8
8
9
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



described as a mixture of three Gaussians, namely: ‘low’

(mostly representing white matter), ‘medium’ (grey matter)

and ‘high’ (ventricles or abnormally hyperintense regions).

Small, noisy clusters were removed, as described above.

Abnormal signal in apparent diffusion coefficient

maps

Apparent diffusion coefficient (ADC) maps were calculated

from five different b-values (i.e. 50, 200, 600, 800, and

1100 s/mm2) based on DWI sequences. High or low ADC

thresholds were defined as mean (m) � standard deviation

(�) of the ADC value distribution in naı̈ve rats (n = 16,

Gaussian distribution).

Ex vivo assessment of blood–brain
barrier permeability

Two approaches were used to confirm BBB dysfunction in

regions with abnormal MRI signals: Evan’s blue was in-

jected to the tail vein (n = 4, 48mg/kg). Rats were deeply

anaesthetized 30min later and perfused with phosphate-

buffered saline (PBS) containing 4% paraformaldehyde

(PFA). Brains were then removed and coronal slices

(1-mm thick) were obtained and imaged for Evan’s blue

extravasation. Immunohistochemistry was also performed

to detect extravasation of serum albumin and IgG, as

well as any local inflammatory responses.

For immunohistochemistry, rats were deeply anaesthe-

tized and perfused with PBS containing 4% PFA. Brains

were then removed and fixed overnight (4% PFA, 4�C),

and were cryoprotected with sucrose gradient (10% fol-

lowed by 20 and 30% sucrose in PBS). Coronal sections

(30-mm thick) were obtained using a freezing microtome

(Leica Biosystems). Immunofluorescence was performed in

the free-floating sections against albumin (Abcam

ab106582, followed by Donkey anti-chicken IgY Cy3,

Millipore AP194C), IgG (goat anti-rat IgG-FITC conju-

gated, Sigma F6258), GFAP (Dako Z0334, followed by

donkey anti-rabbit IgG-Alexa Fluor� 488, ThermoFisher

Scientific, A21206) and ionized calcium binding adaptor

molecule 1 (IBA-1, Wako 019-19741, followed by

donkey anti-rabbit IgG-Alexa Fluor� 488, ThermoFisher

Scientific, A21206). The dilution for both the primary

and the secondary antibodies was 1:500. DAPI staining

was performed with ProLong� Diamond Antifade

Mountant containing DAPI (Invitrogen P36962). Cresyl

violet (ICN 10510-54-0) was used for Nissl staining.

Sections were visualized with either Zeiss Axioplan II

MOT or Zeiss Axio Obzerver Z1.

Electrocorticographic recordings and
seizure detection

Electrode implantation, recording and analysis were per-

formed as described (Bar-Klein et al., 2014a, b). In short,

epidural electrodes were implanted 3mm caudal and

2.5mm lateral to bregma (i.e. one on each hemisphere)

under deep ketamine and xylazine anaesthesia (intraperito-

neal, 80 and 5mg/kg, respectively). A telemetric transmitter

(CTA-F40 or CA-F40, Data Science International) was im-

planted subcutaneously. Rats were then given a 4–7-day re-

covery period before initiation of ECoG recordings (1kHz

sampling rate) for 2 weeks starting from the fifth week

after status epilepticus (14 consecutive days, 24h a day).

ECoG analysis was performed blindly (i.e. the experimenter

was not aware of the treatment) using an in-house automated

seizure detection algorithm, based on feature extraction and

artificial neural network (ANN) clustering. Seizures were

defined as events lasting a minimum of 5 s, thus a sliding

window thresholding procedure was used to detect consecu-

tive ‘positive’ ANN outputs. System performance was evalu-

ated by analysing over 2800h of ECoG signal from three

epilepsy models; pilocarpine, albumin and synapsin triple

knockout. Performance assessment resulted in overall sensi-

tivity and positive predictive value above 98% (for more

details see Bar-Klein et al., 2014a). As an additional precau-

tionary measure, all positively identified seizures were exam-

ined by an expert.

Statistical analysis

Differences in MRI findings, in each of the selected brain

regions, were tested using the Mann-Whitney test, with

Benjamini–Hochberg false discovery rate correction (BH

step-up procedure) (SPSS, IBM, Armonk, NY, USA). To iden-

tify brain regions with positive and negative predictive values

for the risk to develop epilepsy, logistic regression and for-

ward selection were used. A ‘leave one out’ procedure was

used to assess the performance of the model (R environment,

the GNU project). To evaluate the quality of the proposed

MRI biomarker, receiver operating characteristic (ROC) ana-

lysis was carried (Matlab, Mathworks Inc., Natick, MA,

USA). The differences in per cent of animals presenting dis-

tinct epileptic seizures in non-anaesthetized, anaesthetized and

losartan treated rats were analysed using Fisher’s exact test

(due to small cell sizes). P4 0.05 was determined as the

statistical significance level.

Results

Midazolam shortens status epilepti-
cus and results in a novel epilepsy
model with a heterogeneous
outcome

Consistent with previous studies (Bar-Klein et al., 2014b;

Shrot et al., 2014), paraoxon injection (1.4 LD50) resulted

in prolonged (5.35 � 1.86 h) status epilepticus, manifested

as generalized tonic-clonic convulsions (stage 5, according

to the Racine scale; Racine, 1972) in all rats. The end of

status epilepticus was defined as the last stage 5 seizure.

BBB dysfunction as an epileptogenesis biomarker BRAIN 2017: 140; 1692–1705 | 1695
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Spontaneous seizures were recorded at Weeks 5–7 in

85.7% (six of seven) of the rats. Status epilepticus was

shortened (to 0.44 � 0.4 h, P5 0.0001, Mann-Whitney

test) using midazolam (1mg/kg intramuscularly) injected

30min after the appearance of clinical seizures. This proto-

col resulted in 59.1% (13 of 22, P50.0001, Fisher’s exact

test) animals with spontaneous seizures (lasting

54.43 � 1.93 s) 5–7 weeks after poisoning (i.e. epileptic,

Fig. 1A). There was no correlation between status epilepti-

cus duration and delayed seizures within the group of mid-

azolam-treated.

MRI confirms blood–brain barrier
dysfunction following status
epilepticus

To test whether paraoxon-induced epileptogenesis is asso-

ciated with MRI-detectable microvasculopathy, we fol-

lowed longitudinal changes in brain tissue that reflect a

compromised BBB. Magnetic resonance scans were per-

formed at three time points after status epilepticus, selected

to reflect early pathology (Day 2), the latent period of

Figure 1 Imaging vascular integrity in a new model for status epilepticus-induced epilepsy. (A) To establish a novel model for

epileptogenesis with a heterogeneous outcome we injected paraoxon [1.4 LD50, followed 1min later by atropine and toxogonin (ATOX)] to

induce status epilepticus. Treating rats with midazolam 30min following exposure to paraoxon reduced the likelihood of epilepsy (52 delayed

spontaneous seizures) from 86% (n = 7) to 59% (n = 22). (B) Detection of BBB dysfunction using T1-weighted contrast enhancement (T1wCE)

and T2-weighted magnetic resonance scans of naı̈ve animals and at Day 2 following status epilepticus. Voxels with apparent BBB dysfunction

detected using T1-weighted contrast enhancement are colour coded (per cent enhancement after injection of the contrast agent) and super-

imposed on T1-weighted images. Voxels characterized by abnormally high T2 signal are coloured red and superimposed on T2-weighted images.

(C) The distribution of T2-weighted signal intensities. A mixture of three Gaussian probability density functions was used to define ‘abnormal

(lesioned) voxel’. The lesion cut-off threshold was defined as an intersection between 2D and 3D Gaussians (arrow). (D) Brain removed 48 h after

status epilepticus and 2 h after injection of Evan’s blue, showing that extravasation of the dye is consistent with the increased magnetic resonance

signal. (E) Changes in T1-weighted contrast enhancement were found to be significantly higher in epileptic animals compared to naı̈ve controls

within specific brain regions. ANN = artificial neural network.

1696 | BRAIN 2017: 140; 1692–1705 G. Bar-Klein et al.
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epileptogenesis (prior to the development of generalized

seizures, 1 week) and after epilepsy is established (1

month) (Shrot et al., 2014).

The acquired images underwent registration and segmen-

tation into 13 brain subregions. Each voxel was character-

ized by four features portraying BBB dysfunction:

(i) T1-weighted contrast enhancement, reflecting brain ac-

cumulation of peripherally-injected contrast agent; (ii) ab-

normal T2-weighted signal, reflecting changes in water

content; (iii) high ADC; or (iv) low ADC maps, reflecting

changes in water content and/or distribution within the

neuropil. The percentage of volume within each subregion

demonstrated by signal abnormalities was calculated for

each time point and compared to the control group of

un-exposed animals (naı̈ve).

The MRI analysis of paraoxon-exposed rats (n = 42)

compared to non-exposed controls (naı̈ve, n = 16) revealed

statistically significant higher T1-weighted contrast en-

hancement signal in the neocortex and striatum at

1 week and in the amygdala, hippocampus, midbrain, piri-

form network (included the olfactory bulbs, piriform

cortex, dorsal endopiriform nucleus and inferior olive),

septum, striatum and thalamus at 1 month (P5 0.05,

Fig. 1B and E). Abnormal T2-weighted signal was found

in exposed animals at all three time points in the majority

of brain regions (Fig. 1C and D, and Table 1). No signifi-

cant differences were found in DWI analysis between

exposed and control animals.

To validate that the changes in MRI signal reflect a com-

promised BBB, rats (n = 4) were injected with the non-per-

meable albumin-binding dye, Evan’s blue (intravenous,

48mg/kg) 2 days after status epilepticus, and were sub-

jected to microscopic analysis. Consistent with the MRI

data, the piriform cortex and amygdala showed a promin-

ent Evan’s blue signal (Fig. 1D and see below).

Specific MRI features predict the
development of epilepsy

To test if the observed changes in magnetic resonance

signal predict epilepsy, we used ECoG monitoring

(n = 22, weeks 5–7 after status epilepticus, recordings

were not acquired later than the seventh week, which

may result in missing seizures in animals with significantly

delayed epileptogenesis) to identify ‘epileptic’ (5 two spon-

taneous seizures, n = 13) and ‘non-epileptic’ (n = 9) rats.

Imaging results (percentage of voxels in each brain region

with BBB dysfunction) were compared to non-exposed

naı̈ve (n = 16) rats. Epileptic animals presented a signifi-

cantly higher T1-weighted contrast enhancement in the

Table 1 MRI detected status epilepticus-induce brain abnormalities

Brain region T1-weighted contrast enhancement T2-weighted abnormal signal

2 days 1 week 1 month 2 days 1 week 1 month

BBB dysfunction following status epilepticus (all animals)

Amygdala ns ns 0.003 0.000 0.000 0.003

Corp. cal. ns ns ns 0.000 0.034 ns

Hippocampus ns ns 0.003 ns ns ns

Int. cap. ns ns ns 0.000 ns ns

Midbrain ns ns 0.003 ns ns ns

Neocortex ns 0.013 ns 0.002 ns ns

Pallidum ns ns ns 0.000 ns ns

Piriform n.w. ns ns 0.020 0.000 0.007 0.000

Septum ns ns 0.022 0.050 0.009 0.000

Striatum ns 0.033 0.000 0.000 0.029 0.003

Thalamus ns ns 0.016 ns ns ns

BBB dysfunction is associated with increased risk for epileptogenesis

E NE E NE E NE E NE E NE E NE

Amygdala 0.046 ns ns ns 0.022 ns 0.000 0.013 0.013 ns 0.007 0.007

Corp. cal. ns ns ns ns ns ns 0.007 0.036 ns ns ns ns

Hippocampus ns ns ns ns 0.022 ns ns ns ns ns ns ns

Int. cap. ns ns ns ns ns ns 0.000 0.037 ns ns ns ns

Neocortex ns ns 0.039 ns ns ns 0.000 ns ns ns ns ns

Pallidum ns ns ns ns ns ns 0.000 0.013 ns ns ns ns

Piriform n.w. 0.046 ns ns ns 0.042 ns 0.000 0.022 0.013 ns 0.000 0.007

Septum ns ns ns ns 0.047 ns ns ns 0.026 ns 0.007 0.026

Striatum ns ns ns ns 0.022 ns 0.000 0.037 0.050 ns 0.007 ns

A significance table showing statistically significant changes in magnetic resonance T1-weighted contrast enhancement and T2-weighted abnormal signals in rats after status epilepticus

compared to naı̈ve rats (Mann-Whitney test with Benjamini–Hochberg false discovery rate correction) at 2 days, 1 week and 1 month by brain region. Note that while changes in T2

abnormal signal characterize both groups, T1-weighted contrast enhancement was significantly different only in epileptic rats. Brain regions with no significant differences in all time

points were excluded from the table. Corp. cal. = corpus callosum; Int. cap. = internal capsul; Piriform n.w. = piriform network; ns = not significant (i.e. P-value4 0.05); E = epileptic;

NE = non-epileptic.
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amygdala and piriform network on Day 2 following status

epilepticus, in the neocortex at 1 week and in the amyg-

dala, hippocampus, piriform network, septum and striatum

at 1 month (P5 0.05, Fig. 1E). At Day 2, epileptic rats also

demonstrated a significantly increased T2-weighted signal in

the amygdala, corpus callosum, internal capsule, neocortex,

piriform network, pallidum and striatum (P5 0.05). At 1

week and 1 month, increased T2-weighted signal was found

significant in the amygdala, piriform network, septum and

striatum (P5 0.05). Importantly, non-epileptic animals did

not show differences in T1-weighted contrast enhancement,

when compared as a group to naı̈ve rats. T2-weighted

signal was significantly higher in non-epileptic animals at

Day 2 in the amygdala, corpus callosum, internal capsule,

pallidum, piriform network and striatum compared to

naı̈ve animals (P5 0.05). At 1 week no significant increase

was measured and at 1 month, a significant increase was

found in the amygdala, piriform network and septum

(P50.05, Fig. 2A and B, and Table 1).

We next used a logistic regression model to search for

brain region(s) with early BBB pathology that would best

predict epilepsy. We used 26 variables (per cent voxels with

abnormal T2-weighted and T1-weighted contrast enhance-

ment signal in 13 brain regions, n = 22) from images ob-

tained at Day 2 after exposure, with respect to the binary

determination of epileptic or non-epileptic. Forward selec-

tion algorithm was used to create the model with a ‘leave

one out’ performance evaluation. The procedure identified

T2-weighted signal increase in the piriform network

[b̂ = 2.83, high values indicates for a higher probability

(P) for epilepsy] as the most predictive for epilepsy. Using

P = 0.5 as a cut-off point (for P4 0.5 the rat will be clas-

sified as epileptic) the sensitivity was 84.6% (11 of 13 epi-

leptic rats were correctly classified), and specificity of

44.4% (five of nine non-epileptic rats were falsely classi-

fied). ROC analysis revealed an area under the curve (AUC)

of 0.72 (P = 0.089, Fig. 2E). Interestingly, the statistical

model also revealed brain regions, including the internal

capsule, septum and thalamus (b̂ = �0.475, �2.951,

�0.672, respectively), in which BBB dysfunction was asso-

ciated with a lower probability for epilepsy. In fact, the

statistical model identified both an ‘epileptogenic network’

(mainly the piriform network), in which BBB damage

increased the risk for epilepsy, as well as a ‘limiting net-

work’ (included the internal capsule, septum and thalamus),

in which BBB damage reduced the risk for epilepsy. While

BBB dysfunction within the epileptogenic network was

found in all animals that later developed epilepsy, the

non-epileptic group was heterogeneous and included rats

that did not show BBB dysfunction within the epileptogenic

network (‘healthy microvasculature’) and rats who demon-

strated diffused BBB dysfunction (‘diffused microvascular

pathology’), in both the ‘epileptogenic’ and the ‘limiting’

brain networks (Fig. 2C and D). Including both networks

in the model resulted in sensitivity of 76.9% (10 of 13

epileptic rats were correctly classified) and specificity of

66.7% (three of nine non-epileptic rats were falsely

classified) with AUC = 0.92 (P50.0001) in ROC analysis

(Fig. 2E). Because one animal presented only one seizure,

we further challenged our findings by repeating the analysis

after reclassifying the animals into ‘epileptic’ and ‘non-epi-

leptic’ to include this rat as ‘epileptic’. Under these settings,

early BBB damage in the piriform cortex was found again

as a predictor for epilepsy (b̂ = 1.676). This model had sen-

sitivity of 92.86% (13 of 14 epileptic rats were correctly

classified) and specificity of 62.5% (three of eight non-epi-

leptic rats were falsely classified) with AUC = 0.833

(P = 0.004) in ROC analysis.

To confirm the biopathological relevance of the proposed

biomarker, histological analysis was carried in brains

removed after MRI from naı̈ve (n = 4) and at Day 2 fol-

lowing status epilepticus (n = 4, Fig. 3A). The piriform net-

work showed a significant cellular loss in Cresyl violet

staining (Fig. 3B), leakage of the serum proteins albumin

and IgG, reactive astrocytes (using GFAP) and microglia

(IBA-1) (Fig. 3C). Taken together, these findings confirm

BBB dysfunction and associated neuroinflammation within

the same brain regions identified in the MRI.

Isoflurane anaesthesia or losartan
prevent microvasculopathy and
epilepsy

To test the capacity of magnetic resonance-based identifi-

cation of vascular pathology to not only diagnose the

epileptogenic network and predict epilepsy, but also to

follow-up response to treatment, we quantified magnetic

resonance changes in animals treated with either isoflurane

anaesthesia, a known suppressor of epileptiform activity

(Prasad et al., 2014; Tasker and Vitali, 2014) that was

recently shown to prevent epileptogenesis in both the para-

oxon and kainic models of epileptogenesis (Bar-Klein et al.,

2016), or losartan, an FDA-approved anti-hypertensive

drug was shown to effectively prevent epileptogenesis

induced by BBB dysfunction (Bar-Klein et al., 2014a).

Anaesthetized animals (n = 8) underwent repetitive, 1 h

sessions of deep anaesthesia (isoflurane, 1–2%), at 1, 6,

12 and 24 h following status epilepticus. Losartan was in-

jected once every 24 h for the first 3 days (intraperitoneal,

60mg/kg) and then added to the drinking water to com-

plete 3 weeks of treatment (2 g/l). Video-ECoG monitoring

was performed (Weeks 5–7 post status epilepticus, n = 12)

to assess treatment outcome. Image analysis in both treat-

ment groups, anaesthesia or losartan, did not reveal signifi-

cant changes in signal in any brain region across time

points (Fig. 4A). When compared to untreated animals,

anaesthetized rats showed a significant reduction in T2-

weighted abnormal signals in the amygdala, corpus callo-

sum, neocortex, pallidum, piriform network, septum and

striatum at Day 2 (P5 0.05). Normalization of the T2-

weighted signals was also observed at 1 week (piriform

network, septum, and striatum) and 1 month (amygdala,

piriform network and striatum) after exposure (P50.05,

1698 | BRAIN 2017: 140; 1692–1705 G. Bar-Klein et al.
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Figure 2 Imaging vascular integrity as a biomarker for epileptogenesis. (A) T2-weighted scan-based 3D reconstructions (left) and

coronal slices (right) of a control naı̈ve, and three additional rats 2 days following status epilepticus, including a rat that later presented with

seizures (epileptic) and two with no seizures (non-epileptic). Detected T2-weighted abnormal signal (coloured in black in 3D images) is clearly

observed in the epileptic rat. Status epilepticus-exposed non-epileptic rats were either ‘negative’ (i.e. did not show a significant signal change) or

showed diffuse, severe damage (see text for details). (B) Fold change in T2-weighted abnormal signal (compared to naı̈ve controls) per region and

BBB dysfunction as an epileptogenesis biomarker BRAIN 2017: 140; 1692–1705 | 1699
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Table 2). Losartan-treated rats similarly showed normaliza-

tion of the signal at Day 2 in amygdala, corpus callosum,

internal capsule, neocortex, midbrain, pallidum, piriform

network and striatum (P5 0.05) and at 1 month in the

amygdala, midbrain and piriform network (P5 0.05,

Table 2). Importantly, while both treatments resulted in

normalization of BBB integrity in the epileptogenic network

(Fig. 4B), ECoG monitoring confirmed the magnetic reson-

ance prediction with a reduction in the percentage of epi-

leptic animals from 59.1% (13 of 22 non-anaesthetized

rats) to 16.7% (2 of 12) in isoflurane-treated and 5.56%

(1 of 18) in losartan-treated rats (P = 0.02 and P5 0.0001,

respectively, Fisher’s exact test, Fig. 4C).

Albumin-binding tracer shows
increased magnetic resonance
sensitivity to blood–brain barrier
pathology

While T1-weighted contrast enhancement is considered the

most common approach for the detection of BBB dysfunc-

tion in clinical studies (Chassidim et al., 2015), we found

T2-weighted signal changes more sensitive. As the choice of

contrast agent may have a significant effect on the capacity

to detect BBB damage, due to the nature of permeability

changes (Kang et al., 2013) and contrast agent pharmaco-

kinetics, we also tested gadofosveset trisodium (n = 6), a

clinically approved gadolinium-based albumin binding con-

trast agent that has a longer half-life in serum

(Phinikaridou et al., 2012). In non-exposed naı̈ve rats

with intact BBB, no difference between the two contrast

agents was found in the extent of abnormal enhancement.

However, after status epilepticus (1 h and 2 days) signifi-

cantly higher percentages of voxels with abnormal enhance-

ment were detected when the albumin-binding agent

gadofosveset trisodium was used, compared to gadoteric

acid (P = 0.041, P = 0.023, Mann-Whitney test, respect-

ively, Fig. 5).

Discussion
A critical need in biomarker research is the development of

animal models that, similar to the clinical condition, will

show delayed complications (e.g. epilepsy) to a variable

extent despite a similar insult, such that the sensitivity

and specificity of the biomarker could be measured. We

established a status epilepticus rat model for epileptogenesis

using paraoxon, a commonly used organophosphate pesti-

cide and an inhibitor of brain acetylcholinesterase.

Paraoxon, likely due to massive increases in brain acetyl-

choline levels, triggers prolonged status epilepticus (Cehovic

et al., 1972; Marrs, 1993), which can be significantly shor-

tened using the long-acting GABAergic agonist, midazolam.

Using this treatment protocol epileptogeneiss is suppressed

and delayed recurrent spontaneous seizures are recorded in

560% of the rats.

We evaluated microvasculopathy and damaged BBB by

measuring the percentage of voxels in each of the 13 se-

lected brain regions (comprising over 90% of brain

volume) with a pathological T2-weighted signal (for vaso-

genic oedema) (Gerriets et al., 2004), T1-weighted contrast

enhancement (leakage of contrast agent through the dys-

functional BBB) (Chassidim et al., 2013, 2015; Weissberg

et al., 2014) and diffusion weighted signal (for oedema)

(Tomkins et al., 2007; Chassidim et al., 2013, 2015;

Weissberg et al., 2014). We found abnormal T1-weighted

contrast enhancement and T2-weighted signals in suspected

epileptogenic brain regions already 2 days after status epi-

lepticus, throughout the epileptogenic period and after the

establishment of epilepsy. Using a logistic regression model

we identified an ‘epileptogenic network’, composed of the

piriform network (including the olfactory bulbs, piriform

cortex, dorsal endopiriform nucleus and inferior olive),

which best predicts epilepsy. These results are consistent

with previous studies showing that the same brain regions

display the most robust inflammatory response in PET after

pilocarpine-induced status epilepticus (Maeda et al., 2003;

Dedeurwaerdere et al., 2012) and BBB breakdown after

status epilepticus induced by kainic acid (van Vliet et al.,

2014, 2016a, b). The piriform cortex has a low threshold

for seizures and seems to commence seizures in different

models of epilepsy (Vismer et al., 2015), possibly due to

its tight connectivity with other epileptogenic brain regions,

including the amygdala, hippocampus, entorhinal and peri-

rhinal cortices (Löscher and Ebert, 1996). Exposure of the

piriform cortex to a low dose of the GABA antagonist

bicuculline results in bilateral clonic seizures (Piredda and

Gale, 1985), and injection of gamma-vinyl GABA focally

into the piriform cortex prevents seizures induced by sys-

temic bicuculine (Piredda et al., 1987). Interestingly, in a

model of febrile status epilepticus in rat pups, T2 relaxation

time in the amygdala was reported to be reduced (Choy

et al., 2014), which may suggest different epileptogenic

mechanisms in different developmental stages.

Figure 2 Continued

time in epileptic animals (n = 13). Note that regions showing increased signal at 1 month are already highlighted at Day 2 after status epilepticus.

(C) Extent of BBB dysfunction (BBBD) in the piriform cortex and septum. Note the large variability within the exposed–non-epileptic (Non-epi)

group. (D) The measured relative volume of brain regions with apparent BBB pathology in the epileptogenic and limiting networks in epileptic

animals compared with non-epileptic non-responding (non-resp.) and responding (resp.) rats. (E) ROC analysis showing the specificity and

sensitivity of the proposed biomarker using the piriform network only (grey line), and after adding the negative predicting value of the internal

capsula, septum and thalamus (black line). DEn = dorsal endopiriform nucleus; Hip = hippocampus; IC = internal capsule; IO = inferior olive;

n.w. = network; Pir = piriform cortex; Sep = septum; Thal = thalamus. *P5 0.05.
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A striking unexpected observation was the identification

of brain regions that, when affected, reduce the likelihood

for the development of epilepsy after status epilepticus.

Thus, status epilepticus-exposed non-epileptic animals

could be stratified into ‘negative’ (rats that did not show

microvasculopathy in the epileptogenic network) and

‘positive’ with diffuse magnetic resonance changes (micro-

vasculopathy included the epileptogenic network, as well

as the internal capsule, septum and thalamus). Whether

the absence of seizures in this group is due to interrupted

thalamocortical connectivity required for the spread of

limbic seizures, as has been reported in temporal lobe epi-

lepsy patients (He et al., 2015), is yet unknown. This may

be supported by a recent study demonstrating that rapa-

mycin treatment results in reduced frequency of late seiz-

ures, while status epilepticus-induced damage and BBB

pathology were aggravated (van Vliet et al., 2016a,b).

An alternative hypothesis is a true inhibition of the gen-

eration of seizures and/or generalization as reported (for

example) for the substantia nigra pars reticularis in genetic

absence epilepsy rats from Strasbourg (GAERS) (Akman

et al., 2015). Of interest is the involvement of the septal

nuclei, with its reciprocal connections with olfactory and

limbic structures, as well as the thalamus. Indeed, in brain

slices from status epilepticus-induced epileptic rats septo-

hippocampal cholinergic input to the entorhinal-hippo-

campal network has been shown to induce the generation

of seizures (Zimmerman et al., 2008).

The most common approach to directly measure leaky

brain vessels is the use of T1-weighted signal enhancement,

following the injection of a gadolinium-based contrast

agent. While in the present study T2-weighted signal

Figure 3 Magnetic resonance abnormal signal reflects neuronal damage, BBB dysfunction and brain immune response. (A) At

Day 2 after status epilepticus, BBB lesion identified on T2-weighted images reflects tissue damage observed with Cresyl violet staining (B).

(C) Immunostaining within the peri-lesional piriform cortex (asterisk in B) against the astrocytic marker GFAP (green), serum albumin (red, left),

IgG (red, right) DAPI (blue) and the microglial marker IBA-1 (magenta), showing extravasation of albumin and IgG with concomitant activation of

astrocytes and microglia.

Figure 4 Repetitive anaesthesia and losartan treatment

attenuates brain pathology in status epilepticus-exposed

rats. (A) Representative T2-weighted scans at Day 2 following insult

from non-anaesthetized [(�) anes., left] from a rat that was provided

with repetitive anaesthesia [( + ) anaesthesia, middle] and from a rat

treated with losartan [( + ) losartan, right]. (B) Both repetitive an-

aesthesia and losartan treatment reduced significantly the volume of

brain with apparent BBB dysfunction (BBBD) at Day 2, 1 week and 1

month (P = 0.000, P = 0.007, P = 0.003, and P5 0.0001, P = 0.038,

P = 0.001, respectively, Mann-Whitney test) after status epilepticus.

(C) Per cent epileptic animals in status epilepticus-exposed rats that

were treated with paraoxon only compared to rats that were in

addition exposed to repetitive anaesthesia ( + anesth.) or treated

with losartan ( + los). Anaesthesia (n = 12) and losartan treatment

(n = 18) showed a significant protective effect (P = 0.02, P5 0.0001,

respectively, Fisher’s exact test).

BBB dysfunction as an epileptogenesis biomarker BRAIN 2017: 140; 1692–1705 | 1701

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
ra

in
/a

rtic
le

/1
4
0
/6

/1
6
9
2
/3

7
4
8
8
8
9
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



changes were found to better predict the development of

epilepsy, T1-weighted contrast enhancement abnormal

signal was consistent with T2-weighted changes and signifi-

cantly higher within the epileptogenic network in treated

rats (Fig. 2 and Table 1). We confirmed vascular pathology

and leaky BBB using histopathological examination of

Evans blue extravasation and positive immunostaining for

serum albumin and IgG, and consistent with previous stu-

dies (Ding et al., 2000; Ivens et al., 2007; Tomkins et al.,

2007; Friedman et al., 2009; Heinemann et al., 2012), we

show astroglial and microglia activation in regions with

BBB dysfunction.

We next tested the potential of quantitative BBB imaging

as a pharmacodynamics biomarker to follow-up treatment

efficacy. Indeed, early treatment with either isoflurane an-

aesthesia or losartan prevented imaging changes within the

‘epileptogenic network’ and prevented epilepsy. Studying

the mechanisms underlying the anti-epileptogenic effect of

isoflurane anaesthesia is beyond the scope of the present

study. The anti-epileptogenic effects of isoflurane have

been recently shown in two independent models of epilep-

togenesis (Bar-Klein et al., 2016) and are consistent with

clinical data showing reduced mortality and morbidity in

patients anaesthetized during pharmaco-resistant status epi-

lepticus (Prasad et al., 2014; Tasker and Vitali, 2014) and

with the endothelial protecting and anti-inflammatory effect

of isoflurane (Bakar et al., 2012; Altay et al., 2014;

Bar-Klein et al., 2016). Notably, high doses of isoflurane

were previously shown to increase BBB permeability

(Tétrault et al., 2008), emphasizing the need for controlled,

dose-response studies, but also a close, real-time monitoring

of brain response to treatment.

Losartan has been recently shown to block epileptogen-

esis in animals following the induction of BBB breakdown

or direct exposure of the neocortex to albumin (Bar-Klein

et al., 2014a). Interestingly, losartan was also shown to be

anti-epileptogenic in the kainate model for epilepsy

(Tchekalarova et al., 2014). We now demonstrate the

anti-epileptogenic effect of losartan in the status epilepticus

model and suggest that early follow-up of microvascular

pathology may predict such protective pharmacological

effect.

Another question arising from our study pertains to the

selection of imaging protocol and contrast agent for the

identification of leakage through the compromised BBB.

While abnormal T2-weighted signal was found to better

predict the development of epilepsy in our rat model,

T1-weighted contrast enhancement tests directly vessels’

permeability and is thus expected to become a more specific

biomarker for a compromised BBB as a specific pathobio-

logical mechanism. The selection of contrast agent, route of

administration, imaging protocol and magnetic strength

will determine the extent of contrast accumulation and

signal-to-noise ratio that allow the detection of abnormal

signal. For example, it has been reported that a longitu-

dinal (20min) infusion of gadoteric acid overcomes the

short serum half-life of the tracer and results in a significant

increase in signals within brain areas with dysfunctional

BBB (van Vliet et al., 2014). We present an alternative ap-

proach by using gadofosveset trisodium, a gadolinium-

based, FDA-approved tracer with a high affinity for

serum albumin. To date there are no comparative human

studies for the detection of the epileptogenic network using

the two agents.

Finally, we propose a feasible contrast-enhanced modal-

ity to detect regions with BBB hyper-permeability in

humans (Fig. 6). It is important to note that while quanti-

tative monitoring of BBB pathology is not being routinely

Table 2 Repetitive anaesthesia and losartan prevents brain abnormalities

Differences in brain magnetic resonance abnormal signals between treated and non-treated rats

Brain region T1-weighted contrast

enhancement� anaesthesia

T2-weighted abnormal

signal� anaesthesia

T2-weighted abnormal

signal� losartan

2 days 1 week 1 month 2 days 1 week 1 month 2 days 1 week 1 month

BBB dysfunction following status epilepticus

Amygdala ns ns ns 0.003 ns 0.008 0.008 ns 0.031

Corp. cal. ns ns ns 0.005 ns ns 0.023 ns ns

Int. cap. ns ns ns ns ns ns 0.006 ns ns

Midbrain ns ns ns ns ns ns 0.000 ns 0.031

Neocortex ns 0.000 ns 0.005 ns ns 0.013 ns ns

Pallidum ns ns ns 0.003 ns ns 0.004 ns ns

Piriform n.w. ns ns 0.032 0.011 0.013 0.000 0.023 ns 0.031

Septum ns ns ns ns 0.023 ns ns ns ns

Striatum ns ns 0.032 0.000 0.013 0.002 0.000 ns ns

A significance table showing statistically significant differences in magnetic resonance T1-weighted contrast enhancement and T2-weighted abnormal signals at Day 2 after status

epilepticus between rats that were repetitively anaesthetised during the first 48 h after status epilepticus or provided with losartan treatment and rats that were anaesthetized for the

first time at Day 2 (to perform magnetic resonance scans), by brain region (Mann-Whitney test with Benjamini-Hochberg false discovery rate correction). Brain regions with no

significant differences in all time points were excluded from the table. Corp. cal. = corpus callosum; Int. cap. = internal capsule; Piriform n.w. = piriform network; ns = not significant

(i.e. P-value4 0.05).
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performed in the clinic, several groups have recently imple-

mented contrast enhanced MRI to diagnose microvascular

pathology in patients with mild traumatic brain injury

(Weissberg et al., 2014) and cognitive impairments of

ageing (Zlokovic, 2008). Future studies are required to con-

firm the most sensitive, reliable and cost-effective protocol,

and to test its value in predicting post-injury epilepsy in

patients.

To conclude, we suggest quantitative MRI analysis of

cerebrovascular dysfunction as a clinically applicable bio-

marker to diagnose the epileptogenic network. Large-scale

studies are awaited to reveal the potential of BBB imaging

as a diagnostic, prognostic and pharmacodynamic bio-

marker after brain injuries.

Figure 6 Imaging BBB dysfunction as a biomarker for

epileptogenesis; outline for translation into the clinic. Two

types of T1-weighted sequences are used: (i) variable flip angle

(VFA), used to generate preinjection T1 maps; and (ii) dynamic

contrast-enhanced (DCE) sequence, used to calculate T1 map for

each time point [T1(t)]. Concentration curves [C(t)] are generated

and representative curves from artery (red), lesion (blue) and intact

brain (black) are shown. BBB permeability map is calculated, and can

be displayed on top of anatomical scan, using a population-based

permeability threshold.

Figure 5 Albumin-binding tracer is more sensitive in de-

tecting BBB dysfunction. (A) T1-weighted images after injection

of gadoteric acid (Gadoter) or the albumin binding tracer, gado-

fosveset trisodium (Gadofos), from naı̈ve, 1 h and 2 days following

status epilepticus. (B) Brain volume with abnormal enhancement

showing higher detection of voxels with abnormal permeability

when gadofosveset trisodium was injected compared to gadoteric

acid at 1 h (P = 0.041, Mann Whitney test, n = 6 and 10, respect-

ively) and 2 days (P = 0.023, Mann-Whitney test, n = 8 and 3, re-

spectively), but not in naı̈ve controls.
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