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Abstract The role of tenascin-C (TNC), a matricellular pro-
tein, in brain injury is unknown. The aim of this study was to
examine if TNC causes neuronal apoptosis after subarachnoid
hemorrhage (SAH), a deadly cerebrovascular disorder, using
imatinib mesylate (a selective inhibitor of platelet-derived
growth factor receptor [PDGFR] that is reported to suppress
TNC induction) and recombinant TNC. SAH by endovascular
perforation caused caspase-dependent neuronal apoptosis in
the cerebral cortex irrespective of cerebral vasospasm devel-
opment at 24 and 72 h post-SAH, associated with PDGFR
activation, mitogen-activated protein kinases (MAPKs) acti-
vation, and TNC induction in rats. PDGFR inactivation by an
intraperitoneal injection of imatinib mesylate prevented neu-
ronal apoptosis, as well as MAPKs activation and TNC in-
duction in the cerebral cortex at 24 h. A cisternal injection of
recombinant TNC reactivated MAPKs and abolished anti-
apoptotic effects of imatinib mesylate. The TNC injection also
induced TNC itself in SAH brain, which may internally aug-
ment neuronal apoptosis after SAH. These findings suggest
that TNC upregulation by PDGFR activation causes neuronal
apoptosis viaMAPK activation, and that the positive feedback
mechanisms may exist to augment neuronal apoptosis after

SAH. TNC-induced neuronal apoptosis would be a new target
to improve outcome after SAH.
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Introduction

Tenascin-C (TNC) is one of matricellular proteins, which are
the family of non-structural and secreted extracellular matrix
proteins [1]. The expression of TNC is extremely limited in
normal adult tissues, but is induced rapidly and profusely by
inflammatory or noxious stimuli [2]. TNC exerts various
functions including the regulation of cell migration, prolifer-
ation, and apoptosis, reported to be involved in tissue remod-
eling [3]. Recently, some clinical studies reported that TNC
was induced in serum and cerebrospinal fluid after subarach-
noid hemorrhage (SAH), a deadly cerebrovascular disorder,
associated with cerebral vasospasm and poor outcomes [4, 5].
A recent experimental study reported that post-SAH TNC
expression in the arterial wall caused cerebral vasospasm in
rats [6]. However, the significance of TNC induction after
SAH remains unclear, especially in brain tissue.

Existing evidence suggests that many factors including
early brain injury as well as cerebral vasospasm cause poor
outcome after SAH [7], and that early brain injury may be
more important and earlier manifestation of brain injuries
causing delayed neurological deterioration after SAH [8].
Recent studies showed that neuronal apoptosis is an important
component of early brain injury [9]. As TNC was reported to
be proapoptotic for cultured smooth muscle cells [10], we
hypothesized that TNC causes post-SAH neuronal apoptosis.
However, no study has investigated the role of TNC in neu-
ronal apoptosis or brain injury in any animal model. Thus, in
this study, we used a SAHmodel by endovascular perforation,
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which shows a high mortality and acute metabolic changes
similar to clinical findings [11], and for the first time examined
if TNC causes neuronal apoptosis using imatinib mesylate (i-
matinib, a selective inhibitor of the tyrosine kinases of platelet-
derived growth factor [PDGF] receptors [PDGFRs]) and recom-
binant TNC treatments, because there are neither inhibitors nor
neutralizing antibodies specific for TNC but imatinib suppressed
TNC induction at least for 24 h post-SAH [6].

Materials and Methods

All procedures were approved by the Animal Ethics Review
Committee of Mie University, and were in accordance with
the institution’s Guidelines for Animal Experiments.

SAH Model and Study Protocol

The endovascular perforation model of SAH was produced in
male adult Sprague-Dawley rats (age 8–9 weeks, 270–320 g;
SLC, Hamamatsu, Japan) as previously described [6]. Each
animal was anesthetized by an intraperitoneal injection of 4 %
chloral hydrate (10 ml/kg). A sharpened 4–0 monofilament
nylon suture was advanced rostrally into the left internal carotid
artery from the external carotid artery stump to perforate the
bifurcation of the left anterior and middle cerebral arteries
(MCAs). Blood pressure and blood gas were measured via
the left femoral artery. Rectal temperature was kept at 37 °C
during surgery. Sham-operated rats underwent identical proce-
dures except that the suture was withdrawn without puncture.

First, 98 rats underwent endovascular perforation SAH or
sham operation. After 30 min, the 58 surviving rats were
randomly divided into three groups (Fig. 1a), and 50 mg/kg
body weight of imatinib (Novartis, Basel, Switzerland) or
vehicle (phosphate-buffered saline [PBS], 10 mL/kg) was
administered intraperitoneally. The dosage of imatinib in this
study was determined based on our previous study that tested
effects of two dosages (10 and 50 mg/kg) of imatinib on
cerebral vasospasm [6]. Neuronal apoptosis and vasospasm
were evaluated at 24–72 h post-surgery.

Next, 2 μg of recombinant TNC or vehicle (PBS, 100 μL)
was injected into the cisterna magna in rats. After 30 min,
SAH was produced and SAH rats were treated with 50 mg/kg
of imatinib as above. Randomization into either TNC or
vehicle-treated SAH-imatinib groups was continued until the
number of animals per group reached ≥6. All evaluations were
performed at 24 h post-SAH (Fig. 1b).

Neurobehavioral Test

Neurological impairments were blindly evaluated using the
neurological scores. Neurological scores (3–18 points) were
assessed by summing up six test scores (spontaneous activity;

spontaneous movement of four limbs; forepaw outstretching;
climbing; body proprioception; and response to whisker stim-
ulation) as previously described [12]. Higher scores indicate
greater function.

Severity of SAH

The severity of SAH was blindly assessed at each sacrifice as
previously described [12]. The basal cistern was divided into
six segments, and each segment was allotted a grade from 0 to
3 depending on the amount of SAH. The animals received a
total score ranging from 0 to 18 by summing up the scores.

Intracisternal Infusion

Using a surgical microscope (Zeiss, Germany), the posterior
cervical muscles were dissected through a suboccipital mid-
line skin incision, and the atlanto-occipital membrane was
exposed [13]. The membrane was penetrated by a 27-gauge
needle. Sterile PBS vehicle (100 μL) or mouse recombinant

Fig. 1 Experimental designs. Experiment 1 (a) was designed to examine
effects of post-SAH treatment of imatinib on vasospasm and neuronal
apoptosis; experiment 2 (b) to examine if recombinant TNC causes
neuronal apoptosis in imatinib-treated SAH rats. Angio. angiography,
i.c. intracisternal injection, i.p. intraperitoneal injection, PBS phosphate-
buffered saline, TUNEL terminal deoxynucleotidyltransferase-mediated
dUTP nick-end labeling staining
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TNC (murine myeloma cell line, NS0-derived, Gly23–
Pro625, with a C-terminal 6-His tag, 2 μg in 100 μL; R&D
Systems, Minneapolis, MN) was infused at a rate of 100 μL/
min irrespective of the animal’s body weight at 30 min pre-
surgery as previously described [6]. The needle was removed
10 min after an infusion, and the pore was quickly plugged
with oxidized cellulose.

India Ink Angiography

Gelatin-India ink solution was made by dissolving gelatin
powder (7 g) in 100 mL PBS and mixing with 100 mL India
ink (Kuretake Co, Nara, Japan) [14]. The ascending aorta was
cannulatedwith a blunted 16-gauge needle attached to flexible
plastic tubing, which was connected to a pressure transducer
(Nihon Kohden Co, Tokyo, Japan) and a syringe on an auto-
matic infusion pump. After an incision was made in the right
atrium to allow for the outflow of perfusion solutions, 100 mL
of PBS, 15min of 10% formalin, and 10min of 3.5 % gelatin-
India ink solution were infused through the closed circuit. All
perfusates were passed through a 0.2-μm pore size filter and
delivered at 60–80 mmHg. The rat was refrigerated at 4 °C
for 24 h to allow gelatin solidification. The brains were
harvested and high-resolution pictures of the circle of Willis
were taken with a scale before and after the removal of a
subarachnoid clot. The brain was stored in 10 % neutral
buffered formalin for terminal deoxynucleotidyltransferase-
mediated dUTP nick-end labeling (TUNEL) staining and
immunohistochemistry.

An experienced person who was unaware of the treatment
groups measured the smallest lumen diameter of sphenoidal
segment of the left MCA three times and determined a mean
value of the segment.

Western Blot Analyses

Western blot analyses were performed as previously described
[15]. The left whole cerebral cortex was harvested under a
microscope and homogenized. Equal amounts of protein sam-
ples (1 μg) were loaded on SDS-PAGE gels, electrophoresed,
and transferred onto a polyvinylidene difluoride membrane.
The membranes were blocked with 2 % bovine serum albu-
min, followed by incubation overnight at 4 °C with the rabbit
polyclonal anti-phosphorylated extracellular signal-regulated
kinase (ERK) 1/2, mouse monoclonal anti-phosphorylated c-
Jun N-terminal kinase (JNK), mouse monoclonal anti-
phosphorylated p38 (1:1,000, Santa Cruz Biotechnology,
Santa Cruz, CA), rabbit monoclonal anti-PDGFR-α, rabbit
monoclonal anti-PDGFR-β (1:1,000, Cell Signaling Technol-
ogy, Danvers, MA), rabbit polyclonal anti-phosphorylated
PDGFR (α: Y572/574, β: Y579/581; 1:1,000, Biosource,
Camarillo, CA), mouse monoclonal anti-TNC (0.72 μg/mL,
Immuno-Biological Laboratories, Takasaki, Japan) and rabbit

polyclonal anti-cleaved caspase-3 (1:1,000, Cell Signaling
Technology, Danvers, MA) antibodies. The anti-TNC anti-
body detected different TNC isoforms: the large (TNCL,
280 kDa), intermediate-sized (TNCI, 200 kDa) and small
(TNCS, 190 kDa) variants [16]. Blot bands were detected with
a chemiluminescence reagent kit (ECL Prime; Amersham
Bioscience, Arlington Heights, IL) and quantified by densi-
tometry with the Image J software in a blind fashion. β-
tubulin (1:2,000, Santa Cruz Biotechnology, Santa Cruz,
CA) was used as an internal control for every experiment.
Changes in the protein expression were expressed as a per-
centage of the values in sham-operated rats treated with PBS
at 24 h/values of β-tubulin.

TUNEL Staining

TUNEL staining was performed as previously described [9].
Four-micrometer-thick coronal sections at the level of breg-
ma+1.0 mm were cut using a microtome and were subjected
to TUNEL staining with an in situ cell death detection kit
(Roche Inc, Mannheim, Germany). Color reactions were de-
veloped in diaminobenzidine/hydrogen peroxide solution and
the sections were counterstained with hematoxylin solution
for light microscopic examination. Incubation with labeling
solution without the enzyme served as a negative label-
ing control. Intact neurons were morphologically defined
by oval nuclei and prominent nucleoli, and degenerating
morphology suggesting apoptosis included pyknotic,
amorphous, fragmented, or shrunken nuclei [17, 18].
The TUNEL-positive neurons were measured in the left
secondary somatosensory cortex (they were counted in
10 non-overlapping fields along the brain surface per
case at ×400 magnification and expressed as the mean
number of TUNEL-positive neurons per square millime-
ter) in a blind manner.

Immunohistochemistry

Immunohistochemistry on formalin-fixed paraffin-embedded
sections was performed to examine which cells or tissues were
immunoreactive for the protein that was shown to increase by
Western blotting as described previously [19]. After dewaxing
and rehydration, the sections were treated with 3 % hydrogen
peroxide for 10 min to block endogenous peroxidase activi-
ties, placed in 1 mmol ethylenediaminetetraacetic acid
(pH 8.0) and heated in an autoclave at 121 °C for 1 min.
The sections were then blocked with 5 % goat or horse serum
and incubated overnight at 4 °C with the rabbit polyclonal
anti-phosphorylated ERK1/2, mouse monoclonal anti-
phosphory l a t ed JNK, mouse monoc lona l an t i -
phosphorylated p38 (1:200, Santa Cruz Biotechnology, Santa
Cruz, CA), rabbit polyclonal anti-phosphorylated PDGFR (α:
Y572/574, β: Y579/581; 1:200, Biosource, Camarillo, CA),
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mouse monoclonal anti-TNC (1 μg/mL, Immuno-Biological
Laboratories, Takasaki, Japan), and rabbit polyclonal
anti-cleaved caspase-3 (1:200, Cell Signaling Technolo-
gy, Danvers, MA) antibodies. They were subsequently
incubated with biotinylated anti-rabbit or anti-mouse
immunoglobulin (Vector Laboratories, Burlingame, CA)
for 30 min and then with an avidin-biotin complex for
30 min at room temperature. Color reactions were de-
veloped in diaminobenzidine/hydrogen peroxide solution
and the sections were counterstained with hematoxylin
solution for light microscopic examination. Negative
controls consisted of serial sections incubated with buff-
er alone instead of the primary antibodies.

Statistics

Neurological scores were expressed as median±25th–75th
percentiles, and were analyzed using Mann–Whitney U tests
or Kruskal-Wallis tests, followed by Steel-Dwass multiple
comparisons. Other values were expressed as mean±standard
error of the mean (SEM), and unpaired t, chi-square tests and
one-way analysis of variance (ANOVA) with Tukey-Kramer
post hoc tests were used as appropriate. P<0.05 was consid-
ered significant.

In the statistical analysis, we calculated the power of the
tests. The number of animals per group necessary to reach the
desired power of 0.800 was in the range of four to six.

Results

Post-SAH-Imatinib Prevents Neurological Impairments
at 24 h, but Not at 48 and 72 h

There were no significant differences in physiological param-
eters among the groups (data not shown). None of the sham-

operated rats died within the 72-h observation period. Forty
(49.4 %) of 81 SAH rats died within 30 min after surgery and
before the drug injection. The mortality of SAH rats after
randomization into either treatment group was not significant-
ly different between the PBS (19.0 %, 4 of 21 rats) and
imatinib (15.0 %, 3 of 20 rats) treatment groups (chi-square
tests). The average SAH grading score was similar between
the PBS and imatinib treatment groups in each analysis at both
24 (14.9±0.5 versus 14.1±0.6, respectively) and 72 (9±1.3
versus 10.8±1.9, respectively)h post-SAH (unpaired t tests).

Neurological scores were significantly impaired at
24–72 h after SAH in comparison with the sham groups
(Fig. 2). Post-SAH administration of imatinib signifi-
cantly improved neurological scores at 24 h post-SAH
(P<0.05) compared with the SAH-vehicle group, but
the effect was not observed at 48 and 72 h (Kruskal-
Wallis tests; Fig. 2).

Effects of Imatinib on Neuronal Apoptosis and Cerebral
Vasospasm

There were many TUNEL-positive neurons seen in the left
secondary somatosensory cortex associated with cleaved
caspase-3 expressions at 24 and 72 h after SAH (Fig. 3 and
Supplementary Fig. 1). The imatinib treatment almost
completely prevented the appearance of TUNEL-positive
neurons as well as cleaved caspase-3 expressions at 24 h
post-SAH. However, the imatinib treatment failed to decrease
TUNEL-positive neurons significantly at 72 h (Fig. 3 and
Supplementary Fig. 1).

On the other hand, imatinib almost completely prevented
vasospasm in the left MCA, which feeds the left secondary
somatosensory cortex, at both 24 (P<0.01) and 72
(P<0.05)h post-SAH compared with the SAH-vehicle
groups (ANOVA; Fig. 4).

Fig. 2 Effects of post-SAH-
imatinib treatment on
neurological scores. Data are
expressed as median±25th–75th
percentiles. Surg. surgery, Sham-
PBS sham-operated rats treated
with PBS, SAH-PBS, SAH-
imatinib SAH rats treated with
PBS or imatinib. *P<0.001, **P
<0.05 vs. sham-PBS; #P<0.05 vs.
SAH-PBS, Kruskal-Wallis tests
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Effects of Imatinib on Protein Expression Changes in Cerebral
Cortex

Western blot analyses showed that SAH significantly in-
creased phosphorylated PDGFR, ERK1/2, JNK and p38
levels (P<0.01, P<0.05, P<0.001, and P<0.01, respectively)
associated with upregulation of TNCI and TNCS in the left
cerebral cortex at 24 h (Fig. 5 and Supplementary Fig. 2).
SAH did not upregulate PDGFRs-α and -β (Fig. 5b). Imatinib
significantly dephosphorylated PDGFR and all mitogen-

activated protein kinases (MAPKs), and suppressed expres-
sion levels of TNCI and TNCS at 24 h.

Immunohistochemistry showed that PDGFR in neurons
and astrocytes, and ERK1/2 in neurons were activated at both
24 and 72 h post-SAH, while JNK in astrocytes and endothe-
lial cells, and p38 in neurons and endothelial cells were
activated only at 24 h post-SAH (Fig. 6). TNC was increased
in neuropil mainly in the brain surface of the left secondary
somatosensory cortex at both 24 and 72 h. The imatinib
treatment remarkably inhibited the immunoreactivities of
phosphorylated PDGFR, phosphorylated ERK1/2, phosphor-
ylated JNK, phosphorylated p38 and TNC at 24 h, but the
immunoreactivities of phosphorylated PDGFR, phosphorylat-
ed ERK1/2 and TNC were not suppressed by the imatinib
treatment at 72 h after SAH (Fig. 6).

TNC Injection Reverses Anti-apoptotic Effects of Imatinib

A cisternal injection of recombinant TNC or PBS caused no
mortality. However, 13 (54.2 %) of 24 PBS-injected rats and
14 (53.8 %) of 26 TNC-injected rats died after SAH and
before imatinib treatment. After the imatinib treatment, the
mortality of SAH-imatinib rats was not significantly different
between the PBS (45.5 %, 5 of 11 rats) and TNC (50.0 %, 6 of
12 rats) treatment groups (chi-square tests). The average SAH
grading score was similar between the PBS (13.5±1.2) and
TNC (13.7±0.3) treatment groups (unpaired t tests).
Intracisternal infusions of recombinant TNC significantly ag-
gravated neurological scores and increased neuronal apoptosis
in the left secondary somatosensory cortex compared with the
PBS-treated SAH-imatinib group (Fig. 7).

Immunohistochemistry showed that recombinant TNC
increased phosphorylated ERK1/2 and p38 in neurons,
phosphorylated JNK in astrocytes, phosphorylated JNK
and p38 in endothelial cells, and TNC expressions in
neuropil in the left secondary somatosensory cortex
(Supplementary Fig. 3).

Fig. 3 Effects of post-SAH-imatinib treatment on neuronal apoptosis in
the left secondary somatosensory cortex at bregma+1 mm. Representa-
tive SAH brain slice showing the left secondary somatosensory cortex
(a). Representative images showing TUNEL-positive neurons (arrows)
(b) and quantitative analysis of TUNEL-positive neurons (c). Sham-PBS
sham-operated rats treated with PBS, SAH-PBS, SAH-imatinib SAH rats
treated with PBS or imatinib, surg. surgery, data mean±SEM; P value,
ANOVA. N=5 per group. Bar=50 μm. The black dots seen in Fig. 3b
indicate India ink in the microvessels, not TUNEL-positive cells (brown)

Fig. 4 Effects of post-SAH-imatinib treatment on vessel diameter of the
left MCA at 24 and 72 h post-surgery (post-surg.). Data are expressed as
mean±SEM. Sham-PBS sham-operated rats treated with PBS; SAH-PBS,
SAH-imatinib SAH rats treated with PBS or imatinib. P values, ANOVA

242 Transl. Stroke Res. (2014) 5:238–247



Discussion

In the present study, we first demonstrated that SAH activated
PDGFR and upregulated TNC in the cerebral cortex with
MAPK activation and induction of neuronal apoptosis. Ima-
tinib prevented all of neuronal apoptosis, vasospasm and
neurobehavioral impairments at 24 h post-SAH; in contrast,
imatinib prevented only vasospasm, but neither neuronal ap-
optosis nor neurobehavioral impairments at 72 h. These find-
ings suggest that neuronal apoptosis is more important than
vasospasm as a cause of neurobehavioral impairments in the
endovascular perforation model of SAH, because neurobe-
havioral impairments were associated with neuronal apopto-
sis, but not with vasospasm. In addition, these findings show
that neuronal apoptosis occurred independently of vasospasm
development, and that neuronal apoptosis not secondary to
vasospasm caused neuronal impairments, supporting recent
research efforts that focus on early brain injury to improve

outcome after SAH [7]. Imatinib, a PDGFR inhibitor,
prevented TNC upregulation, MAPK activation, and neuronal
apoptosis. Recombinant TNC injections reactivated MAPKs
and abolished anti-apoptotic effects of imatinib, demonstrat-
ing that TNC is a mediator of post-SAH neuronal apoptosis
through the mechanism of PDGF and MAPKs. Moreover,
TNC injections induced TNC itself in SAH brain, suggesting
the existence of the positive feedbackmechanisms to augment
neuronal apoptosis (Fig. 8).

Recent randomized clinical trials showed that clazosentan
significantly prevented angiographic vasospasm but failed to
improve neurological outcome [20–22]. The studies have
made research efforts moved to early brain injury from vaso-
spasm to improve outcome after SAH [7], although the link-
age between early brain injury and outcome has not been
demonstrated in a clinical setting yet. Neuronal apoptosis
has been involved in the pathogenesis of early brain injury
after experimental SAH and in a clinical setting [7, 9]. We

Fig. 5 Representative Western
blots (a) and effects of post-SAH-
imatinib treatment on expression
of PDGFRs (b), phosphorylated
MAPKs (c) and TNC (d) in the
left cerebral cortex at 24 h post-
SAH. Expression levels of each
protein are expressed as mean±
SEM. Sham-PBS sham-operated
rats treated with PBS, SAH-PBS,
SAH-imatinib SAH rats treated
with PBS or imatinib, p-PDGFR
phosphorylated PDGFR, p-
ERK1/2 phosphorylated ERK1/2,
p-JNK phosphorylated JNK, p-
p38 phosphorylated p38.
*P<0.001, †P<0.01, **P<0.05
vs. sham-PBS; #P<0.01,
##P<0.05 vs. SAH-PBS,
ANOVA
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recently reported that imatinib prevented cerebral vasospasm
via inhibiting TNC expression in the arterial wall after SAH
[6]. This study demonstrated that imatinib also prevented
neuronal apoptosis via inhibiting TNC induction in brain at
24 h, but failed to block TNC induction in brain and therefore
neuronal apoptosis, resulting in no significant neurological
improvement at 72 h post-SAH, irrespective of almost com-
plete inhibition of vasospasm (imatinib might inhibit TNC
induction only in the cerebral artery, but not in the brain at
72 h post-SAH). These findings showed the importance of
neuronal apoptosis in post-SAH neurological impairments as
well as potential effectiveness of imatinib on both vasospasm
and neuronal apoptosis. Because this study tested only imme-
diate one-time treatment with imatinib after SAH, it would be
worthwhile examining the effects of multiple treatments at
different dosages or time courses on both vasospasm and
neuronal apoptosis.

TNC, a matricellular protein, is highly expressed in embry-
onic tissue during morphogenesis [2, 23] and has multiple
functions in the regulation of cell migration, proliferation, and
apoptosis [3]. TNC is composed of six subunits, and each
subunit includes three types of structural modules: epidermal
growth factor-like repeats, fibronectin type III repeats and
fibrinogen-like sequence [2, 24]. Alternative splicing of the
TNC transcript generates structurally and functionally differ-
ent isoforms: TNCL, TNCI, and TNCS variants [16]. These
variants exhibit differences in deposition site, receptor bind-
ing, and biological function [16]. However, functions of these
variants in rat brain remain unknown. This study suggested
that TNCI and TNCS may be more important for post-SAH

neuronal apoptosis, but further studies are needed to clarify
the role of each TNC variant in SAH brain.

TNC potentially binds to various cell adhesion receptors,
for example, epidermal growth factor receptor, integrin, toll-
like receptor 4 and so on [25]. Upon binding to these partners,
TNC exerts various functions such as activatingMAPKs [25].
MAPKs have been reported to induce neuronal apoptosis [26].
Recent studies demonstrated that neuronal apoptosis occurred
through the activation of ERK1/2 at 7 days in the cisternal
double hemorrhage model of SAH in rats [27], and through
the activation of JNK at 24 h in the endovascular perforation
model of SAH in rats [19]. Additionally, p38 was reported to
be involved in the mechanisms of blood–brain barrier disrup-
tion at 24 h in the endovascular perforation model of SAH in
rats [28]. This study suggested that post-SAH neuronal apo-
ptosis occurred via the activation of ERK1/2 and p38 at 24 h,
and via ERK1/2 activation at 72 h. Recombinant TNC injec-
tions also activated ERK1/2 and p38 in neurons, and caused
neuronal apoptosis at 24 h post-injection (Fig. 8). On the other
hand, MAPKs are well known to have a dual role [26]. Thus,
further studies are needed to examine if activation of each
isoform of MAPKs in different cells is an epiphenomenon or
has beneficial or deleterious effects on outcome in the setting
of this study, although the diverse expression and role of
MAPKs in post-SAH brain may be explained by limited
injury with an irregular pattern in the cerebral cortex.

PDGF is a strong inducer of TNC [29], and PDGFR is
expressed and phosphorylated on astrocytes [30] and neurons
[31]. Cultured astrocytes secreted TNC in response to serum
stimulation, and TNC in turn activated astrocytes itself

Fig. 6 Effects of post-SAH-
imatinib treatment on
immunohistochemical stainings
of phosphorylated PDGFR (p-
PDGFR), phosphorylated
MAPKs and TNC in the left
secondary somatosensory cortex
at bregma+1 mm at 24 and 72 h
post-surgery (post-surg.). Sham-
PBS sham-operated rats treated
with PBS, SAH-PBS, SAH-
imatinib SAH rats treated with
PBS or imatinib, p-ERK1/2
phosphorylated ERK1/2, p-JNK
phosphorylated JNK, p-p38
phosphorylated p38. Arrows
immunoreactive astrocytes,
arrowheads immunoreactive
neurons, double arrows
immunoreactive endothelial cells,
asterisks neuropil. Upper right
panels of each figure
magnification of neurons. Bar
50 μm
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through a paracrine and autocrine mechanism [32]. TNC also
upregulated TNC by the activation of MAPKs [23]. In this
study, imatinib, a PDGFR inhibitor, blocked TNC upregula-
tion and MAPK activation, while intracisternal infusion of
recombinant TNC reactivated MAPKs and re-induced TNC
upregulation irrespective of imatinib treatment. Taken togeth-
er, SAH may upregulate TNC through PDGFR activation in
astrocytes and neurons, and TNC in turn may activate
MAPKs, which induce neuronal apoptosis while TNC more
at least in neurons, astrocytes, and capillary endothelial cells,
implying that there is a positive feedback mechanism of TNC
to aggravate neuronal apoptosis (Fig. 8).

This study is somewhat limited. First, we did not measure
imatinib concentrations in brain tissue, although imatinib is a
small molecule derivative of a 2-phenylaminopyrimidine (mo-
lecular weight, 589.7 kDa) [33], and has been shown to cross
the blood–brain barrier [34]. Secondly, TNC was given via a
cisternal injection to allow for easy permeation of TNC into
the brain parenchyma. However, this study provided no evi-
dence showing how deeply TNC permeated into the brain
parenchyma. Thirdly, this study demonstrated that imatinib,
a selective inhibitor of the tyrosine kinases of PDGFRs,
prevented neuronal apoptosis associated with suppressing
TNC upregulation at 24 h post-SAH. However, a single
pharmacological probe (imatinib), a single dose and two time
points as well as insufficient negative controls (for example,
lack of PBS injection plus imatinib with or without TNC)
cannot exclude the possibility that imatinib prevented neuro-
nal apoptosis by TNC-unrelated mechanisms and that imatin-
ib merely delayed the neuronal apoptosis development, al-
though exogenous TNC abolished imatinib’s anti-apoptotic

Fig. 7 Effects of intracisternal infusions of recombinant TNCon neurological
scores (a) and neuronal apoptosis in the left secondary somatosensory cortex
(b cell counting; c representative images) in SAH rats treated with imatinib
(SAH-imatinib) at 24 h post-SAH. Data are expressed as median±25th–75th
percentiles (a) or mean±SEM (b). SAH-imatinib-PBS or -TNC SAH-imatinib
with a pre-SAH intracisternal infusion of PBS or TNC. P values: a Mann–
Whitney U tests, b unpaired t tests. Arrows apoptotic neurons. Upper right
panels of each figure magnification of neurons. Bar 50 μm

Fig. 8 Possible mechanisms for
PDGF, TNC, and MAPK to
induce neuronal apoptosis and
cerebral vasospasm after SAH.
Imatinib blocks PDGFR
activation to prevent TNC
induction, R receptor for TNC, r-
TNC recombinant TNC
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effects. In addition, there are many TNC inducers such as
interleukin-1 other than PDGF potentially activated after
SAH [2, 15]. To determine if TNC causes post-SAH neuronal
apoptosis more exactly, thus, TNC knockout mice may be
useful for future studies [35]. Fourthly, neurons and immuno-
reactive cells were morphologically defined in this study.
Although two pathologists qualified the diagnosis, immuno-
histochemistry should be performed to determine the cell
origin of TUNEL-positive cells and the cellular localization
of MAPKs more exactly. Lastly, this study showed that one-
time treatment with imatinib failed to improve brain injury at
72 h. It would bemore useful if multiple treatments at different
dosages with imatinib reduced brain injury at later time points,
needing time course and dose-finding studies.

In conclusion, we demonstrated for the first time that TNC
may play an important role in the pathogenesis of neuronal
apoptosis after SAH. Further investigations may prove that
TNC provides a novel therapeutic approach against neuronal
apoptosis for improving neurological outcome after SAH.
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