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Abstract : Kainic acid (KA)-induced neuronal cell death is associated with intracellular Ca’" influx. However, it

is unknown whether Lyn/Btk pathway is involved in the Ca”™"-mediated neurotoxicity and neuronal death induced

by KA. In the present study, we investigated the altered expression of Ca™*-controlled proteins in KA-treated

hippocampus. Mice were sacrificed at 24 h after KA (20 mg/kg) systemic injection. We conducted Electro-

encephalographic (EEG) recording and examined hippocampal alterations by Western blotting and immunostaining

in control mice or KA-treated mice. EEG tests showed that KA-treated mice increased seizure frequency and

severity compared with control mice during KA-induced seizures. We found that KA decreases hippocalcin and

calpain-mediated proteolysis in the hippocampus. In particular, the phosphorylation of Lyn and Btk was increased

in KA-treated hippocampus compared to those of control mice. Our findings identify tyrosine kinases such as

Lyn/Btk as a critical regulator of Ca’"-mediated neurotoxicity in KA-induced seizures.
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Introduction

Systemic injection of a convulsive dose of kainic acid
(KA), which is an analog of glutamate, results in pyrami-
dal cell death in the CA1 and CA3 areas of the hippocam-
pus [1-3]. Neuronal cell death from the overactivation of
glutamate receptors is closely associated with abnormal
calcium influx [4]. In addition, reactive gliosis and inflam-
matory cytokines contribute to calcium-mediated exci-
totoxicity and seizure severity, leading to neuronal cell
death [5]. It is well known that enhanced calcium influx

*This study was supported by the Gyeongsang National University Hospital
Fund for Professors on Sabbatical Leave, 2015.

The author(s) declare that there are no conflicts of interest.

Correspondence to : Jung Eun Lee (Department of Thoracic and Cardiovas-
cular Surgery, Gyeongsang National University Hospital, Gyeongsang
National University)

E-mail : ilikerem@hanmail .net

results in an enhanced inflammatory response and a det-
rimental seizure phenotype characterized by neuronal ex-
citability and excitotoxicity [6]. However, despite many
studies, the underlying mechanism involved in neuronal
death following calcium-mediated excitotoxicity remains
unclear.

KA causes an acute increase of intracellular Ca™* levels
in pyramidal neurons in the hippocampus, resulting in
mitochondrial Ca’* overload and release of cytochrome
¢ [3,7]. The endoplasmic reticulum (ER) is also reported
to contribute to Ca’* overload [8]. For compensation of
this excessive Ca”* overload within intercellular space in
the KA-treated hippocampus, it has been well known that
Ca2+-binding proteins such as parvalbumin, calretinin, and
calbindin-Dosk have the capacity to buffer intracellular
Ca’* [9]. In particular, parvalbumin has a neuroprotective
effect by prevention of increasing in intracellular Ca™*
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concentration in ischemic brain injury [10]. Hippocalcin,
which belongs to the ca’™* binding protein family also
plays an important role in the maintenance of Ca™* home-
ostasis through the removal of excessive Ca’* levels [11].
Previous studies have shown excitotoxic apoptosis to
induce the release of pro-apoptotic molecules from mito-
chondria, including cytochrome c [12]. The release of cy-
tochrome c induces the activation of a family of cysteine
proteases [13]. Among these cysteine protease, calpain has
been implicated in excitotoxic neuronal death [14]. Calpain
cleaves cytoskeletal proteins and enzymes and may cause
to morphological changes that mimic caspase-dependent
apoptosis [15]. Because calpains are induced by an in-
crease in cytoplasmic Ca™*, calpains may specifically play
an important role in morphological alterations during KA-
induced neuronal cell death. Importanlty, tyrosine kinase
activity is required for activation of the B cell receptor
(BCR)-Ca’* signalling pathway in mature B lymphocytes
[16]. The BCR complex interacts with and is phosphory-
lated by one or more kinase family: Lyn, Fyn, and Btk [17].
In mast cells, the levels of intracellular Ca2+, is regulated
by 4-1BB signalling through the Lyn/Btk/Ca2+ pathway
[18]. However, the underlying mechanism involved in KA-
induced neuronal death following Lyn/Btk/Ca2+—mediated
excitotoxicity remains unclear.

In the present study, we sought to determine the regula-
tion of Ca2+—regulated buffering, proteolysis, and Lyn/Btk
pathways in mice with KA-induced seizures. Our results
provide valuable insight into the Ca’"-mediated patho-
genesis of seizure-induced neuronal death by introducing
protein kinases as a key mediator of intracellular ca’*
influx.

Materials and Methods

1. Animals

Male C57BL/6 mice (6 weeks old) purchased from Cen-
tral Laboratory Animal Inc. (Seoul, South Korea) were
maintained in the animal facility at Gyeongsang National
University. All of the animal experiments were approved
by the Institutional Board of Research at Gyeongsang
National University (GNU) and performed in accordance
with the National Institutes of Health guidelines for lab-
oratory animal care. The University Animal Care Com-

mittee for Animal Research of GNU approved the study
protocol (GNU-121221-M0108). Mice were individually
housed with an alternating 12 h light/dark cycle and had
free access to food pellets and tap water.

2. Behavioural observation of KA-induced seizures

KA (Abcam, Cambridge, MA, USA) was emulsified in
0.9% normal saline and mice (n = 10) were treated with an
intraperitoneal (i.p.) injection of 20 mg/kg body weight.
Mice in the control group (n=10) received 0.9% normal
saline. Seizure behaviour was monitored for 2 h after KA
injection. Severity of seizures was categorized with a six-
point seizure scale (I to VI) as previously described [5].

3. Electroencephalographic (EEG) recording

For recording of EEG after KA-induced seizures, we
used a small animal radio-telemetry system from Data
Sciences International (DSI, St. Paul, MN, USA). Brain
electrical activity was monitored in freely mobile, control
or KA-treated mice (n=2 mice per group). Mice were
anesthetized with zoletil (0.5 mg/kg; Virbac Laboratories,
Carros, France). The surgical procedure employed was
adapted from previous studies using similar equipment
and as previously described [19]. Mice were singly housed
thereafter and allowed to recover from surgery for 7 days
prior to KA injection. EEG data were recorded with Neu-
ro Score version 2.1 software (DSI). Off-line interictal
spike sorting and frequency analysis were performed with
an Auto seizure spike train detector. To discriminate ab-
normal interictal spikes from physiologically-occurring
ones in epidural one-channel electroencephalograms, only
the spikes that were followed by a wave were manually
counted. EEG was monitored for 6 h.

4. Tissue preparation and Cresyl violet staining

For tissue analysis, mice (n=4 mice per group) were
anesthetized with zoletil (5 mg/kg, Virbac Laboratories)
and then perfused transcardially with heparinized saline
followed by 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS). After post-fixation in the same fixa-
tive for 6 h, the brains were sequentially immersed in 0.1
M PBS containing 15% sucrose, and then in PBS contain-
ing 30% sucrose at 4°C until they were completely sub-
merged. The brains were cut into 40-um thick coronal



sections. The sections stained with Cresyl violet were vi-
sualized with a BXS51 light microscope (Olympus, Tokyo,
Japan) and digital images were captured.

5. Protein extraction

After anaesthesia with zoletil, brains (n =6 mice per
group) were quickly removed from the skull and both hip-
pocampi were dissected and frozen. Hippocampal whole
cellular extracts were prepared as previously described [5].
Briefly, frozen hippocampi were individually transferred
to sterile 1.5 mL microcentrifuge tubes containing 200 pL.
of tissue protein extraction reagent (Thermo Scientific,
Waltham, MA, USA) and protease inhibitor cocktail (Sig-
ma-Aldrich). Homogenized tissues were incubated for 10
min on ice and then sonicated. Samples were then centri-
fuged at 4°C for 30 min at 12,000 rpm. The supernatants
were transferred to clean vials and samples were stored at
—80°C.

6. Terminal deoxynucleotidyl transferase dUTP nick
end labelling (TUNEL)

TUNEL analysis was performed to measure the degree
of apoptosis in the tissues using an in situ cell death de-
tection kit (Roche Molecular Biochemicals, Mannheim,
Germany) according to the manufacturer’s protocol. The
stained brain sections were visualized with a BX51-DSU
microscope (Olympus) and digital images were captured.

7. Immunofluorescence (IF)

For immunofluorescence staining, the frozen free-float-
ing brain sections were incubated with rabbit anti-hippo-
calcin antibodies (1 : 100, Abcam) at 4°C for 1 day. After
washing three times with 0.1 M PBS, sections were incu-
bated with Alexa Fluor 594-conjugated donkey anti-rabbit
secondary antibody (Invitrogen, Carlsbad, CA, USA). For
double immunofluorescence staining, the free-floating
brain sections were incubated with rabbit anti-S1000 (1 :
100, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and anti-GFAP (1 : 500, Sigma-Aldrich, St. Louis, MO,
USA) at 4°C for 2 days. After washing three times with 0.1
M PBS, sections were incubated with Alexa Fluor 594-
and 488-conjugated donkey anti-rabbit and anti-mouse
secondary antibodies (Invitrogen). Fluorescence was
visualized with a BX51-DSU microscope (Olympus) and
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digital images were captured.

8. Western blot analysis

The protein concentration of each lysate was determined
using a bicinchoninic acid kit (Pierce, Rockford, IL, USA),
according to the manufacturer’s protocol, using bovine
serum albumin as a standard. Equal amounts of protein
(15 pg) were separated by SDS-PAGE and transferred to
PVDF Transfer membranes. The membranes were washed
in Tris-buffered saline containing 0.5% Tween-20 and
incubated with the primary antibodies; hippocalcin (1 :
1000, Abcam) S1000 (1 : 1000, Santa Cruz Biotech), cal-
pain2 (1: 1000, Cell signaling Technology, Danvers, MA,
USA), o-II spectrin (1 : 1000, Santa Cruz Biotech), tau (1
: 1000, Abcam), p-GSKp (1 : 1000, Cell signaling), total
GSKp (1: 1000, Cell signaling), p-Lyn (1 : 1000, Abcam),
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Fig. 1. Effects of KA treatment on seizure activity and hippo-
campal cell death. (a) EEG recording of a spontaneous seizure in
control and KA-treated mice (n=2 mice per group). (b) Cresyl
violet-stained sections and TUNEL-positive cells from the CA3
region of control and KA-treated mice. Scale bar =50 pm.
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total Lyn (1 : 1000, Abcam), p-Btk (1 : 1000, Cell signal-
ing), total Btk (1: 1000, Santa Cruz Biotech). The samples
were then incubated with their corresponding HRP-conju-
gated secondary antibodies. The enhanced chemilumines-
cence western blot analysis system (Amersham Pharmacia
Biotech, Piscataway, NJ, USA) was used for detection. To
normalize the protein levels, a-tubulin (1 : 50000, Sigma-
Aldrich) or B-actin (1 : 30000, Sigma-Aldrich) was used
as an internal control.

9. Statistical analysis

Student’s t-test was used for comparisons of two groups.
Values are expressed as the mean = SEM. A P value <0.05
was considered as statistically significant.
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Results

1. Effects of KA treatment on seizure activity and
hippocampal cell death

We examined whether KA affects seizure severity after
KA systemic injection. First, we investigated the prop-
erties of status epilepticus induced by KA injection with
EEG recordings. A characteristic pattern of spontaneous
seizures was observed in mice after KA injection (Fig. 1a).
The frequency of these seizure spikes was dramatically
increased in KA-treated mice compared with control mice.
Consistent with EEG analysis, KA-injected mice showed
a significant increase in seizure behaviours compared with
control mice (data not shown). Furthermore, Cresyl violet-
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Fig. 2. Effects of KA treatment on CaH—buffering proteins in the hippocampus. Mice were sacrificed at 24 h after KA injection. (a) West-
ern blot analysis of hippocalcin. (b) Representative immunofluorescence images of hippocalcin in the CA3 region of the hippocampus. (c)
Western blot analysis of S100f. (d) Representative immunofluorescence images of S100f (red) and GFAP (green) in the CA3 region of the
hippocampus. Values were normalized to 3-actin or a-tubulin. Data are shown as mean £ S.E.M. and the mean values were obtained from at
least three independent experiment (n =6 mice per group). *p <0.05 versus control (CTL), Scale bar =50 um.
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and TUNEL-stained sections of hippocampal CA3 regions
were examined in KA injected mice and showed signifi-
cantly increased numbers of the pyknotic nuclei typically
found in apoptotic cells (Fig. 1b). The number of TUNEL-
positive cells was increased in the hippocampus of KA-
treated mice (22.6 1.2, p<0.001) compared with control
mice. These results clearly indicate that KA-treated mice
have susceptibility to experimentally-induced seizure ac-
tivity and neuronal cell death.

2. Effects of KA treatment on Caz+-buffering protein
levels in the mouse hippocampus

Next, we investigated expression of hippocalcin, a mem-
ber of the neuronal Ca* sensor protein family, in the hi-
ppocampus of KA-treated mice. Hippocalcin plays an im-
portant role in Ca”™" extrusion from neurons and thereby
protects them from Ca”-dependent excitotoxin damage
in the hippocampus and its decreased expression increases
seizure-induced neuronal cell death [20]. As shown in Fig.
2a, hippocalcin expression was significantly decreased
by KA-treated mice compared to that of control mice.
Immunohistochemical staining further revealed that KA
injection decreased hippocalcin immunoreactivity in the
hippocampus, but not in that of control mice (Fig. 2b). In
contrast, we observed a dramatic increase in expression
levels of the Ca2+—sensing protein S100f in the KA-treat-
ed mice compared with control mice (Fig. 2¢). S100f can
increase intracellular free Ca’* concentrations to regulate-
neuron excitability [21,22], and immunohistochemical
staining showed that KA injection can significantly in-
crease the expression of S100f proteins in astrocytes (Fig.
2d) Collectively, KA-induced seizure generation may be
due to increased Ca”* influx in hippocampal neurons.

3. Effects of KA treatment on calpain-mediated
proteolysis in the mouse hippocampus

To clarify the underlying molecular mechanisms linking
KA-induced seizures, we investigated the calpain-mediat-
ed proteolysis pathway in KA-treated mice (Fig. 3). High
concentrations of cytosolic Ca™* constitutively activate
calpain, which contributes to neuronal cell death by cata-
lysing limited proteolysis of specific cellular protein such
as spectrin breakdown product (SBDP), tau, and glycogen
synthase kinase 3 beta (GSK3[3) [23,24]. As shown in Fig.
3a, calpain 2 expression was remarkably increased in the
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Fig. 3. Effects of KA treatment on calpain-mediated proteolysis in
the hippocampus. Mice were sacrificed at 24 h after KA injection.
Western blot analysis confirming the expression levels of (a) cal-
pain 2, (b) full-length a-II spectrin and SBDP (fragments generated
by calpain), (¢) tau, and (d) GSK3p and [Ser9] GSK3f (p-GSK3B).
The level of p-GSK3[3 was normalized to total GSK3f. Values
were normalized to f-actin. Data are shown as mean=+S.E.M. and
the mean values were obtained from at least three independent ex-
periment (n =6 mice per group). *p <0.05 versus control (CTL).

hippocampus of KA-injected mice. Moreover, SBDP, a
calpain-mediated breakdown product of o-II spectrin, did
increase in the KA-treated mice compared to control mice
(Fig. 3b). Interestingly, calpain-mediated proteolysis is
tightly connected with tau expression and GSK3f phos-
phorylation in neuronal cell death [23]. Furthermore, KA-
induced tau induction and GSK3f dephosphorylation
(active form) was markedly increased or attenuated in the
hippocampus, respectively (Fig. 3c and d). These results
indicate that KA-induced excitotoxicity could be regulat-
ed by the calpain-mediated proteolysis pathway.
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Fig. 4. Effects of KA treatment on phosphorylation of Lyn and
Btk in the hippocampus. Western blot analysis confirming the ex-
pression levels of (a) Lyn and [Ser9] Lyn (p-Lyn), and (b) Btk and
[Ser9] Btk (p-Btk). The levels of p-Lyn and p-Btk were normalized
to total Lyn and total Btk, respectively. Data are shown as mean +
S.E.M. and the mean values were obtained from at least three
independent experiment (n=6 mice per group). *p<0.05 versus
control (CTL).

4. Effect of KA treatment on the phosphorylation of
Lyn and Btk in the moue hippocampus

Previous reports showed that intracellular Ca™" levels is
regulated through the Lyn/Btk pathway [18]. In this study
we first found that KA treatment increased phosphoryla-
tion of Lyn and Btk compared to control mice (Fig. 4a and
b). These results suggest that the increase in Ca”" influx
caused by KA treatment is a critical step in the generation
of seizures and neuronal hyperexcitability through Lyn/
Btk pathway.

Discussion

This study provides the first evidence that KA-induced
neuronal death is associated with the phosphorylation of
Lyn/Btk. Previous studies have shown that Ca2+-binding
proteins and N-methyl-D-aspartate (NMDA) receptors
play an important role in causing neuronal death followed
by excitotoxicity [25-27]. However, the role of Lyn/Btk
pathway in KA-induced neuronal cell death in the brain is
largely unknown.

Seizure-induced neuronal cell death is associated with a

complicated pathology, including Ca™* overload, hyperex-
citability, excitotoxicity, and neuroinflammation. Interest-
ingly, we found a significant increase in seizure activity,
Ca”*-mediated excitotoxicity, and neuronal cell death in
the mouse hippocampus after KA injection. These results
suggest that the more complex of Ca”*-mediated signal-
ling pathway is pivotally involved in the pathology of KA-
induced seizures, and that theirs inhibition may ameliorate
Ca”*-mediated excitotoxicity.

Glutamate is the major excitatory neurotransmitter in the
brain, and seizure-induced neurodegeneration is caused
by over-activation of glutamate receptors, which leads to
excessive Ca’" influx within neurons, resulting in neuro-
nal damage [28]. Neuronal damage in meningitis may also
be caused by excessive Ca™" influx triggered by excitato-
ry neurotransmitters [29]. The molecular mechanisms and
contributors to excitotoxic neuronal cell death have been
extensively investigated in various CNS disturbances, but
the exact mechanisms and contributors are not fully under-
stood. One aim of the present study was to elucidate the
altered expression of Lyn/Btk in excitotoxic neuronal cell
death. It has been reported that phosphorylated NMDA re-
ceptor subtype 2B (NR2B) can increase Ca™ permeability
through NMDA receptors [30]. NR2B has been identified
as an indicator of intracellular Ca”* influx that is activated
by seizures [31].

In the present study, hippocalcin and S100p expression
levels were measured as a surrogate neuronal or astrocyt-
ic calcium sensor because we did not directly measure
Ca™" levels. Hippocalcin plays an important role both in
calcium extrusion from neurons and as a buffer for intra-
cellular calcium levels, which in turn, protects against
Ca2+-dependent excitotoxicity in the KA-treated hippo-
campus. Our data are consistent with a previous study that
observed reduced hippocalcin expression after the effects
of KA injection were inhibited by ER stress inhibitors [8].
Previous studies have also shown the presence of pyknotic
cells undergoing apoptosis in the hippocampus after KA
injection in hippocalcin KO mice [20]. Glutamate exposure
has been observed to increase intracellular Ca”* levels and
reduce hippocalcin expression in HT22 hippocampal cells
[32]. Levels of hippocampal S100f3, a calcium-binding
protein predominantly found in astrocytes, are increased
by seizures and associated with upregulation of GFAP
protein expression [22]. In addition, S100f can increase
intracellular free calcium concentrations and thereby reg-



ulate neuronal excitability. Chronic epilepsy causes over-
expression of S100p by astrocytes under conditions of
neuronal damage [33]. Moreover, another study observed
that S100f KO mice kindled more rapidly and exhibited
more severe seizures than control mice [34]. Thus, our ob-
servations of increased hippocalcin and S100f3 expression
by KA treatment suggest that modulation of Ca™" influx in
the neurons and astrocytes in KA-treated mice may pro-
tect against Ca”" overload-induced neuronal apoptosis.

Interestingly, the expression of hippocampal calpain 2
was significantly increased by KA treatment. Overstimu-
lated ionotropic glutamate receptors, such as NMDA re-
ceptors, exert their neurotoxic effects in part by overacti-
vation of calcium-dependent proteases, including calpain
[35]. Moreover, calpains are calcium-dependent proteases
known to be involved in neuronal cell death induced by
excitotoxicity through the proteolysis of a-II spectrin into
fragmentized products [24]. Calpains are also involved in
the activation of GSK3f (de-phosphorylated form), and
in tau phosphorylation [36]. Our findings indicate that
seizure mice exhibit a significant increase in calpain-me-
diated neurotoxic signalling after KA injection.

Consistent with previous studies of Ca’*-mediated
neuronal excitotoxicity, we report the first observation of
increased phosphorylation of Lyn and Btk in the hippo-
campus of KA-treated mice compared with control mice.
According to previous reports, 4-1BB-activated signalling
dramatically increases intracellular Ca™" levels through
phosphorylation of Src family kinases such as Lyn and
Btk in lymphocytes [18,37]. In allergic reactions mediated
by mast cells, both phosphorylation of Lyn and Btk are
significantly decreased in 4-1BB”" mast cells compared
with wild type cells [18]. These findings suggest that the
inhibition of activated calcium signalling by Lyn and Btk
in KA-treated hippocampus could affect neuroprotection
against KA-induced seizures.

In conclusion, recent reports and our results demon-
strate that Ca”*-mediated signalling is a crucial regulator
of excitotoxicity-induced neuronal death in the brain. We
conclude that Lyn/Btk pathway, as a modulator of calcium
influx, plays an important role in neural activity, synaptic
plasticity, and neuroimmune response. Protein kinase path-
way is therefore attractive as a therapeutic target for the
treatment of brain injuries and neurodegenerative disor-
ders in which excitotoxic neuronal cell death and inflam-
mation are involved.
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