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Abstract

The integrity of the blood-brain barrier (BBB) plays a vital role in affecting the prognosis of subarachnoid hemorrhage (SAH).
This study aimed to investigate activation of the Tropomyosin-related kinase receptor B (TrkB) and its downstream signaling
pathway on preserving BBB breakdown after experimental SAH. An endovascular perforation SAH model was applied. N-[2-
(5-hydroxy-1H-indol-3-yl) ethyl]-2- oxopiperidine-3-carboxamide (HIOC), the derivative of N-acetyl serotonin (NAS), was
intracerebroventricularly administered 3 h after SAH induction. The neurologic scores and brain water content were eval-
uated in an outcome study. Western blot and immunofluorescence staining were used to investigate the mechanism. The
results indicated that HIOC activated the TrkB/Akt pathway, increased the tight junction expression, improved neurologic
deficits, and ameliorated brain edema after SAH. Thus, we conclude that initiating the TrkB/Akt signaling cascade preserves

BBB breakdown after experimental SAH in rats.
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Introduction

Subarachnoid hemorrhage (SAH) is a devastating cerebral
vascular disease in neurosurgery departments, with an inci-
dence of 6-8 per 100,000 per year'. The average mortality of
SAH is approximately 51%, and 33% of survivors require
lifetime medical care>. Although microsurgical and endo-
vascular techniques have rapidly changed in the past few
decades, the mortality and disability rates of SAH have not
fundamentally changed.

Disruption of the blood-brain barrier (BBB) is one of the
pathophysiological changes in the early stage after a SAH
ictus. A substantial number of clinical and experimental
studies have indicated that BBB degradation plays a pivotal
role in leading to delayed cerebral ischemia and delayed
ischemic neurological deficits, which are highly associated
with the poor prognosis after SAH*>.

Tropomyosin-related kinase receptor B (TrkB), a mem-
ber of the receptor tyrosine kinase family®, has been proven
to ameliorate the early brain injury after experimental
SAH’. In a previous study, N-[2-(5-hydroxy-1H-indol-3-
yl) ethyl]-2- oxopiperidine-3-carboxamide (HIOC), the
derivative of N-acetyl serotonin (NAS), was confirmed to
be a potent agonist of TrkB®. Moreover, we have

demonstrated that HIOC can effectively activate TrkB fol-
lowing induction of the SAH model and attenuate neuronal
apoptosis’. However, the effects of HIOC on BBB preser-
vation have not been discussed.

The present study aimed to investigate the potential role
of HIOC on BBB protection and its underlying mechanisms
in a SAH rodent model.
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Materials and Methods
Animals and Experimental Design

All animal procedures were approved by the Committee of
Animal Use for Research at Shanghai Jiao Tong University
School of Medicine (China). Surgeries were performed on
male Sprague-Dawley rats that weighed 280-320 g.

In the outcome experiment (Fig. 1A), 58 rats were ran-
domly divided into sham-operated (n=12), SAH (n=15),
SAH + Vehicle (DMSO) (n=15), and SAH + HIOC
(n=16) groups. Three hours after SAH was induced, vehicle
or HIOC was intracerebroventricularly injected. The neuro-
logical scores and brain water content were assessed at the
24 and 72 h time points. Treatment with HIOC 3 h after SAH
was determined by our previous study’.

In the mechanism experiment (Fig. 1B), 29 rats were
assigned to four groups: sham-operated (n=7), SAH +
Vehicle (DMSO) (n=8), SAH + HIOC (n=7), and TrkB
siRNA + SAH + HIOC (n=7). TrkB siRNA was intracer-
ebroventricularly injected 24 h prior to SAH. Immunofluor-
escence staining and the protein levels of phosphorylated
TrkB (p-TrkB), p-Akt, p-GSK3p, and ZO-1 were detected
24 h after SAH.

SAH Model Induction and Intracerebroventricular (icv)
Injection

SAH was induced by endovascular perforation according to
our previous study'®. All animals were anesthetized with 5%
isoflurane in 70/30% medical air/oxygen and maintained
with 3% isoflurane in the same ratio of mixed air and oxygen
after transoral intubation with a tracheal cannula, which was
subsequently connected to a small respirator to assist
respiration.

The external carotid artery was exposed and ligated into a
3 mm stump, through which a 4-0 sharpened nylon suture
was threaded into the internal carotid artery (ICA) and
advanced into the Circle of Willis at the bifurcation of the
anterior cerebral artery and middle cerebral artery. SAH was
produced by ICA reperfusion after the suture was then pulled
back. The sham-operated rats received the same surgical
process without puncture of the intracranial branch point.

HIOC (Bio-Techne, Shanghai, China) (30 pg in 5 pl of
DMSO), vehicle (DMSO) (5 ul) and TrkB siRNA (500
pmol/5 pl) (Santa Cruz Biotechnology, Dallas, TX, USA)
were intracerebroventricularly injected as previously
described''. The rats were placed on the stereotaxic appara-
tus. HIOC, vehicle, or TrkB siRNA was slowly stereotaxi-
cally injected into the left lateral ventricle at the coordinates
of 1.5 mm posterior and 1.0 mm lateral to the bregma and 4.0
mm ventral to the cortical surface.

TrkB Silencing
The following sequences were used to design TrkB siRNA:

A SAH or || HIOC or Neurological scores
Sham DMSO and Brain water content
Oh 3h 24 h 72h
B
: SAH or | | HIOC or Immunohistochemistry
TkBSRNA | | sham | | Dmso and Wester Blot
-24h Oh 3h 24 h

Fig. |. Scheme of the study design. (A) Design of the outcome
study. (B) Design of the mechanism study.

(a) sense, 5'-GGAUUCCGGCUUAAAGUUU-3%,
antisense, 5'~AAACUUUAAGCCGGAAUCC-3';

(b) sense, 5'-GGAUUUGUAUUGCCUCAAU-3/,
antisense, 5'-AUUGAGGCAAUACAAAUCC-3/;

(c) sense, 5'-CCAUCACAUU UCUCGAAUC-3/,

antisense, 5'-GAUUCGAGAAAUGUGAUGG-3'.

Neurologic Outcome Assessment

The neurologic scores were assessed at 24 and 72 h after
SAH onset by means of a modified Garcia scale (3—18
points) and beam balance test (0—4 points)'?. The modified
Garcia scale consists of six tests, which include sponta-
neous activity, symmetry movement of four limbs, fore-
limbs outstretching, climbing, body proprioception, and
response to vibrissae.

SAH Severity Score

After the rats were euthanized, the brain was dissected, and
the basal cistern was divided into six segments. Each area
was scored from 0 to 3 depending on the amount of subar-
achnoid blood clot'®. SAH grading was obtained by sum-
ming all six segments’ scores (0—18 points).

Brain Water Content

The rat’s brain was rapidly divided into four parts (left
hemisphere, right hemisphere, cerebellum, and brain stem)
and weighed to obtain the wet weight (WW). After the
sample was dehydrated (105°C for 72 h), the brain
sample was weighed again to acquire the dry weight
(DW). The brain water content was calculated as [(WW—
DW)/WW] * 100%"4.
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Western Blot Analysis

The left hemisphere (perforation side) was isolated and col-
lected for Western blot analysis as previously described’.
The following primary antibodies were used for immuno-
blotting: anti-phosphorylated TrkB (1:1000, Abcam, Cam-
bridge, MA, USA), anti-phosphorylated Akt, anti-
phosphorylated GSK3f (1:1000, Cell Signaling Technology,
Danvers, MA, USA), anti-ZO-1 and anti-B-actin (1:500,
Santa Cruz Biotechnology).

Double Immunofluorescence Staining

Fixed frozen sections were created as previously
described"’. The sections were incubated with primary anti-
bodies (anti-ZO-1, Abcam, and anti-von Willebrand factor,
Millipore, Temecula, CA, USA) at 4°C overnight, followed
by secondary antibodies (fluorescein isothiocyanate and
Texas Red, Jackson Immunoresearch, West Grove, PA,
USA) for 2 h at room temperature. Immunofluorescence was
observed under a fluorescence microscope (Olympus OX51,
Tokyo, Japan).

Statistical Analysis

All data are presented as the means + standard error of the
means. One-way analysis of variance with Tukey’s post-hoc
test was applied for multiple comparisons among groups
using GraphPad Prism Software (CA, USA). p < 0.05 was
considered statistically significant.

Results
Mortality and SAH Grading

The mortality was similar among the SAH groups in this
study (SAH 3/15, SAH+Vehicle 3/15, SAH+HIOC 4/16,
and TrkB siRNA + SAH + HIOC 1/7). There was no

significant difference in the SAH severity score among the
SAH, SAH+Vehicle, SAH+HIOC, and TrkB siR-
NA-+SAH-+HIOC groups at the 24 and 72 h time points

(Fig. 2).

HIOC Treatment Attenuated Neurologic Deficits and
Brain Edema after SAH

After SAH was induced, the modified Garcia and beam
balance scores were significantly impaired at both the
24 and 72 h time points. The administration of HIOC ame-
liorated the neurologic deficits in the modified Garcia test at
the 24 and 72 h time points (Fig. 3A). The beam balance
score was elevated following HIOC treatment at 72 h after
SAH onset, while there was a trend that the beam balance
increased after the SAH rats were injected with HIOC at the
24 h time point (Fig. 3B).
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Fig. 2. SAH grading among SAH groups at 24 and 72 h time points.
There is no significant difference between groups (p > 0.05).
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Fig. 3. Neurologic function assessment at 24 and 72 h after SAH and sham groups (n = 6 per group). (A) ¥p<0.05 vs. SAH groups, #p<0.05
vs. SAH and SAH-vehicle groups. (B) *p<0.05 vs. SAH and SAH+-vehicle groups, #p < 0.05 vs. SAH and SAH--vehicle groups.
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Fig. 4. Brain water content of rat brain regions in SAH and sham groups at 24 (A) and 72 h (B) time points (n = 6 per group). (A) *p<0.05 vs.
SAH and SAH+-vehicle groups. #p < 0.05 vs. SAH-+vehicle group. @p < 0.05 vs. sham group. (B) *p<0.05 vs. sham and SAH+HIOC groups.

At the 24 h time point, brain edema was significantly
elevated in the supratentorial hemisphere, and there was no
difference in the brain water content between the sham and
SAH+HIOC groups. HIOC treatment attenuated the brain
water content in the right hemisphere (Fig. 4A). At 72 h after
SAH was induced, the brain water content in the vehicle
group was significantly higher than that in the sham and
HIOC injection groups in the left hemisphere (Fig. 4B).

HIOC Preserved BBB Integrity

The integrity of the BBB was detected by means of double
immunofluorescence staining. Intact endothelial cells (VWF)
and ZO-1 were observed in the sham rats. The integrity was
disrupted at 24 h after SAH induction, while the structures
were preserved by HIOC treatment (Fig. 5).

HIOC Activated TrkB/Akt/GSK-3[ Signaling Cascade

Western blot analyses showed that the phosphorylation of
TrkB and its downstream effectors phosphorylated Akt and
GSK-3p were significantly decreased at 24 h after SAH. The
tight junction protein ZO-1 expression was also reduced in
the vehicle group. HIOC administration significantly ele-
vated the level of phosphorylated TrkB and its subsequent
signaling pathway, and the level of ZO-1 expression was
also higher in the treatment group. These results were
reversed by TrkB siRNA pretreatment (Fig. 6).

Discussion

Our study indicated the role of TrkB-related cell signaling on
preserving BBB disruption after hemorrhagic stroke. More-
over, HIOC was proved to be a neuroprotective agent by
attenuating brain edema in experimental SAH rats.

The BBB breakdown causes poor prognosis through sec-
ondary injury. The tight junction disruption leads to exudate

full of protein diffusing into the extracellular space of the
brain and elevated the osmotic pressure, which further
causes extracellular fluid accumulation. Moreover, the brain
swelling increases the intracranial pressure and lowers the
cerebral perfusion pressure and cerebral blood flow'®. A
previous study showed that diffuse brain swelling, which is
an independent risk factor for death and poor outcome,
appeared in approximately 8% of SAH patients in the early
stage of the disease and would occur in 12% of SAH patients
in the following course of the disease®. Moreover, inflam-
matory cells from peripheral blood can penetrate into the
central nervous system through a corrupted BBB. Following
infiltration, pro-inflammatory cytokines, cytotoxic pro-
teases, and reactive oxygen species contribute to an exces-
sive inflammatory response, which is closely related to
apoptosis and epilepsy. Therefore, BBB preservation after
SAH could be a potential therapeutic target.

In our previous study, we demonstrated that the activation
of TrkB after SAH can decrease early brain injury by attenu-
ating neuronal apoptosis’. However, the neuroprotective role
of TrkB on preserving BBB integrity has not been explored.
It has been proven that a high dosage of HIOC treatment 3 h
after SAH occurred can significantly improve neurologic
function®. Thus, we used the dosage of 30 pg and the icv
injection time point of 3 h for the present study.

Shen et al. have shown that HIOC exerts its neuroprotec-
tive role by provoking TrkB and its downstream effector
Akt®. In our study, we also demonstrated that the phosphor-
ylation of TrkB and Akt were upregulated by HIOC admin-
istration in the SAH model. The activity of GSK-3f can be
inhibited by increasing its phosphorylation through the
PI3K/Akt pathway'’. Thus, we assessed the level of phos-
phorylated GSK-3f and found it was increased after HIOC
injection. However, this effect was prevented by TrkB
siRNA. Active GSK-3f can negatively regulate cytosolic
B-catenin by targeting its ubiquitination and degradation'®.
Phosphorylation of GSK-3f can trigger cytosolic B-catenin
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Fig. 5. Double immunofluorescence staining of VWF and ZO-1| at 24 h after SAH. Arrow indicates the breakdown of the continuous
endothelial cell layer.
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Fig. 6. Western blot analyses of the expression of TrkB and its downstream regulators (=6 per group). *p < 0.05 vs. sham and SAH+HIOC
groups.
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accumulation and promote B-catenin nuclear translocation'.
Our results indicated that the tight junction protein ZO-1
increased after HIOC treatment, which may be associated
with the activation of the classical Wnt/B-catenin signaling
cascade. After B-catenin’s nuclear translocation and interac-
tion with transcription factor, it could enhance the tight
junction such as Occludin and ZO-1 transcription and
translation®®. Thus in future research we need to investigate
the B-catenin level changes in both cytoplasm and nuclear, as
well as the mRNA level alteration of tight junction, to clarify
the underlying mechanisms.

Conclusion

HIOC acts as a potential neuroprotective agent following
SAH by activating the TrkB/Akt/GSK-3p pathway and
attenuating BBB disruption.
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