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Abstract: Cerebral microcirculation dysfunction might play an important role in symptomatic cerebral vasospasm 
(CVS), and this study was to investigate whether human tissue kallikrein (HTK) can alleviate it. In this study, for-
ty-four rabbits were randomly divided into sham-operated, subarachnoid hemorrhage-operated (SAH), SAH+HTK 
groups and SAH+HTK+L-NNA groups (n = 11/group). Neurological function and food intake were evaluated on the 
day before and for 7 days after SAH. Three-dimensional computed tomography angiography was used to determine 
the diameter of the basilar artery. Western blotting and immunohistochemistry were used to determine the expres-
sion of hippocampal endothelial nitric oxide synthase (eNOS) and CD34 respectively. Finally, the microvascular area 
ratio and field microvessel density (MVD) were quantitated. SAH reduced food intake and caused neurological dys-
function, which were countered by HTK administration. HTK also significantly increased the basilar artery diameter 
and reduced CVS following SAH. The microvascular area ratio and MVD were reduced in the SAH group, which was 
countered by HTK treatment. Moreover, HTK treatment increased eNOS expression. Moreover, N-nitro-l-arginine(L-
NNA) prevented the protection of HTK; the L-NNA group showed reduced basilar artery diameter, microvascular area 
ratio, MVD, and eNOS. During post-SAH symptomatic CVS, capillary numbers and the open area of the microcircula-
tion in the hippocampus declined. HTK improved the microcirculation status of symptomatic CVS and upregulated 
cerebral perfusion pressure by increasing capillary neogenesis and expanding spasmodic microvessels. HTK may 
exert its action via upregulation of eNOS, which may cause release of more nitric oxide within the hippocampus.
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Introduction

Cerebral vasospasm (CVS) is a common compli-
cation of subarachnoid hemorrhage (SAH) 
caused by aneurysm. CVS can induce brain 
ischemia and delayed cerebral ischemia (DCI), 
which are the leading causes of disability and 
mortality following SAH [1]. SAH comprises only 
5% of all strokes, but has a mortality rate of 
40% [2]. Cerebral ischemia or infarction post-
SAH occurs due to a reduction in cerebral blood 
flow from the great vessels to the microcir- 
culation [3]. Approximately 62% of post-SAH 
patients with cerebral infarction experience 
angiographic vasospasm. However, CVS in 
angiography is not the exclusive cause of cere-
bral infarction [4]. CVS can be reduced by 

drugs, but clinical outcome is not always 
improved [5]. Cerebral blood flow is reduced 
after DCI because of microcirculatory constric-
tion [6], microthrombosis [7], blood–brain bar-
rier disruption [8], and endothelial cell apopto-
sis [9]. Mounting evidence suggests a corre- 
lation between the occurrence of DCI and 
microcirculatory constriction and microthrom-
bosis. Therefore, investigating the changes in 
cerebral microcirculation post-SAH will provide 
insight into CVS pathogenesis and may provide 
an avenue for interventions in post-CVS DCI.

Human tissue kallikrein (HTK) plays multiple 
roles in physiology, such as dilating cerebral 
arteries, facilitating brain angiogenesis, and 
inhibiting cell apoptosis [10]. Previously, we 
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observed that HTK could expand the spastic 
basilar artery (BA) after SAH, decreasing the 
incidence of post-SAH symptomatic CVS [11]. 
HTK counters ischemia by promoting capillary 
hyperplasia and hemoperfusion in brain and 
myocardial ischemic areas [12] and dilates 
arterioles [13]. Nevertheless, few experiments 
have examined whether HTK ameliorates mic- 
rocirculation disturbances by enhancing mic- 
rangium hyperplasia in ischemia and dilating 
spasmodic micrangium in SAH.

In the current study, we established a rabbit 
model of symptomatic CVS to explore hippo-
campal microcirculation alterations post-SAH 
and the effects of HTK on CVS.

Materials and methods

Animal model 

The protocol was approved by the special com-
mittee on Animal Welfare from the First Affi- 
liated Hospital of Wenzhou Medical University 
(Approval No. 2015-132), and the rabbits were 
treated humanely by the guidelines of the Care 
and Use of Laboratory Animals (NIH Publication 
No. 85-23, revised 1996).

Animals which died during surgery or developed 
delayed ischemic neurological deficits post-
surgery were excluded from the experiment. 
The remaining rabbits were randomly assigned 
to four groups (n = 11/group): sham-operated 
controls, SAH-operated, SAH+HTK treatment, 
SAH+HTK+L-NNA treatment.

The model of SCVS after SAH was made as pre-
viously reported [11, 14]. The sham-operated 
group underwent injection of normal saline into 
the cisterna magna. After 48 hours, the cister-
na magna was repunctured, and injection of 1 
ml autologous arterial blood was repeated. CVS 
was confirmed by computed tomography angi-
ography (CTA).

At 30 minutes after the first blood injection, 
rabbits from the HTK group received 0.01 
PNAU/kg in phosphate-buffered saline (PBS; 
0.05 mol/L, pH 7.0) intravenously through the 
ear marginal vein over 5 minutes. This interven-
tion was repeated every 24 hours for 7 days 
[11]. The L-NNA was intraperitoneally injected 
at a dosage of 20 mg/kg for 7 days before the 
intravenously injected HTK. All animals were 

sacrificed on the seventh day. 1 unit PNAU was 
defined as the quantity needing to hydrolyze 1 
µmol paranitroaniline enzyme in 1 minuteat 
37°C and pH 8.0.

Neurological function testing 

The rabbits’ movements on a flat surface were 
used to assess neurological function. Deficits 
included somnolence, reduced activity, weak-
ness in the limbs, circling, and crawling difficul-
ty [14].

BA measurement 

BA diameters were measured via 3D-CTA 1 day 
before and 7 days after SAH induction, as 
described previously [11]. BA diameters were 
measured at three individual segments: proxi-
mal, middle, and distal. Each segment con-
tained five cross sections [15].

Immunohistochemistry

Immunohistochemical staining was done as 
described previously [16] (n = 5/group). For- 
malin-fixed paraffin-embedded tissues were 
sectioned at 4 μm, deparaffinized, and rehy-
drated. After incubation with a mouse anti-rab-
bit CD34 antibody (1:200; Boster-Bio, Wuhan, 
China) overnight at 4°C, washed by PBS and 
incubated by a horseradish peroxidase-conju-
gated secondary antibody (ZSGB-Bio, Beijing, 
China) for half an hour. The sections were incu-
bated by Liquid DAB Large-Volume Substrate-
Chromogen System (DAKO, Glostrup, Denmark) 
and counterstained with hematoxylin. The im- 
munostaining was evaluated by an Olympus 
BX-50 light microscope and the Image Pro-Plus 
6.0 analysis system. The level of CD34 was 
measured as the integral optical density.

Western blotting analysis 

Hippocampal samples (50 μg protein; n = 6/
group) were subjected to gel electrophoresis 
and transferred to polyvinylidene fluoride mem-
branes using standard methods. Membranes 
were incubated with rabbit polyclonal anti-
eNOS (1:200) and mouse polyclonal anti-tu- 
bulin (1:1000) antibodies (Beyotime, Jiangsu, 
China) followed by incubation with the appropri-
ate horseradish peroxidase-labeled secondary 
antibodies (1:1000, Beyotime) in 5% non-fat 
milk in Tris-buffer saline/Tween 20. Bands were 
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detected via enhanced chemiluminescence 
(Beyotime) and autoradiography. The results 
were quantified by Quantity One Software (Bio-
Rad, Hercules, CA).

Field microvessel density (MVD) and microvas-
cular area ratio

Statistical field MVD and microvascular area 
ratio were analyzed referring to a published pro-
tocol [17].

Statistics

Statistical analysis was performed using the 
SPSS Statistics software package for Windows 
(version 13.0; Chicago, IL, USA). Differences in 
neurological scores were analyzed by a Kruskal-
Wallis one-way ANOVA followed by multiple 
comparison procedures with Dunn’s method. 
Other data are expressed as mean ± standard 

deviation (SD). Statistical differences were 
detected by t tests within groups and one-way 
analysis of variance (ANOVA) followed by least 
significant difference tests among groups. 
Differences in enumeration data among the 
groups were tested using Fisher’s exact test. p 
< 0.05 was considered statistically significant.

Results

No significant differences were found in neuro-
logical function in the four groups on the day 
before SAH induction. After SAH induction, an 
increase in neurological deficits was observed 
in the SAH group and L-NNA group. In rabbits 
that received HTK, these SAH-induced changes 
were significantly countered, compared with 
those in the SAH and L-NNA groups at d5 (p = 
0.021, < 0.05), d6 (p = 0.001, < 0.05), and d7 
(p = 0.001, < 0.05; Figure 1).

BA diameters in the sham controls on day 7 
were similar to those on pre-injection day. In 
the SAH and the L-NNA groups, BA diameters 
were lower than the d0 values (p = 0.001, < 
0.05). In contrast, in the HTK-treated group, 
non-arteriospasm was observed on day 7, with 
a significantly higher BA compared to the SAH 
group (p = 0. 001, < 0.05; Figure 2).

CD34 was detected in the microvasculature of 
the hippocampus in all four groups (Figure 3). 
On day 7 post-SAH, the mean MVD values of 
the SAH and L-NNA groups were lower than that 
in the sham group (p = 0.004, < 0.05). The 
mean MVD of the HTK group was higher than 
that in the SAH group (p = 0. 001 < 0.05; Figure 
3E). Relative to the controls, the SAH and L-NNA 
group exhibited a lower microvascular area 
ratio whereas the HTK group showed a higher 
ratio (p = 0. 001, < 0.05; Figure 3F). Within the 
hippocampus, relative to control levels, eNOS 
levels declined in the SAH and L-NNA groups, 
and this was countered by HTK treatment (p = 
0.001, < 0.05; Figure 4).

Discussion

Microcirculation changes in CVS post-SAH 

A typical CVS is biphasic. The early phase 
occurs a few hours after SAH, with mild symp-
toms that quickly remit. In contrast, delayed 
CVS occurs 3-5 days after hemorrhage, peaks 
at 7-10 days, and abates after 2-3 weeks [18]. 

Figure 1. Rabbit neurological scores in three groups. 
*p < 0.05, HTK vs. SAH and L-NNA, n = 11/group.

Figure 2. Basilar artery diameter in the four groups. 
*p < 0.05, vs. SAH group; #p < 0.05, vs. day 0 (d0); 
n = 11/group.
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Delayed CVS is associated with severe cerebral 
ischemia and delayed ischemic brain damage 
and is the main cause of death and severe dis-
ability. The incidence of symptomatic CVS is 
25%-30% [18].

Although several studies have examined post-
SAH CVS-induced brain ischemia and infarc-
tion, the pathogenic microcirculatory changes 
are poorly understood [19]. Mounting evidence 
shows that microcirculation dysfunction after 
SAH is the major cause of brain ischemia, with 
evidence of decreased MVD, twitching or 
spasm of small cerebral arteries [20], and 

blocked arteriole circulation, despite the 
absence of CVS indicators in cerebral angiogra-
phy [21]. This latter finding is consistent with 
clinical findings of ischemic neurological defi-
cits without any evidence in cerebral angiogra-
phy [21].

Cerebral microcirculation is defined as circula-
tion in blood vessels with external diameters 
within 500 µm (i.e., arterioles, micro-arteries, 
capillaries, preferential channels, arteriove-
nous anastomosis, and micro-veins). These 
vessels exchange nutrients, gases, and hor-
mones between the blood and tissues [22]. A 

Figure 3. Analysis of microvessels. CD34 immunostaining, MVD, microvascular area ratio shown in four groups. A: 
Sham group; B: SAH group; C: L-NNA group; D: HTK group. E: Field microvessel density (MVD); F: Microvessel area 
ratio in the three groups. *p < 0.05, vs. SAH group; n = 5/group.
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second function of the microcirculation is mod-
ulation of vascular resistance, which helps to 
maintain sufficient arterial blood pressure for 
perfusion. Therefore, microvascular diameter, 
number, and the degree of opening are critical 
factors that disrupt cerebral blood flow and 
cause brain ischemia during CVS.

In the current study, the extent of spasm and 
neural dysfunction peaked at day 7. This is in 
accordance with a recent study that reported 
reductions in hippocampal CD34, microvascu-
lar area ratio, and MVD 7 days after SAH. We 
propose the following underlying mechanism: 
1) CVS imbalances diastolic/systolic factors in 
both the great vessels and the microvessels, 
leading to vascular occlusion, which minimizes 
the vessel diameters of the microcirculation 
[23]. 2) Following CVS, microcirculation perfu-
sion pressure is decreased, resulting in perfu-
sion deficits, and thus post-SAH cerebral isch-
emia/hypoxia cannot be alleviated [24]. 3) 
Endothelial cell necrosis, structural rearrange-
ments, endothelial hyperplasia, and the release 
of vasoactive substances (endothelin, free 
radicals, inflammatory mediators) after SAH 
induces direct micrangium injury and an asso-
ciated hypercoagulable state. This leads to the 
formation of microthrombus and micrangium 

obstruction, aggravating the decreased micro-
vascular diameters, thus causing cerebral isch-
emia/hypoxia [25]. As intact brain microcircula-
tion function is the basis of normal brain 
function, improvement of the microcirculation 
is of great significance to the prognosis of SAH.

HTK promotes revascularization

HTK is a new intervention to expand blood ves-
sels in acute cerebral infarction [26] but has 
not yet been used for the treatment of CVS [11]. 
We have previously shown that HTK expands 
the BA after SAH and reduces the incidence of 
symptomatic CVS. In a model of myocardial and 
cerebral infarction, HTK promoted capillary 
hyperplasia and local tissue perfusion [10]. 
Thus, HTK may counter SAH through promotion 
of capillary hyperplasia in the ischemic area, 
expansion of microvascular spasms, and/or 
enhancement of the microcirculation.

HTK catalyzes the release of bradykinin from 
kininogens, which acts directly on B1 and B2 
kinin receptors to promote vascular prolifera-
tion. In our study, HTK increased the post-SAH 
hippocampal MVD and microvascular area, 
which indicates that HTK may act via bradykinin 
to stimulate blood vessel growth and expan-
sion of capillaries. The mechanism may also 
involve eNOS. Nitric oxide (NO) derived from 
eNOS has a neuroprotective effect [27]. The 
kallikrein-kinin system increases NO produc-
tion via the Akt-B-eNOS pathway, thus promot-
ing the regeneration of blood vessels and 
expansion of spasmodic capillaries [28]. Pre- 
vious research showed that eNOS levels de- 
creased after SAH, which led to reduced rele- 
aseof NO, one of the leading causes of microcir-
culation dysfunction and CVS after SAH. We 
used the eNOS antagonist L-NNA, which can 
reduce the expression of eNOS. The previous 
study showed that the L-NNA can also decrease 
the level of eNOS in the cortex in an SAH rat 
model [29]. It reduces the expression of eNOS 
before HTK administration, which may decrease 
the level of NO. In the current study, HTK coun-
tered the SAH-induced decrease in hippocam-
pal eNOS, which may have resulted in the 
release of more NO to improve microcircula-
tion, and the effect was reduced by L-NNA.

In a rabbit model of symptomatic CVS, intrave-
nous HTK alleviated microcirculation dysfunc-
tion, increased nascent capillaries, expanded 

Figure 4. Western blot analysis of eNOS. Blots and 
densitometric analysis of hippocampal eNOS levels 
in the four groups. *p < 0.05, vs. the SAH group; n 
= 6/group.
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spasmodic microvessels, and increased cere-
bral perfusion via eNOS upregulation. We con-
cluded that HTK is a promising candidate for 
the prevention and control of CVS.
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