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Post-injury epilepsy (PIE) is a common complication following brain insults, including ischemic, and traumatic
brain injuries. At present, there are no means to identify the patients at risk to develop PIE or to prevent its
development. Seizures can occur months or years after the insult, do not respond to anti-seizure medications
in over third of the patients, and are often associated with significant neuropsychiatric morbidities. We have
previously established the critical role of blood–brain barrier dysfunction in PIE, demonstrating that exposure
of brain tissue to extravasated serum albumin induces activation of inflammatory transforming growth factor
beta (TGF-β) signaling in astrocytes and eventually seizures. However, the link between the acute astrocytic
inflammatory responses and reorganization of neural networks that underlie recurrent spontaneous seizures re-
mains unknown. Herewe demonstrate in vitro and in vivo that activation of the astrocytic ALK5/TGF-β-pathway
induces excitatory, but not inhibitory, synaptogenesis that precedes the appearance of seizures. Moreover,
we show that treatment with SJN2511, a specific ALK5/TGF-β inhibitor, prevents synaptogenesis and epilepsy.
Our findings point to astrocyte-mediated synaptogenesis as a key epileptogenic process and highlight the
manipulation of the TGF-β-pathway as a potential strategy for the prevention of PIE.

© 2015 Elsevier Inc. All rights reserved.
Introduction

Traumatic, ischemic, and infectious brain injuries often initiate a cas-
cade of epileptogenic events, ultimately leading to post-injury epilepsy
(PIE) after a latent period of months to years. Accumulating evidence
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suggests a key role of post-injury dysfunction of the blood–brain barrier
(BBB) in the development of PIE: BBB dysfunction is awell-documented
finding in patients following brain trauma (occurring within hours of
the event and often persisting for days to weeks; for a review, see
Abbott and Friedman, 2012; Cunningham et al., 2005; Rosenberg,
2012; Shlosberg et al., 2010) and ismore frequent in post-traumatic pa-
tients with epilepsy (Raabe et al., 2012; Schmitz et al., 2013; Tomkins
et al., 2008). In experimental animals, BBB dysfunction was associated
with increased propensity for symptomatic seizures and the develop-
ment of epilepsy (Friedman et al., 2009; Frigerio et al., 2012; Marchi
et al., 2007; Seiffert et al., 2004; Van Vliet et al., 2007).

Previous studies have linked the brain's immune response with sei-
zures and epilepsy, as activation of the pro-inflammatory IL-1 receptor/
Toll-like receptor (IL1R/TLR) system was shown to promote seizure
onset and recurrence in mice and rats (for a review, see Devinsky
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et al., 2013; Marchi et al., 2013; Vezzani et al., 2011a, 2011b). Recent
findings have highlighted the involvement of a specific inflammatory
pathway in PIE, identifying the epileptogenic role of transforming
growth factor beta (TGF-β) signaling in animal models of BBB dysfunc-
tion. Serum albuminwas shown to enter BBB-disrupted brain tissue and
bind to TGF-β receptors in astrocytes (Ivens et al., 2007), inducing
inflammatory signaling (Cacheaux et al., 2009) and SMAD-2/3
phosphorylation (Bar-Klein et al., 2014), thereby modifying astrocytic
function (Braganza et al., 2012; David et al., 2009; Seiffert et al., 2004).
TGF-β signaling was also associated with immediate changes in extra-
cellular potassium and glutamate, and a lower threshold for neuronal
activation in slices (David et al., 2009; Lapilover et al., 2012). However,
the immediate and short-lived nature of these changes (Ivens et al.,
2007; Lapilover et al., 2012) suggests the involvement of additional
modifications, underlying permanent network changes that sustain
chronic recurrent seizures. While axonal sprouting and synaptogenesis
were shown to contribute to seizures and persistent network alterations
(Babb et al., 1991; Bragin et al., 2000; Marco and DeFelipe, 1997), the
detailed changes and mechanisms underlying network reorganization
in PIE are not well understood.

Glial cells are known to play a key role in the formation and elimina-
tion of both excitatory and inhibitory synapses in developing andmature
brain (Chung and Barres, 2012; Clarke and Barres, 2013; Elmariah et al.,
2005; Eroglu and Barres, 2010). Specifically, astrocytes were shown to
regulate synaptogenesis through secretion of thrombospondins (TSPs)
(Christopherson et al., 2005; Crawford et al., 2012; Eroglu et al., 2009;
Liauw et al., 2008), Hevin (Kucukdereli et al., 2011) and glypicans 4
and 6 (Allen et al., 2012). Moreover, synapse formation was also associ-
ated with activation of TGF-β signaling in Schwann cells (Feng and Ko,
2008; Packard et al., 2003), andmore recently in astrocytes via induction
of Smad3 (Yu et al., 2014), secretion of D-serine (Diniz et al., 2012), and
CaM kinase II signaling (Diniz et al., 2014). Since the dysfunction of
astroglia has been shown following brain injury, in models of acquired
epilepsy (Crunelli et al., 2014; Devinsky et al., 2013; Friedman et al.,
1996; Marchi et al., 2013) and in the BBB-compromised brain, here we
set out to study the role of albumin-induced TGF-β pathway activation
in synaptogenesis and chronic seizures. We further challenged the
hypothesis that the inhibition of the TGF-β ALK5 receptor is sufficient
to prevent the development of epilepsy. Through a combination of
in vitro and in vivo models of inflammation post-BBB dysfunction, our
study sheds light on the epileptogenic cascade following brain injury
and highlights novel targets for PIE prevention in at-risk patients.

Materials and methods

All animal procedures were approved by the UC Berkeley Animal
Care and Use Committee or the animal care and use ethical committees
at the Ben-Gurion University of the Negev, Beer-Sheva.

Intracerebroventricular (ICV) pump implantation

Two-month-oldmale FVB-Nmice (Harlan, Israel)were anesthetized
with isoflurane (0.8–1.2%) and placed in a stereotaxic frame. A 0.7-mm-
diameter hole was drilled through the skull over the somatosensory
cortex (0.5mmcaudal, 1mm lateral to bregma) and anterior to the hip-
pocampus. Micro-osmotic pumps (ALZET, Cupertino, CA) were filled
with 200 μL of either 0.4 mM bovine serum albumin (BSA; Sigma)
solution or 100 ng/mL TGF-β1 (Peprotech, Rocky Hill, NJ) in artificial
cerebrospinal fluid (aCSF), as previously described (Seiffert et al.,
2004), and placed subcutaneously between the shoulder blades. In a
subset of animals, 10% of the BSAwas replaced with fluorescein isothio-
cyanate (FITC)-conjugated BSA (Sigma) or Alexa Fluor 488-conjugated
BSA (Life Technologies) (2.68 g/L). Other animals were infused
with BSA and 300 μM SJN2511 (Tocris, Bristol, UK) to block TGF-β
signaling. Sham controls were implanted with pumps containing
aCSF with FITC-conjugated 70 kD dextran (Sigma). Pumps delivered
their contents into the right lateral cerebral ventricle via a brain infusion
kit (ALZET, 0008851). Pumps were extracted under isoflurane anesthe-
sia 7 days after implantation.
Immunohistochemistry (IHC)

Brain sections were stained according to commonly accepted proto-
cols (Ippolito and Eroglu, 2010). Mice were cardio-perfused with
phosphate-buffered saline (PBS), and brains were removed and fixed
in 4% PFA in PBS overnight at 4 °C. The brains were then transferred to
PBS containing 30% sucrose for 24 h and then embedded in a 2:1
mixture of 20% sucrose in PBS:Tissue-Tek OCT (VWR, Radnor, PA).
Once frozen, 12 μm sections were collected using a freezingmicrotome.
Slices were dried at 37 °C, washed three times in PBS and blocked with
10% normal goat serum in PBS for 1 h. Glial fibrillary acidic protein
(GFAP) stains were performed using a monoclonal mouse anti-GFAP
(Sigma). Excitatory synapses were labeled with primary antibodies
for PSD-95 (Millipore, 1:200) and synapsin1 (Synaptic Systems,
Goettingen, DE; 1:200). Alexa Fluor 555 andAlexa Fluor 488-conjugated
secondary antibodies (Abcam, Cambridge, MA; 1:400) in 1% normal
donkey serum in PBS were applied for 2 h at room temperature. The
nuclear stain (ToPro3, Life Technologies; 1:1000) was added prior to
mounting coverslips. Each treated slice was stained together with a
matched control.
Western blot

Extracted brain tissue was immediately frozen on dry ice and
homogenized in 20 mM Tris–HCl (pH 7.4), and 1 mM EDTA, 5 mM
EGTA, 1 mM Na-vanadate, 2 μg/μL aprotinin, 1 μg/μL pepstatin, and
2 μg/μL leupeptin (30 mg tissue/150 μL homogenization buffer). Equal
amounts of protein (30 μg) were separated by SDS–PAGE (11%) and
transferred to nitrocellulose membranes (Bio-Rad Laboratories).
Membranes were rinsed with PBS containing 0.1% Tween 20 and
blocked with 5% nonfat milk in 1× PBS overnight at 4 °C. The
membranes were incubated with mouse monoclonal antibody against
GFAP (1:20000; Chemicon Int Inc.) for 1 h at room temperature. After
washes in PBS–1% Tween (PBS-T), membranes were incubated with
peroxidase-conjugated anti-mouse secondary antibody (1:10,000;
Sigma-Aldrich) in PBS with 3% milk for 1 h. Membranes were then
washed repeatedly in PBS-T and incubated with ECL. Immunoreactive
bands were visualized, and series of ECL exposures were performed to
ensure that non-saturated bands were used for quantification. Western
blot data acquisition and analysis were accomplished by measuring the
pixel density and area of Immunoreactive bands from the ECL films
using ImageJ. Values were normalized to β-actin.
Telemetric electrocorticography and seizure detection

ECoG activity was monitored telemetrically (Data Science Interna-
tional, St. Paul, MN) for up to a month after pump implantation. During
pump implantation, a subset of animals was implanted with a small
transmitter (TA10EAF20), placed subcutaneously on the dorsal side.
Two 0.7-mm-diameter holes were drilled through the skull over the
cortex (0.5 mm anterior, 2.5 mm lateral to lambda) for screws serving
as electrodes. The epicranial side of each screw was connected to a
transmitter lead and secured with bone cement. Signals were transmit-
ted to a receiver placed below the animal's cage and saved on a personal
computer at a sampling rate of 1 KHz. For the unbiased detection of sei-
zures, ECoG data were analyzed using an in-house algorithm, based on
feature extraction and artificial neural network (ANN) classification
(Bar-Klein et al., 2014). Seizures were defined an electrographic events
lasting a minimum of 5 s.
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Ex vivo GFAP and synaptic quantification

Brain slices were imaged using z-stack confocal microscopy
(Olympus IX50) and a 40× (GFAP) or 63× (synaptic) objective with
1 μm z-slices. Images were analyzed automatically using Matlab
(Mathworks, Natick, MA). For GFAP quantification, positive voxels
were considered as those with intensities higher than the averaged in-
tensity of control images (meanminus standard deviation). For synaptic
quantification,we adapted fromEroglu et al. (2009), Ippolito and Eroglu
(2010) (http://fohs.bgu.ac.il/neurophysio/). In brief, maximum intensi-
ty projections (MIPs) were generated from groups of 3 consecutive
sections (1 μm each). The puncta size was set at 4–15 voxels and
synapses were defined as at least 50% co-localization between pre-
and post-synaptic staining.

Primary cell culture

Brains from embryonic day 19 Sprague–Dawley rats (Charles River,
Hollister, CA) were removed and the temporal lobe was microdissected.
Cells were dissociated with a papain solution (10 U/mL) for 20 min at
37 °C, after which they were pelleted by centrifugation, and the papain
solution was replaced with HBSS (Life Technologies, Grand Island, NY).
A single cell suspension was achieved by mechanical trituration and
the cells were counted using a hemocytometer. The cells were plated
at a density of 12.5 × 104 cells per mL in growth medium (MEM with
Earle's salts, 2.5% B27 supplement (Life Technologies), 5% FBS (Life Tech-
nologies), 20 mM glucose, and 5 mM L-glutamine into glass-bottomed
chamber slides (Thermo Fisher Scientific, Portsmouth, NH). After a 4-h
incubation, the cell culture medium was replaced with Neurobasal
medium (Life Technologies) supplemented with 2% B27 and 0.5 mM
GlutaMAX (Life Technologies). The cells were maintained in 5% CO2 at
37 °C. For pure neuronal cultures, cytosine arabinofuranoside (AraC;
10 μM; Sigma, St. Louis, MO) was added at 3 days in vitro (DIV) to the
cultures to inhibit mitotically dividing cells. Cells were treated for 72 h
with 0.2 mM BSA, 10 ng/mL TGF-β1, or Neurobasal media. For TGF-β
blocking experiments, cells were pre-incubated for 1 h in 30 μM SJN
2511.

Immunocytochemistry (ICC)

For ICC in vitro preparations, cells were fixedwith 4% PFA for 15min
at room temperature andwashed in PBS. Cells were permeabilizedwith
0.1% Triton X-100 in PBS for 15min at room temperature. Primary anti-
bodies were incubated overnight at 4 °C in 1% normal donkey serum
(Jackson ImmunoResearch,West Grove, PA) in PBS. Excitatory synapses
were labeled with primary antibodies for PSD-95 (UC Davis, Neuromab,
Davis, CA; 1:800) and synapsin1 (Sigma; 1:800). Inhibitory synapses
were labeled with primary antibodies for V-Gat (Millipore, Billerica,
MA; 1:200) and Gephyrin (BD Bioscience, San Jose, CA; 1:100). Cy3
and Alexa Fluor 488-conjugated secondary antibodies (Jackson
ImmunoResearch; 1:500) in 1% normal donkey serum in PBS were ap-
plied for 2 h at room temperature. The nuclear stain (DAPI; 1:20,000)
was added prior to mounting coverslips in DABCO. Fluorescent images
were obtained with an inverted fluorescence microscope using the
Metamorph imaging system.

In vitro synaptic quantification

Cell culture imageswere collected using epifluorescencemicroscopy
(Zeiss Axio Observer Z1) and analyzed using the Metamorph Software
automatic cell scoring application. Excitatory synapses were defined
as co-localization between Synapsin1 (pre-synaptic) and PSD-95
(post-synaptic) markers, while inhibitory synapses were defined
as co-localization between V-Gat (pre-synaptic) and Gephyrin (post-
synaptic) markers.
Real-time RT-PCR

Total RNA was isolated using the TRIzol reagent (Life Technologies)
in accordance with the manufacturer's protocol. mRNA expression
levels were determined by quantitative reverse transcriptase-PCR
using real-time kinetic analysis with an iQ5 detection system (Bio-
Rad, Hercules, CA). Real-time PCR data were analyzed using the PCR
Miner program (Leonoudakis et al., 2008), and RPLP (ribosomal protein
L16) RNA levels were used as internal controls for variations in sample
preparation. Primer sequences were as follows: GFAP (+): AGA AAA
CCG CAT CAC CAT TC; GFAP (−): TCC TTA ATG ACC TCG CCA TC. PSD-
95 (+) TGC GAA GCA ACC CCA AGA GG, (−) ATG AAG CAC ATC CCC
GAA GCG; VGlut1 (+) CCA CAC ACA GCA CAG TTC AGC C, (−) TCC
TCG ACA CTG CCG TTT AGG

Statistics

All statistical comparisons were performed using GraphPad Prism
(GraphPad Software, San Diego, CA). Single variable comparisons
between groups were performed using either one-way ANOVA with
Dunnett's post hoc test or nonparametric Kruskal–Wallis test with
Dunn's multiple comparisons test. Two variable comparisons were per-
formed using two-way ANOVA with post hoc of repeated t-tests,
corrected using the Sidak–Bonferroni method. P-values smaller than
0.05 were considered significant.

Results

ICV albumin induces epileptogenesis in vivo

To simulate BBB dysfunction in naïve animals and to study the role of
serum albumin in epileptogenesis, mice were infused with albumin
(0.4 mM in ACSF, 1 μL/h) through an ICV mini-osmotic pump for
7 days. ECoG data were acquired for up to 32 days (32 days: n = 4;
14 days: n = 7; 10 days: n = 2) and analyzed using an automated sei-
zure detection algorithm (see Materials and Methods and Bar-Klein
et al., 2014). Albumin treatment did not induce status epilepticus (SE)
nor seizures during the first 72 h after pump implantation, in contrast
to the pilocarpine model of epilepsy, in which mice develop SE shortly
after drug injection (Fig. 1B). After a latent period of 4.9 ± 1.3 days,
ten of the thirteen albumin-infusedmice presented recurring spontane-
ous seizures (1.16 ± 0.16 seizures per day, lasting 47.2 ± 12.7 s).
Notably, spontaneous seizures continued throughout the duration of
ECoG monitoring, well after pump removal on day 7 (Fig. 1C, D).
These results indicate that, similar to human PIE, exposure to albumin
leads to self-sustained recurrent seizures, preceded by a latent period
with no seizure activity.

ICV albumin induces activation of hippocampal astrocytes

To study the pathological changes that precede the appearance of
seizures, a cohort of mice was infused with albumin for 72 h. Imaging
of fluorescein-conjugated albumin revealed prominent albumin accu-
mulation in the hippocampi and cortical regions (Fig. 2A). Western
blot analysis confirmed hippocampal accumulation of albumin, compa-
rable to the levels observed 24 h following SE in the pilocarpine model
of epilepsy (ctrl, 0.58 ± 0.2 μM; 72 h-alb, 3.2 ± 0.2 μM; n = 4,
p b 0.05; ctrl, 0.31 ± 0.06 ; 24 h post-SE 0.82 ± 0.2 μM; n = 7,
p b 0.05). Consistent with findings following cortical exposure to
albumin (Bar-Klein et al., 2014; Braganza et al., 2012; Frigerio et al.,
2012; Ivens et al., 2007), fluorescent albumin was evident
in astroglialelements (Fig. 2B). GFAP staining 72 h after infusion of
fluorescein-conjugated albumin suggests astrocytic activation in the
hippocampus, somatosensory cortex, corpus callosum, and adjacent
neocortical regions. The quantification of GFAP mRNA and protein
(through immunohistochemistry, ctrl = 4 alb = 5 p b 0.0001; real-
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time PCR, ctrl = 3 alb = 3 p = 0.0004; and western blot, ctrl = 4
alb = 6 p b 0.01) confirmed astrocytic activation in albumin-
exposed hippocampi (Fig. 2D, E). Hematoxylin and eosin staining
1 month after ICV albumin did not reveal any gross abnormalities
(Fig. 2F), in contrast to SE-induced models of epilepsy.

Albumin induces excitatory synaptogenesis

Astrocytes are known to regulate the generation and elimination of
both excitatory and inhibitory synapses (Chung and Barres, 2012;
Clarke and Barres, 2013; Elmariah et al., 2005; Eroglu and Barres,
2010). Thus, the prominent albumin-induced astrocytic activation
observed during the pre-seizure period suggested a possible role in
synaptic network reorganization. To study the synaptogenic effect of
albumin, we quantified excitatory and inhibitory synaptic puncta in
primary mixed neuronal and glial cells of temporal origin exposed to
0.2 mM serum albumin (50% of normal serum concentration, Alb = 17;
no treatment (NT) = 12) for 72 h. The quantification of excitatory
pre-synaptic (synapsin1) and post-synaptic (PSD-95) markers along
dendritic lengths revealed a significant increase in excitatory pre-
synaptic (p b 0.0001), post-synaptic (p = 0.0017), and co-localized
(p = 0.0010) puncta (Fig. 3A). Since inhibitory synapses occur both
on dendrites and on the axon initial segment (Nusser et al., 1995),
inhibitory pre-synaptic (V-Gat) and post-synaptic (Gephyrin) markers
were quantified along dendritic lengths and per somatic area. No signif-
icant changes in the number of inhibitory synapses were observed
(Fig. 3B, per soma: Alb = 17; NT = 15; p = 0.2569; and per dendrite
Alb=19; NT=18. p=0.0854), indicating that the synaptogenic effect
of albumin is specific to excitatory synapses. These observations suggest
a mechanism whereby vascular pathology, BBB breakdown, and
albumin extravasation shift the balance of the neural network in favor
of increased excitability.

Albumin-induced excitatory synaptogenesis is mediated by TGF-β/ALK5
signaling

We have previously shown that albumin initiates TGF-β signaling in
astrocytes (Cacheaux et al., 2009; Ivens et al., 2007) via the ALK5 recep-
tor (Bar-Klein et al., 2014). To test the potential involvement of TGF-β
signaling in albumin-induced excitatory synaptogenesis, we treated
cultures with TGF-β1 (10 ng/mL) for 72 h and repeated the synaptic
quantification assay. Similar to the effect of albumin, exposure to
TGF-β1 increased the number of excitatory pre-synaptic (n = 18,
p b 0.0001), post-synaptic (n = 18, p b 0.0001), and co-localized
(n = 18, p b 0.0001) puncta (Fig. 4A). A subset of cultures was co-
incubated with the selective TGF-β type I receptor ALK5 inhibitor
SJN2511 (SJN; 30 μM, applied 1 h prior to TGF-β1). SJN prevented
both albumin- and TGF-β1-induced increase in excitatory pre-synaptic
(Alb = 17 Alb + SJN = 21, p b 0.0001; TGFβ = 18 TGFβ + SJN = 20,
p b 0.0001), post-synaptic (Alb + SJN, p b 0.0001; TGFβ + SJN,
p b 0.0001), and co-localized puncta (Alb + SJN, p = 0.00012;
TGFβ + SJN, p b 0.0001), to a level comparable with the untreated
control group (Fig. 4A). These results demonstrate that activation of
the ALK5/TGF-β pathway is critical for albumin–induced excitatory
synaptogenesis. Moreover, ALK5/TGF-β1 inhibition in control cultures
was sufficient per se to reduce synaptic counts (p = 0.0102, Fig. 4A),
suggesting that baseline release of TGF-β1 promotes synaptogenesis
in cultures.
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Albumin\TGF-β-induced excitatory synaptogenesis is astrocyte dependent

Wehave previously demonstrated that exposure to albumin induces
activation of the TGF-β pathway and secretion of TGF-β1 in astrocytes,
and not in neurons (Bar-Klein et al., 2014). In order to test the role of
A
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astrocytes in albumin-induced synaptogenesis, we created neuronal
enriched cultures by eliminating astrocytes with the mitotic inhibitor
AraC. Notably, in the absence of a significant astrocytic population, ex-
posure to albumin did not induce any significant changes in the number
of excitatory or inhibitory synaptic puncta (NT=15; Alb= 13; Fig. 4B).
Similarly, exposure to TGF-β1 or the ALK5 blocker SJN did not induce
any significant changes in the number of excitatory or inhibitory
synaptic puncta in the absence of astrocytes (TGF-β1 = 14; SJN = 15;
SJN&Alb = 13; SJN&TGF-β1 = 13; Fig. 4B). These results demonstrate
that astrocytes are necessary for albumin- and TGF-β1-induced
synaptogenesis.

ICV albumin and TGF-β induce anatomically specific excitatory
synaptogenesis in vivo

To verify the in vitro evidence of albumin-induced synaptogenesis in
vivo, mice were ICV infused for 72 h with aCSF (ctrl = 4), albumin
(Alb =4), TGF-β1 (TGFβ = 3), or albumin and SJN2511 (Alb + SJN =
3). Both albumin and TGF-β1 significantly increased excitatory synaptic
counts in the entorhinal cortex (EC), motor cortical areas (CTX), and the
CA1 area of the hippocampus (p b 0.0001, compared to ctrl, Fig. 5B),
with no significant effect in the DG or CA3 (p N 0.2, compared to ctrl,
Fig. 5B). Notably, co-infusion with SJN prevented synaptogenesis in all
three brain areas (p b 0.0001, compared to albumin, Fig. 5B). In accor-
dance with immunohistochemistry, mRNA levels revealed that exposure
to albumin (n = 8) significantly increased excitatory synaptic proteins
PSD95 (p b 0.0001) and VGlut (p = 0.0025) in the neocortex, but not in
the homogenates from the entire hippocampus. Thus, similar to the
in vitro findings, albumin induces excitatory synaptogenesis through
TGF-β signaling, and this process can be prevented in vivo with SJN2511.

SJN2511 prevents albumin-induced seizures in vivo

Exposure to TGF-β1was previously reported to induce increased hy-
perexcitability in evoked potentials recoded in vitro (Cacheaux et al.,
2009). As both albumin and TGF-β1 have similar synaptogenic effects,
we set out to test whether albumin-induced seizures (Fig. 1) could be
replicated by infusion of TGF-β1 and prevented by ALK5 inhibition.
Thus, an additional cohort of mice was implanted with epidural ECoG
electrodes and ICV pumps loaded with either TGF-β1 (TGFβ =5) or
albumin and SJN2511 (Alb + SJN =8). ECoG data were acquired over
14 days and analyzed using the automated seizure detection algorithm
(see Materials and Methods and Bar-Klein et al., 2014). While 77% of
albumin-treated mice developed epilepsy (p = 0.0004, compared to
controls), TGF-β1 induced spontaneous recurring seizures in 100% of
infused animals (p = 0.0003, compared to controls, Fig. 6A). Notably,
similar to albumin, TGF-β1-induced seizures appeared after a latent
period of several days (5.8 ± 1.76 days, p = 0.8039 compared to
Fig. 2. ICV albumin induces activation of astrocytes. (A) 72 h infusion of fluorescein-
conjugated albumin (10%; Alb-488, green) into the lateral ventricle results in florescence
accumulation in the hippocampus (DG, CA1,3), the somatosensory cortex (S1), corpus
callosum, entorhinal cortex (EC), and adjacent neocortical regions, as evident here in
coronal slices 72 h after pump implantation (right, ~bregma −1.58 mm; left, ~bregma
−2.92 mm). (B) Best representative images of albumin (Alb-488) co-localization with
neurons (NeuN, somatosensory cortex), microglia (IBA1, hippocampal hilus), and
astrocytes (GFAP, hippocampal hilus). White arrowheads mark the co-localization of
cells with fluorescein-conjugated albumin. (C) GFAP immunohistochemical staining of a
coronal slice, 72 h after infusion of fluorescein-conjugated albumin. GFAP and albumin
florescent intensitymaps (right panels) showhigh levels of fluorescence in the hippocam-
pus, somatosensory cortex, corpus callosum, and adjacent neocortical regions.
(D) Immunohistochemical (IHC) staining of cell nuclei (ToPro3, green) and GFAP-positive
cells (red) demonstrates increased levels of GFAP following ICV albumin treatment in the
hilus of the hippocampus. (E) Quantitative analyses of IHC staining (IHC, ctrl= 4 alb= 5)
of the hippocampus reveals a significant increase in GFAP expression, further confirmed
by real-time RT-PCR (mRNA, ctrl = 3 alb = 3) and western blots (western, ctrl = 4
alb = 6). (F) Hematoxylin and eosin (HE) hippocampal staining shows no gross
abnormalities 1 month after albumin infusion compared to controls (ctrl = 3 alb = 3).
Error bars indicate SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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albumin), having a comparable seizure duration (39.3±13.4 s) and fre-
quency (2.1857 ± 0.428 per day). Most importantly, SJN2511
prevented the development of epilepsy in all but one albumin-treated
mice (p = 0.0075, compared to controls, Fig. 6B), demonstrating that
blocking albumin activation of ALK5 signaling is sufficient to significantly
reduce the incidence of epilepsy in this model.
Discussion

Here we demonstrate an albumin-induced and TGF-β-mediated
synaptogenic mechanism critical in the epileptogenic process. We
show both in vitro and in vivo that albumin induces excitatory synapse
formation, and that this effect is astrocyte and ALK5 dependent.
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TGF-β signaling in astrocytes following exposure to albumin was
previously shown to promote several functional changes that may be
associated with increased neuronal excitability, including induction of
pro-ictogenic inflammatory cytokines (Frigerio et al., 2012), down-
regulation of gap junction proteins (connexin 30 and 43 (Braganza
et al., 2012), and astrocytic potassium, glutamate, and water channels
(Cacheaux et al., 2009; Ivens et al., 2007). This transcriptional response
was then associated with a frequency-dependent increase in the con-
centration of extracellular potassium ([K+]o) and hyperexcitability of
neighboring neurons (David et al., 2009; Lapilover et al., 2012). Howev-
er, the reduced capacity of [K+]o buffering was found to be immediate
and short-lived, returning to pre-albumin levels within 4 days
(Braganza et al., 2012). In contrast, the tendency of the network for
seizures post-exposure to albumin was found to be delayed and long
lasting (Bar-Klein et al., 2014; Seiffert et al., 2004), resembling the
delayed appearance of epilepsy in patients following insults to the
brain. The reorganization of the neural network has been suggested to
underlie chronic seizures, in light of evidence of axonal sprouting and
synapse formation in status epilepticus and traumatic injury models of
epilepsy (Jin et al., 2006; Liauwet al., 2008; Scheff et al., 2005). Ourfind-
ings demonstrate a mechanism linking brain injury to synaptogenesis
and epilepsy, through BBB dysfunction and albumin-induced astrocytic
TGF-β\ALK5-mediated selective formation of excitatory synapses.

BBB dysfunction has been well documented following epileptogenic
insults and in epileptic tissue (Aronica et al., 2008; Kaya et al., 2012;
Marcon et al., 2009; Raabe et al., 2012; Shlosberg et al., 2010; Tomkins
et al., 2001). Animal studies indicate that BBB dysfunction promotes
seizure generation (Marchi et al., 2007; Van Vliet et al., 2007) and is
associated with epileptogenesis (Bar-Klein et al., 2014; Seiffert et al.,
2004). Furthermore, the delayed effect of chemical BBB opening by
bile salts (Ivens et al., 2007; Seiffert et al., 2004; Tomkins et al., 2007)
was reproduced through direct cortical exposure to the most common
serum protein, albumin, suggesting albumin as a key initiator of the ep-
ileptogenic process following BBB injury (Bar-Klein et al., 2014; Seiffert
et al., 2004). Here we focused on the mechanisms underlying albumin-
induced network reorganization, establishing a minimally invasive
mouse model of BBB dysfunction and epilepsy, through ICV infusion of
albumin.

To date, many existing models of acquired epilepsy are initiated by
status epilepticus, temporal lobe sclerosis, and massive cell loss and
dispersion. However, status epilepticus is a rare event in human
patients, and 30–40% of patients with temporal lobe epilepsy do not
have sclerosis (de Lanerolle et al., 2012). Here we present a non-status
epilepticus model of chronic epilepsy, leading to delayed appearance
of recurrent seizures in mice. Furthermore, although we did not rule
out endfolium sclerosis or pyramidal interneuron loss, we found no ap-
parent evidence of gross abnormalities for up to 32 days, thus allowing
the study of epileptogenic mechanisms independent of sclerosis. More-
over, direct infusion of albumin mimics the pathological accumulation
of albumin observed in human epileptic tissue (Raabe et al., 2012;
Schmitz et al., 2013; Van Vliet et al., 2007) and in animal models of sta-
tus epilepticus (Ndode-Ekane et al., 2010; Pont et al., 1995; Ruth, 1984;
Saija et al., 1992; Van Vliet et al., 2007, 2014; Zucker et al., 1983). How-
ever, while albumin is sufficient to induce the development of epilepsy
in a naïve brain, the interplay of BBB dysfunction and albumin-induced
network alterations with other epileptogenic insults (e.g., neuronal
sprouting, sclerosis, channelopathies) in the context of an epileptic
brain remains to be studied (Friedman and Heinemann, 2012).

We further demonstrate that albumin and TGF-β1 have similar
epileptogenic effects that are prevented by the specific inhibition of
the TGF-β\ALK5 pathway. Our findings validate the role of TGF-β in
PIE, supporting the epileptogenic role of the ALK5 SMAD 2,3 signaling
(Bar-Klein et al., 2014). While TGF-β1 infusion induced seizures in all
mice, albumin induced seizures in only 77%. Interestingly, albumin
also induced a significant yet variable increase in GFAP, encouraging
further studies to explore the cause of this variability and whether it
may be correlated to albumin accumulation and/or seizure onset/fre-
quency. Blocking the TGF-β pathway eliminated the occurrence of
spontaneous seizures in all but one mouse, which presented a total of
two seizures (Fig. 6D, E). These results suggest either an incomplete
block or the involvement of additional mechanisms in albumin-
induced epilepsy.
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Our in vitro results showed that both albumin and TGF-β1 induce
the formation of excitatory synapses, with no significant effect on
inhibitory synaptic counts in astrocyte/neuronal mixed temporal cell
cultures. Moreover, the observed excitatory synaptogenesis was found
to be astrocyte dependent, as it was absent in astrocyte depleted
cultures. These results are consistent with the absence of TGF-β-
mediated synaptogenesis in astrocyte-free cultures in retinal ganglion
cells (Christopherson et al., 2005), and the plethora of reports of
astrocyte-driven excitatory synapse formation, through secretion of
thrombospondins (TSPs)(Cekanaviciute et al., 2014; Christopherson
et al., 2005; Liauw et al., 2008), hevin (Kucukdereli et al., 2011) and
glypicans 4 and 6 (Allen et al., 2012). Cell cultures are derived from tem-
poral lobe embryonic tissue representing hippocampal and entorhinal
cortex. To enable a detailed analysis of regional albumin-induced
changes in synaptogenesis, we next analyzed excitatory synapses in in
vivo exposure of albumin exposure and found that both albumin and
TGF-β1 increase excitatory synaptic counts in the EC, CTX, and the
CA1, with no significant effect in the DG or CA3. Interestingly, recent
reports have associated TGF-β signaling with both excitatory and
inhibitory synaptogenesis in mixed and in pure neuronal cortical
cultures (Diniz et al., 2012, 2014; Yu et al., 2014). Together with
these studies, our findings suggest that TGF-β may affect different
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cellular targets and regulate various processes in a region and\or
dose-dependent manner.

Further studies are required to understand the detailed characteris-
tics of TGF-β signaling and the mechanisms of its synaptogenic effect.
NMDA post-synaptic currents are likely to be part of this mechanism
since (1) TGF-β-mediated synaptogenesis is associated with secretion
of the NMDA co-agonist D-serine (Diniz et al., 2012); (2) post-albumin
accumulation of [K+]o predicts the over-activation of NMDA channels
(David et al., 2009), and (3) albumin-induced up-regulation of IL1β or
HMGB1 in astrocytes may enhance Ca influx through NMDA receptor
channels (Balosso et al., 2008; Frigerio et al., 2012; Maroso et al.,
2010; Viviani et al., 2003).
Using the new model of BBB dysfunction in mice, we reveal a
synaptogenic cascade leading to spontaneous recurrent seizures and
demonstrate a method for preventing this outcome. While it was
suggested that brain injuries elicit inflammatory signaling and synapto-
genesis as part of a compensatory repairmechanism (Falo et al., 2008; Li
et al., 2013; Lin et al., 2003; Ruscher et al., 2011; Scheff et al., 2005), here
we suggest that this repair response may in and of itself lead to
enhanced pathological connectivity and tendency for spontaneous
seizures. Furthermore, we show that serum albumin can act as a potent
pro-synaptogenic signaling molecule, suggesting that regulation of BBB
integrity may allow controlled synaptogenesis in injured tissue. Future
research is needed to understand the therapeutic role of post-injury
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synaptogenesis and the regulating mechanisms required for the main-
tenance of a normal excitatory\inhibitory balance. While the neuronal
pathways activated following albumin-mediated inflammatory re-
sponse remain to be identified, theymay offer an opportunity to further
manipulate and refine post-injury synapse formation.
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