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A B S T R A C T

Objective: To investigate the role of inflammatory response, oxidative damage and changes of ATP-sensitive
potassium channels (sKATP) in basilar artery (BA) smooth muscle cells (SMCS) of rabbits in subarachnoid he-
morrhage (SAH) model.
Methods: Time course studies on inflammatory response by real-time PCR, oxidative process and function of
isolated basilar artery after SAH in New Zealand White rabbits were performed. Basilar artery smooth muscle
cells (BASMCs) in each group were obtained and whole-cell patch-clamp technique was applied to record cell
membrane capacitance and KATP currents. The morphologies of basal arteries were analyzed. Protective effect of
shikonin were also determine by same parameters.
Results: Inflammatory cytokines levels were highest at 24h compare to 72h after SAH whereas the oxidative
damage and cell death marker were at highest peak at 72h. Oxidative damage peak coincided with significant
alterations in cell membrane capacitance, KATP currents and morphological changes in basilar arteries. Shikokin
pretreatment attenuated early inflammatory response at 24h and associated oxidative damage at 72h. Finally,
shikonin attenuated morphological changes in basilar arteries and dysfunction.
Conclusion: Currents of ATP-sensitive potassium channels in basilar smooth muscle cells decreased after SAH by
putative oxidative modification from immediate inflammatory response and can be protected by shikonin pre-
treatment.

1. Introduction

Subarachnoid hemorrhage (SAH) is a common and severe cerebral
accident, which accounts for 5% of all cerebral apoplexy (Yan et al.,
2015). The incidence of SAH in China is about high (Zhang et al., 2013)
and the mortality and disability rate is above 50% (D'Souza, 2015). The
incidence of cerebrovascular spasm (CVS) after the cerebral accident is
as high as 30–90% (Crowley et al., 2008). CVS can cause sever ischemia
in brain tissue, which will lead to tardive hypoxic-ischemic brain da-
mage, and results in cerebral infarction, which is the major cause
mortality and disability rate (Fujii et al., 2013). However, the patho-
genesis of CVS after SAH is currently unclear. Current belief holds that
it is a process consisting of many factors and complexed networks of
events like oxidative damage, bioenergetics and cell death (Danura
et al., 2015; Rodriguez-Rodriguez et al., 2014). The current of po-
tassium ion channel changes in the early stages after SAH, which may

trigger CVS. The ATP sensitive K+ channels (sKATP) are related to cell
metabolism and membrane excitability, in vascular smooth muscle
cells. sKATP channel of membrane potentially plays a significant role in
the regulation of vascular tension (Nelson et al., 1990). sKATP open
channel can cause smooth muscle cell membrane hyperpolarization,
and a reduction of Ca2+through the voltage-dependent calcium channel
(VDCCs) flow channel, causing vasodilation. In addition, the drugs
activating sKATP increase K+outflow, which can cause membrane hy-
perpolarization and vascular smooth muscle relaxation(Quast et al.,
1994). Smooth muscle sKATP channel is a common molecular target of
many vasodilators and plays an important role in vasodilation.

A burst of pro-inflammatory cytokines and chemokines were re-
leased from various cells including smooth muscle cells in the artery
after SAH (Takizawa et al., 2001). This early molecular event triggers of
recruitment of immune cells to the injured area and leads to a sig-
nificant cause of oxidative damage (Yang et al., 2017). There is no
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literature linking co-occurrence of the oxidative damage with changes
either in functional or morphology of basilar artery and smooth muscle
sKATP channel. This is the goal of this present study. Many small mo-
lecule such as cannabinoids have immense effect on transcriptional
regulation and control many physiological responses (Mukhopadhyay
et al., 2015). Shikonin is a Chinese traditional medicine and have a
beneficial effect in various disease models via anti-inflammation, anti-
oxidant and anti-cancer (Boulos et al., 2019; Chen et al., 2003, 2011;
Guo et al., 2019; Liu et al., 2019; Park et al., 2013; Tanaka et al., 1986;
Yu et al., 2019).

Using the rabbit SAH model, our research focused on the relation-
ship between sKATP channel current change and CVS during early SAH,
to find the best time window for prevention and treatment of early CVS
after SAH. The therapeutic potential of shikonin in SAH was also
evaluated.

2. Method

2.1. Experimental design

New Zealand white rabbits (both male and female) provided by the
animal center of HuaXi Basic Medical College of Sichuan University
were randomly divided into groups with 8 rabbits in each group. In
SAH, rabbits were injected with non-anticoagulative arterial auto blood
through the cisterna magna and samples were collected at 24, 48 and
72 h. Sham group was injected with the same amount of saline.
Shikonin (50mg/kg) or maize oil was administered in experimental
group and samples were collected either at 24 or 72 h. The animal
experimental protocols were approved by the Animal Care and
Research Committee of Sichuan University. All procedures were con-
ducted in accordance with the Guidance for the care and use of la-
boratory animals, formulated by the Ministry of Science and
Technology of the People's Republic of China. All surgery was per-
formed under anesthesia, and all efforts were made to minimize suf-
ferings.

2.2. Experimental SAH model

SAH model was set up by injecting non-anti-coagulative arterial
autologous blood through cisterna magna (Satoh et al., 2001). Briefly,
rabbits were fastened on the experiment table with the prone low head
position after anesthesia with an injection of 3% Nembutal (1 ml/kg)
and midazolam (1mg/kg), 150000 unit Penicillin was given to prevent
infection. During the experiment, rabbits were given an oxygen mask
and kept an open airway, the rectal temperature was kept at 18–40°
with an electric blanket. After Shaving the hair of surgical area, ster-
ilizing and laying sterile towels, Num 5 IV needle was slowly inserted
into the suboccipital gap and 1ml/kg non-anticoagulant arterial blood
was uniformly injected into cisterna magna within 1min, 37° saline
(1ml/kg) was injected as a control. All animals were kept at 30-degree
prone position for 30min after injection before changed to the lateral
position. Respiration rate, pulse oxygen saturation and rectal tem-
perature were monitored during surgery, mean arterial pressure and
Heart rate was monitored by inserting an arterial catheter into ear
middle artery as well.

2.3. Isolation of basilar artery smooth muscle cells

Basilar artery smooth muscle cells were isolated based on earlier
published methods (Ishiguro et al., 2005). The rabbits were sacrificed at
24h, 48h, and 72h following SAH. The basilar arteries were isolated
under a microscope, small branches of blood vessels, endothelia, the
arachnoid and perivascular connective tissue were removed. The ba-
silar arteries were cut into 1mm square pieces. The small pieces of the
basilar artery were put into the enzymatic solution I (papain 0.5mg/ml
and dithioerythritol (DTE) 1mg/ml), and then put into the 37 °C water

bath for 20min. Next, the enzymatic solution I was replaced by enzy-
matic solution II with collagenase 1mg/ml (Type XI) for 30min in a
37 °C water bath. The digestion was stopped by removing the enzymatic
solution and put into DMEM culture media with 10% cell culture tested
BSA. To obtain a large number of single smooth muscle cells, the di-
gested basilar arteries were washed repeatedly with 4 °C extracellular
fluid by Pasteur pipette to release the single smooth muscle cell, the
isolated cell suspension can be kept into 4 °C, and can be used for patch
clamp experiment within 6h.

2.4. Cell patch

The coverslips were cleaned with clean silk textiles before cell patch
and pasted onto 3.5 mm culture dishes with sealing glue on the edge,
the tweezers were used to lightly press the coverslips to ensure it was
fixed correctly. The cell suspension was dropped onto coverslips by the
Pasteur pipette and kept at 1h, and then it was perfused 2 to 3 times
with extracellular fluid at a speed of 2ml/min to substitute PBS solution
and get rid of the impurity in the cell suspension. The isolated smooth
muscle cells were detected under an inverted phase-contrast micro-
scope. The shape of the isolated smooth muscle cells was long spindle
and oval with the smooth and intact cell membrane, neat of cell edge,
high refractive index, uniform cytoplasm and stretching well.

2.5. Microelectrode making

The 7.5 mm (1.5mm internal diameter, 1.10mm external diameter)
borosilicate glass tube with filament was pulled into two symmetrical
glass microelectrodes by microelectrode puller (SUTTER INSTRUMENT,
P-97). The solution for filling microelectrode was stored in a cold foam
box containing crushed ice to prevent the degradation of ATP elec-
trodes, and then it was filled into the tip of the microelectrode up to the
edge of 1/3 of the electrode to cover the silver electrode, tapping the
pipe wall to remove bubbles in the water. The electrode resistances was
5–10M Ω.

2.6. Whole-cell patch clamp recording

The whole cell patch clamp recorded the ATP sensitive potassium
channel current of artery smooth muscle cells in each group. Whole-cell
current amplitude (PA) and membrane capacitance (PF) were recorded,
which calculated the current density (PA/PF) and drew current-voltage
(Ⅰ -V) curve. The reversal membrane potential (Vrev)) and membrane
conductance (G) with corresponding voltage (TP) were obtained by
linear fitting curve, G= Ⅰ/(Vm-Vrev), Ⅰ and Vm was the current peak of
each TP and the voltage tested respectively. The maximum conductance
(Gmax) was calculated by Gmax= Ⅰmax/(VM-Vrev). Using the (G/
Gmax) as y-axis and the tested voltage (Vm) as X-axis, the scatter gram
and steady-state activation curve was obtained. At last, the Boltzmann
Formula was formed by fitting steady-state activation curve with the
scatter gram (setting f (V)=G/Gmax, Ⅰmax=1, Vmid=V0.5, V=Vm,
Vc= k, C=0). Which was used to obtain semi-activation voltage
(V0.5) and slope factor (k)?

The peak of whole-cell current (Ⅰ) was measured by testing different
impulse. The maximum peak (Imax) was utilized to standardize the
current under different impulse voltages, by which the relative current
amplitude Ⅰ/Imax was obtained, using Ⅰ/Imax as Y-axis and voltage
tested(Vm) as X axis to draw scatter gram and steady-state inactivation
curve, they were fitted and formed the Boltzmann Formula (f(V)]I/
Imax, Imax=−1, Vmid=V0.5, V=Vm, Vc= k, and C=1). The half-
inactivation voltage (V0.5) and slope factor (k) were obtained from
nonlinear fitting of Boltzmann formula. Finally, glibenclamide was
added into the extracellular fluid and the change of the current channel
was observed.

The isolated basilar artery smooth muscle cells with the smooth,
intact membrane, neat edge, stretching well, high refractive index and
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uniform cytoplasm were chosen for patch clamp. The Intracellular fluid
was injected into microelectrode by the injector with 0.22 μm filter, the
glass electrode full of intracellular fluid was put on the propeller and
moved by 3D Manipulator so that it’s tip closed to the target cell. Under
high magnification microscope, the electrode was gently pushed onto
the surface of the cell, and the appropriate resistance (1GΩ and above
was chosen) between the surface of electrode and cell was formed by
exerting a little negative pressure. After the rupture of membrane,
whole cell record was formed by capacitance and series resistance
compensation.

Clampex 10.0 software was used to release stimulation and collect
signal of all currents recorded. The current signal was guided by elec-
trode Ag/AgC1 and amplified by Axopatch 200B amplifier (AXON
INSTRUMENTS, USA), and then was input onto computer by the di-
gital-analog converter (Digidata 1440A, AXON INSTRUMENTS, USA),
Clampfit 10.0 software was used to analyze data. After whole cell re-
cording model completed, Clampex 10.0 software was run with voltage
clamp model to record cell membrane capacitance, and was used to
output stimulant signals and record the KATP current after compensa-
tion for membrane capacitance and electrode capacity, the Stimulus
parameters were set as holding potential was 80Mv, testing potential
increased from 70mV to 110mV, Stride length 15mV, Time-histories
400ms, and frequency 0.1Hz. Utilizing current (pA/pF) with membrane
potential to form the current and voltage curve. Data was collected with
5 kHz frequency after whole cells current transferred by current-voltage
and low pass filtering with 1 kHz, the linear leak and incomplete
compensation membrane current were subtracted with P/4. In order to
assess the characteristic of sKATP channel steady-state inactivation, the
peak sKATP of the whole cell (I) induced by different types of impulses
were tested. HP was set at −80mv and gradually increased from
−120mv to +40mv with 10mv/step, amplitude with 400 ms. HP de-
creased to 10 ms following increased to +40mv to create TP, which
lasted 250 ms before returning to HP, and the stimulus interval was 10s.

2.7. Basilar artery pathological examination

Basilar artery tissue was taken from rabbits in each group (the
coronal section was taken from 2 to 4mm of post optic decussation and
2mm of cerebral anterior basilar bifurcation point) for prepared for HE
staining. The HE-stained picture of Basilar artery was taken under a
microscope with a magnification of 40X, the luminal area and diameter
were analyzed and calculated using America Image-ProPlus profes-
sional image analysis and processing software system.

2.8. Isolation of RNA and real-time PCR

RNA was isolated from basilar artery homogenate according to the
manufacturer's protocol (Qiagen RNeasy Mini Kit, Qiagen, Hilden,
Germany). Total RNA was subsequently converted into cDNA and Real-
time PCR was carried under standard conditions with 200 pM PCR
primers. Each sample was analyzed in triplets using SYBR green
(Applied Biosystems) as fluorescent detector and GAPDH as an en-
dogenous control. All primers were obtained for RT qPCR Primer assay
were published earlier (Yang et al., 2014).

2.9. Co-immunoprecipitation and immunoblot analyses

Proteins from perforation side tissue samples were isolated by lysing
in RIPA buffer with protease inhibitor cocktail (Roche) and quantified
as described earlier (Shi et al., 2017). Co-immunoprecipitation were
performed as described earlier (Zhou et al., 2019). Equal amount of
proteins was loaded onto gel, transferred into nitrocellulose membrane,
blocked with 10% nonfat milk in PBS-Tween20. Membranes were in-
cubated with antibodies TNFα, IL1β, β-actin (Biomatik, Ontario, Ca-
nada) ZO1, Occludin (LS Bio, Seattle, USA), protein nitration (Cayman
Chemical,Ann Arbor,USA). After two washing with PBS-Tween20, the

membrane was incubated with corresponding secondary antibodies
(Beyotime, Shanghai, China) followed by chemiluminescence detection.

2.10. Protein nitration

Protein nitration was measured from basilar artery lysate in sham,
and experimental groups by ELISA kit (Bioswamp, China), according to
the manufacturer's instructions.

2.11. PARP activity

PARP activity from basilar artery lysate samples was measure as
described earlier (Putt et al., 2005).

2.12. Data analysis and statistics procession

Data were presented as mean ± standard deviation, comparison of
intragroup and different groups were processed by the t-test and One -
Way ANOVA analysis respectively, P < 0.05 showed the difference
was statistically significant.

3. Results and discussion

3.1. Time-dependent alterations of physiological parameters after SAH in
rabbit

Dark red blood clots around of posterior basal pool and partially
adhered arachnoid were examined in animals after SAH (Supplemental
Table 1). Before SAH, each of the rabbit weight showed no significant
differences (P > 0.05), but the weight of 24h–72h group significantly
decreased after SAH injury. There was no significant difference in heart
rate (HR) and mean arterial pressure (MAP) in each group before and
after modeling (Supplemental Table 1).

Intracranial vascular puncture easily damages brain tissues and in-
creases the risk of bleeding due to severe damage, and results in the
death of rats, with a mortality rate ranging from 16% to 44%(Gao et al.,
2008). Single intracisternal blood injection was shown that can form
more blood clots surrounding basilar artery and was feasible and reli-
able for replicating SAH model. By which, the pathological process of
SAH was vividly simulated, simple in operation and easy in the control
of bleeding. Additionally, no complex vascular network bridging the
internal and external circulation of the brain in rabbits, the vessel type
of rabbit is much closer to that of humans than cat and dog. Therefore,
the rabbit SAH model was adopted in this experiment.

The weights of rabbits decreased after SAH which may be caused by
loss of appetite and decreased intake of food due to the feeding center
suppressed resulting from the insufficient blood supply, following the
cerebral vasospasm induced by hemorrhage.

3.2. Induction of pro-inflammatory cytokines/chemokines peak at 24h after
SAH

We observed significant induction of pro-inflammatory cytokines at
24h after SAH and gradually decreased at 72h. Pro-inflammatory cy-
tokines IL-22, IL1β, and TNFα all increased significantly at 24,48 and
72 h after SAH (Fig. 1a–c). IL-22 have shown a crucial role in West Nile
encephalitis pathogenesis and endothelial dysfunction (Wang et al.,
2012; Ye et al., 2017). Both TNFα and IL1β are elevated in the early
stage of SAH in human and mice models (Chou et al., 2012; Sozen et al.,
2009). We also observed an increase of CXCL3 chemokine in the same
pattern (Fig. 1d) as the other cytokines and in accordance with the mice
model of SAH (Shi et al., 2017). Two of the cytokines IL1β and TNFα
were verified at the protein level by immunoblot analyses (Fig. 1e). The
pro-inflammatory response is critical for the recruitment of immune
cells and repair of damaged arteries.
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3.3. Induction of oxidative damage and morphological changes in basilar
artery peak at 72h after SAH

The oxidative damage measured by protein nitration of basilar ar-
teries and cell death marker total PARP activity was increased from 24h
to 72h (Fig. 2a and b). PARP is a key measure of cellular damage and
pharmacological intervention of PARP lead to protection in SAH (Satoh
et al., 2001). Compared with the sham operation group, the basilar
artery area, and diameter of the SAH group were smaller and was sig-
nificantly different. In SAH group, the lumen area and diameter of the
72h group were smaller than that of 48h and 24h group (Fig. 2c and d).
It is obvious that the maximum oxidative damage was related to max-
imum damage to the morphology of basilar arteries.

3.4. Significant alteration of the molecular function in ATP sensitive
potassium channel of isolated basilar artery smooth muscle cell at 72h after
SAH

The isolated basilar artery smooth muscle cells in five random visual
fields under high magnification microscope were detected and counted,
results showed it is no significant different in cell numbers between
groups. The morphology of majority cells detected under inverted phase
contrast microscope is long shuttle and partial cell presented as the
oval, with the integrity cell membrane, high refractive index, and
uniform cytoplasm. There is no difference in the sizes of cells in every
group.

This experiment adopted two-step enzyme (Papain and type XI
collagenase) digestion method for acute separation of BASMCs, and it
only took about 60min in the whole process, from vascular separation
to the digestion into single BASMC cells in the shapes of long fusiform
or ovals, and there was no obvious difference between groups in the
number of cells. Cell membranes were intact, with smooth surfaces,
high refractive index, uniform cytoplasm, high survival rate and easy to
form high resistance seals with a glass electrode, to meet the needs of
patch clamp test (Fig. 3a). The cell membrane ruptured and formed a
high resistance seals after the formation of the whole cell recording
mode, 20 cells were randomly selected from each group to record the
cell membrane capacitance (Cm), the results showed that there were no
significant differences in membrane capacitance between groups
(Table 1), which suggested that there is no significant difference in cell
size. Basilar artery smooth muscle cells of the sealing process were
shown in Fig. 3b. To verify whether the reduced current is sKATP cur-
rent, an ATP sensitive potassium channel blocker glibenclamide was
added (10μmol/), the results showed that glibenclamide could effec-
tively inhibit the current, which indicated that the current recorded in
the experiment is ATP-sensitive potassium channel current. Compared
with group C, the currents of ATP-sensitive potassium channels in
group 24h–72h were decreased (Table 1). In order to eliminate the
influence of difference of cell size on current, the current was converted
to the current density (PA/PF), and the current-voltage (I–V) curve was
plotted using current density (PA/PF) and Tested potential (TP, mv)
(Fig. 3c, Table 1). The numbers of ATP sensitive potassium channel

Fig. 1. Time-dependent studies on inflammatory response after SAH. Pro-inflammatory cytokines/chemokine IL-22 (a), IL1β (b), TNFα (c) and CXCL3(d) were
induced at 24h after SAH and gradually decreased up to 72h compared to sham. Values are mean ± standard deviation and statistically compared to the sham
group; N = 8/group, **** represents p < 0.0001 and *** represents p < 0.001. e) Immunoblot analyses of two cytokines TNFα and IL1β with loading control β-
actin.
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increased with the increase in voltage. Compared to the sham group,
the activation curves of 24h–72h groups shifted to the right (Fig. 3c),
the numbers of ATP sensitive potassium channel opened under the same
voltage were reduced. The half-activation voltage (V0.5) in 24h–72h
groups significantly increased compared with sham group C (Table 2),
but no significant difference has shown in slope factor (k) between
groups, which indicated it needs the higher voltage stimulation to open
the of basilar artery smooth muscle cells after SAH but the speed of ATP

sensitive potassium channel open is not affected, this results in a re-
duction of potassium ion efflux and the decrease of the current, which
may be the important cause of vasospasm after SAH.

ATP sensitive potassium channels in vascular smooth muscle are
composed of two subunits: inwardly rectifying potassium channel
(Kir6.1) and sulphonylurea receptor (SUR2B) (Aihara et al., 2004; Ko
et al., 2008). KATP channels can affect the contractile and diastolic
function of vascular smooth muscle, maintaining the basal tension of

Fig. 2. Time-dependent studies on oxidative damage and arterial morphological changes after SAH. Oxidative damage measured by protein nitration(a) and
cell death measured by PARP(b) were at its peak at 72h and gradually increased from 24h. Both basilar artery area(c) and diameter(d) gradually decreased at 72h in a
time-dependent manner. Values are mean ± standard deviation and statistically compared to sham group; N = 8/group, **** represents p < 0.0001; ***
represents p < 0.001; ** represents p < 0.01; * represents p < 0.05.

Fig. 3. Time-dependent studies current-voltage characteristic curves(I–V curve) of potassium channel after SAH. a) The pattern of I–V curves of each group is
upward, and the IKATP increased with the increase of membrane potential. There is no statistical difference among sham(C), 24h(S1) and 48h (S2) in the peak of sKATP

current. The peak of sKATP current at72h(S3) group was lower than that of sham group C(p < 0.05), which indicated that the reduction of the ATP-sensitive
potassium channel of basilar artery smooth muscle cell opened at 72 h after SAH and the current decreased. b) The steady-state activation curves of the same groups
as described above and are not statistically different c) The steady-state inactivation curves of the same groups as described above. d) Immunoprecipitation of
perforation side tissue lysates from sham and 72h time points with KCNA1 followed by immunoblot analyses with anti-nitrotyrosine antibody.
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vascular bed, and activates KATP channel during ischemia and hypoxia,
to dilate blood vessel and increase blood flow (Buckley et al., 2006). To
understand, the effect of oxidative damage to these channel proteins,
we examined oxidative modification of Kir6.1 by immunoprecipitation
(Fig. 3d). Kir6.1 was significantly modified at 72h after SAH resulting
altered function. sKATP channel is associated with the metabolism and
membrane excitability of cells and plays an important role in the reg-
ulation of membrane potential and vascular tone in vascular smooth
muscle cells. The opening of sKATP channels hyperpolarizes the mem-
brane of the smooth muscle cell, reduces the inflow of Ca2+ through
voltage-dependent calcium channels (VDCCs), and thus resulting in
vasodilation.

Gating kinetics of sKATP channel is featured by high ATP and voltage
dependency, and the opening or closing of the channel depends on the
concentration of ATP and ADP in cells, while the opening degree on the
membrane potential. In this experiment, no blockers of sodium chan-
nels and calcium channels were added in the extracellular solution. As
sodium channel was inactivated at −40mV for 200ms and the HP was
set at −80mV in this experiment, when sodium ions changed from
resting state to inactive state and took a long time to restore to resting
state from inactivated state. As it was difficult for sodium ions to restore
to be resting state during the period of voltage testing, the current in the
sodium channel was not recorded. Compared to the current in po-
tassium channel, the current in calcium channel was smaller and in-
activated quickly, so it did not affect the measurement of current in the
potassium ion channel. In the case of normal extracellular Ca2+ con-
centration, the maximum current was smaller than 50 pA and lasted for
about 30ms, so it had little effects and thus not blocking calcium ion
channel, and blockers, because of its toxic properties, affected the re-
cording. In order to identify whether the outward current recorded was
generated in ATP sensitive potassium channel, glibenclamide, specific
ATP sensitive potassium channel blocker, was added in cell bath,
showing that glibenclamide effectively inhibited currents generated in
the channel, which indicated that current recorded was generated in
ATP sensitive potassium channel.

The experimental results showed that the sKATP current of group
72h was smaller than that of sham group and there was no significant
difference in sKATP current between sham group with group 24h or
group 48h (Table 1), suggesting that the development probability of
ATP sensitive potassium channel of rabbit basilar artery smooth muscle
cells at 72h after SAH lowered, or protein expressing decreased. This
showed that after receiving the same level of suprathreshold

stimulation, the current passing through sKATP was much less at 72h
after SAH than other groups, resulting in increased contractile response
of smooth muscle cells. Foreign studies showed that the sKATP channel
activator-levcromakalim increased basilar artery vasodilation of rabbits
3 days after SAH (Zuccarello et al., 1996) and basilar arterial vasodi-
lation of dogs 7 days after SAH (Sugai et al., 1999), consistent with the
conclusion made in this experiment that currently passed through sKATP

decreased 72h after SAH. The results showed that the basilar artery
smooth muscle cell sKATP was abnormally closed or protein expression
decreased after SAH, the efflux of potassium ion decreased, and the
current passing through this channel decreased, thus promoting the
contraction of smooth muscle and causing CVS.

Ion channel activation curve reflects the speed and difficulty degree
of channel opening. As shown in Table 2, with the increase of voltage,
the number of ATP sensitive potassium channel to be opened is on the
increase, and the activation curves of group 24h–72h were to the right
of that of sham group, indicating that the number of channels to be
opened under the same voltage decreased; it can be hypothesized from
Table 2 that semi-activated voltage of group 24h–72h (V0.5) and sham
group were relatively high. Compared with sham group, the slope
factor (k) of each group does not change significantly, indicating that
compared to the control group, ATP sensitive potassium channel of
basilar artery smooth muscle cells after SAH opened under the stimu-
lation of high voltage, but the opening speed of the channel is not af-
fected (K value does not change significantly). This may be related to
the change of the function of sKATP after SAH, which reduces the ac-
tivity of the channel and makes the channel open under a higher level of
suprathreshold stimulation. The difficulty in the opening of the channel
reduces the outflow of potassium ions, resulting in the contraction of
smooth muscle. The results of the experiment suggested that the sKATP

current in basilar artery smooth muscle cells after SHA decreased sig-
nificantly, which further demonstrated that sKATP played an important
role in the development and progression of CVS.

We also observed that with the increase of voltage, the number of
inactivated ATP sensitive potassium channel reduces (Table 2), and the
inactivation curves of groups 24h–72h were to the right of that of the
sham group C, indicating that inactivated ATP sensitive potassium
channels from group 24h–72h group are more than those of sham group
under the same voltage, the outflow of potassium ions decreases, si-
milar to the current density and the changes of sKATP SAH and activa-
tion characteristics to 72h.

Based on activation and inactivation characteristics of sKATP, it
concluded that compared with the control group, the sKATP current of
each group after SAH reduced, and the channel was difficult to be ac-
tivated and easy to be inactivated, indicating that ATP sensitive po-
tassium channel and its function were inhibited after SAH. In consistent
with earlier publications, ATP potassium channel activators acting on
subarachnoid hemorrhage can effectively inhibit and alleviate cerebral
vasospasm, preventive administration of ATP sensitive potassium
channel activators can effectively prevent SAH-induced cerebral va-
sospasm. The I–V curve is not consistent with the activation curve and
inactivation curves, which may be due to less experimental samples or
gradually increased suppression to ATP sensitive potassium channel

Table 1
Comparison of Membrane capacitance(unit:PF) and peak of sKATP current.

Group Number of cells Membrane capacitance of
cells

sKATP current(pA/pF)

Sham 20 13.86 ± 0.25 73.09 ± 33.64
24h 20 13.86 ± 0.24 60.83 ± 37.92
48h 20 13.90 ± 0.31 54.85 ± 21.28
72h 20 13.79 ± 0.30 41.41 ± 16.80a

a Is statistically significant, P < 0.05 (n=8/group).

Table 2
Comparison of voltage of half-activation(V0.5)and slope factor for (k) activation voltage of half-inactivation(V0.5)and slope factor for (k) activation.

Group ATP sensitive potassium channel Inactivated ATP sensitive potassium channel. sKATP current (pA/pF)

V0.5 k V0.5 k

Normal 16.96 ± 4.27 52.88 ± 5.21 −46.58 ± 2.63 28.29 ± 2.56 72.53 ± 28.85
Sham 15.51 ± 4.42 53.79 ± 5.44 −44.83 ± 2.28 28.05 ± 2.21 73.09 ± 33.64
24h 20.28 ± 5.95a 54.55 ± 6.16 −42.01 ± 1.94a 29.97 ± 1.94 60.83 ± 37.92
48h 25.25 ± 5.18a 52.67 ± 6.30 −35.18 ± 1.91a 28.18 ± 1.88 54.85 ± 21.28
72h 25.11 ± 5.64a 58.48 ± 7.38 −34.04 ± 1.81a 30.23 ± 2.03 41.41 ± 16.80a

a Is statistically significant, P < 0.05 (n=8/group).
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after SAH. Therefore, some experiments showed that the sKATP channel
activator levcromakalim increased basilar artery vasodilation of rabbits
in 3 days after SAH and basilar artery vasodilation of dogs in 7 days
after SAH. But the efflux of potassium decreased after in 72h after SAH,
indicating that the treatment of subarachnoid hemorrhage by drugs
take effect at least 72h after SAH. In the comparison between groups in
terms of lumen area and diameter of the basilar artery, lumen areas and
diameters of basilar arteries of all SAH group were smaller than those of
the sham operation group suggesting that change of calcium currents is
related to SAH-induced early cerebral basilar artery spasm.

3.5. Protective effect of shikonin in SAH injury by reducing the early
inflammatory response, oxidative stress and morphological changes to
basilar arteries

Pretreatment of shikonin at 50mg/kg to rabbit before SAH atte-
nuated secretion of pro-inflammatory cytokines/chemokines IL-22, IL-
1β, TNFα and CXCL3 at 24h as determined by real-time PCR
(Fig. 4a–d). Protein levels of TNFα and IL-1β shown by immunoblot
analyses also validated real-time PCR data (Fig. 4e). Shikonin pre-
treatment also reduced reactive oxygen species generating sources
NOX2 and NOS2 determined at 72h after SAH (Fig. 5a and b). As ex-
pected shikonin attenuated both protein nitration and total PARP ac-
tivity significantly at 72h after SAH in basilar arteries (Fig. 5c and d).
Based on earlier time course studies, the inflammatory response was
highest at 24h after SAH whereas oxidative response was highest at
72h. We used those peak time points for understanding the protective
role of shikonin in SAH model. The earlier publication also demon-
strated the critical role of NOX2 and NOS2 in SAH injury (Iqbal et al.,
2016; Zhang et al., 2017). Shikonin reduced both oxidative damage and
associated cell death after SAH. Shikonin has a direct role in scavenging
reactive oxygen species (Yoshida et al., 2014) and modulation of NOX2
(Kazumura et al., 2016). In recent years, numerous publications de-
monstrate the immune-modulatory effect of shikonin including brain
inflammation (Koike et al., 2016; Liang et al., 2016; Tanaka et al., 1986;
Wang et al., 2014; Zorman et al., 2016).

The major protective effect of shikonin effect was a significant

improvement of arterial morphology at 72h after SAH (Fig. 6a and b).
The role of shikonin were further investigated using blood brain barrier
(BBB) proteins, which are key to inflammatory cell infiltration. Shi-
konin pretreatment significantly improved protein level of both ZO1
and occludin (Fig. 6C) in BBB, thus improving the outcome. These
protective effects were evident from reduced inflammatory response
followed by reduced oxidative damage. Oxidative modulation of po-
tassium channels and cellular dysfunction is well established (Sahoo
et al., 2014). The vascular dysfunction and cell death due to altered
potassium channel was one of the major contributor to morphological
changes in basilar arteries after SAH and shikonin protected against
those processes (Fig. 6d).

4. Conclusion

Inflammation and oxidative damages induced by SAH injury lead to
many cellular dysfunctions including ATP sensitive potassium channel
and associated vascular dysfunction and cell death. ATP sensitive po-
tassium channel plays an important role in the incidence and devel-
opment of SHA-induced CVS, and the abnormal changes of ATP sensi-
tive potassium channel after SAH and decreased efflux of potassium
diminished current generated in ATP sensitive potassium channel, to
promote the contraction of vascular smooth muscle cells and induce
cerebral vasospasm, which may be one of the mechanisms underlying
SAH-induced CVS. Shikonin improved both inflammatory response,
oxidative damage, blood brain barrier function and thus improving
basilar arteries structural changes, possibly ATP sensitive potassium
channel and preventing cell death.
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Fig. 4. Effect of Shikonin on pro-inflammatory cytokines/chemokines at 24h after SAH in the basilar arteries. Shikonin (SK) pre-treatment attenuated pro-
inflammatory cytokines/chemokines IL-22(a), IL1β (b), TNFα (c) and CXCL3 (d) induced by SAH. Values are mean ± standard deviation and statistically compared
to sham group or SAH group as presented; N = 8/group, **** represents p < 0.0001; *** represents p < 0.001; * represents p < 0.05. e) Immunoblot analyses of
two cytokines TNFα and IL1β from same set of samples used for real-time PCR.
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Fig. 5. Effect of Shikonin on reactive oxygen generation sources, oxidative damages and cell death at 72h after SAH in the basilar arteries. Shikonin (SK)
pre-treatment attenuated two major reactive oxygen sources NOX2(a) and NOS2(b) resulting in reduced oxidative damage(c) and cell death marker total PARP
activity(d) induced by SAH. Values are mean ± standard deviation and statistically compared to the sham group or SAH group as presented; N = 8/group, ****
represents p < 0.0001.

Fig. 6. Effect of Shikonin on morphological changes in basilar arteries at 72h after SAH. Shikonin (SK) pre-treatment attenuated morphological changes of
basilar artery area(a) and diameter(b) induced by SAH. Values are mean ± standard deviation and statistically compared to a sham group or SAH group as
presented; N = 8/group, **** represents p < 0.0001; * represents p < 0.05. c) Immunoblot analyses of blood brain barrier proteins ZO1 and Occludin with loading
control β-actin d) Schematic representation of the mechanistic role of Shikonin protection at multiple levels in SAH model of rabbit.
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