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Abstract

Acute brain injury caused by subarachnoid hemorrhage is the major cause of poor prognosis. The pathology of subarachnoid hemorrhage
likely involves major morphological changes in the microcirculation. However, previous studies primarily used fixed tissue or delayed
injury models. Therefore, in the present study, we used in vivo imaging to observe the dynamic changes in cerebral microcirculation after
subarachnoid hemorrhage. Subarachnoid hemorrhage was induced by perforation of the bifurcation of the middle cerebral and anterior
cerebral arteries in male C57/BL6 mice. The diameter of pial arterioles and venules was measured by in vivo fluorescence microscopy at
different time points within 180 minutes after subarachnoid hemorrhage. Cerebral blood flow was examined and leukocyte adhesion/
albumin extravasation was determined at different time points before and after subarachnoid hemorrhage. Cerebral pial microcirculation
was abnormal and cerebral blood flow was reduced after subarachnoid hemorrhage. Acute vasoconstriction occurred predominantly
in the arterioles instead of the venules. A progressive increase in the number of adherent leukocytes in venules and substantial albumin
extravasation were observed between 10 and 180 minutes after subarachnoid hemorrhage. These results show that major changes in mi-
crocirculation occur in the early stage of subarachnoid hemorrhage. Our findings may promote the development of novel therapeutic
strategies for the early treatment of subarachnoid hemorrhage.
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cal outcome after SAH (Okada and Suzuki, 2017). Moreover,
clinical trials have shown that reducing delayed vasospasm

Introduction
Subarachnoid hemorrhage (SAH) accounts for 2-9% of

strokes and is associated with high morbidity and mortality
(Fujii et al., 2013). Delayed vasospasm that develops within
3-7 days after SAH is widely considered an important cause
of poor outcome (Jia et al., 2009). Although animal studies
have led to the identification of many agents that inactivate
spasmogenic substances or block arterial smooth muscle
contraction, no drug has been successful in improving clini-
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does not significantly improve long-term prognosis (Sehba
et al., 2011). For this reason, early brain injury within the
first 72 hours after SAH has re-attracted the attention of re-
searchers (Chen et al., 2014) and is now considered a major
cause of poor prognosis (contributing to 30-70% mortality).
Because key pathological events are thought to be initiated
within minutes after aneurysmal SAH (Ostrowski et al.,
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2006), our experiments focused on the early stage after SAH.
The pathological mechanisms contributing to brain injury
include acute cerebral vasoconstriction, increased intracra-
nial pressure, microcirculatory disturbance, oxidative stress,
the immune inflammatory response, and cellular apoptosis
and death (Kozniewska et al., 2006; Hansen-Schwartz et al.,
2007). After the rupture of an intracranial aneurysm, intra-
cranial pressure rises rapidly, quickly hindering intracranial
circulation. This event promotes hemostasis and leads to a
reduction in cerebral perfusion pressure and cerebral blood
flow (Kozniewska et al., 2006; Liu et al., 2017).

To date, most studies on SAH have used fixed tissue (Se-
hba et al., 2005, 2007) to examine acute (within 2 hours)
changes in the diameter of big vessels or alterations in
microcirculation (Sun et al., 2009). Only limited data are
available on the microcirculatory changes after SAH in vivo
(Friedrich et al., 2012). Therefore, in the present study, we
used in vivo microscopy to investigate the changes in pial
microcirculation up to 180 minutes after SAH. We also
evaluated potential dynamic interactions between cerebral
blood flow, thrombus formation, cerebral microconstriction
and albumin extravasation, in an effort to provide insight
into the mechanisms responsible for early brain injury after
SAH.

Materials and Methods

Animals

A total of 36 specific-pathogen-free male C57/BL6 mice,
weighing 22-25 g and 8 weeks of age, were purchased from
the Animal Center of Peking University Health Science
Center in China (certificate No. SCXK2006-0008). The an-
imals were raised in cages under a 12/12-hour light/dark
cycle and were allowed free access to food and water. Before
the experiment, the mice were fasted for 12 hours. The pro-
tocols (Figure 1B) were approved by the Ethics Committee
of Animal Experiments of Peking University Health Science
Center. Mice were randomly divided into sham and SAH
groups (n = 18 per group).

Induction of SAH models

The mouse model of SAH was established according to a
previously published protocol (Yang et al., 2010). Briefly,
the mice were anesthetized by an intraperitoneal injection
of a-chloralose (40 mg/kg) and urethane (400 mg/kg) and
placed on a heating pad to maintain body temperature at 37
+ 0.5°C. For mice in the SAH group (n = 18), a nylon suture
(5-0) was inserted through the internal carotid artery to
perforate the bifurcation of the middle and anterior cerebral
arteries. Mice in the sham group (n = 18) underwent the
same procedure without perforating the artery. After the
surgery, mice were allowed to recover and given free access
to food and water.

Measurement of cerebral blood flow

A laser Doppler perfusion imaging system (PeriScan PIM3
System; PERIMED, Stockholm, Sweden) was used to mea-
sure cerebral blood flow, as described previously (Huang et

al., 2012). The skull was exposed, and a computer-controlled
optical scanner-directed He/Ne laser beam was placed 18-19
cm above the exposed cerebral cortex. The beam illuminated
the cortex to a depth of 0.5 mm. The images were acquired
before SAH or sham surgery and at 10, 20, 30, 60, 120 and
180 minutes after SAH or sham surgery. Relative perfusion
values were normalized and shown as a percentage of the
levels before SAH and before sham surgery. A decrease in
cerebral blood flow was considered to indicate a successful
SAH procedure (Naraoka et al. 2014).

Microcirculatory monitoring

Figure 1A shows the cranial window (2 mm x 2 mm) situat-
ed 1 mm lateral to the bregma over the right anterior of the
parietal cortex with the dura mater intact. NaCl (0.9%, 37°C)
was gently perfused over the exposed dura mater to main-
tain physiological conditions. We randomly selected at least
three venules (diameter: 20-100 pm) and three arterioles
(diameter: 20-100 um) for analysis. The same part of each
vessel was observed before and after SAH. Each part was
evaluated for 15 seconds at the different time points. Images
were recorded and analyzed in a double-blind manner. The
changes in microcirculation were observed for 180 minutes
using a biological microscope (DM-LFS, Leica, Wetzlar,
Germany) equipped with a video timer (VTG-55B, For-A,
Tokyo, Japan), a color monitor (J2118A, TCL, Huizhou,
China) and a DVD recorder (DVR-R25, Malata, Xiamen,
China). The images were recorded by a high-speed video
camera system (Fastcam-ultima APX, Photron, San Diego,
CA, USA).

Measurement of albumin extravasation

We observed albumin extravasation with an upright fluo-
rescence microscope (BX51, Olympus, Tokyo, Japan). The
cerebral venules (35-45 pum in diameter) were selected for
observation. Mice (n = 6) with inflammatory process or
bleeding in the cranial window were excluded. The mice
were injected with 50 mg/kg fluorescein isothiocyanate
(FITC)-albumin (Sigma-Aldrich, St. Louis, MO, USA) in-
travenously through the femoral vein 10 minutes before
observation. The fluorescence signal (emission wavelength
of 520 nm and an excitation wavelength of 490 nm) was
acquired using a super-sensitive CCD camera (USS-301,
UNIQ Vision Inc, Santa Clara, CA, USA). Albumin ex-
travasation was expressed as Ii/Iv (where Ii represents the
fluorescence intensity of FITC-albumin in the perivenular
interstitial area and Iv represents the fluorescence intensity
of FITC-albumin in the venules) (Xu et al., 2009; Wang et
al., 2012).

Measurement of adherent leukocytes

Rhodamine 6G (5 mg/kg, Sigma-Aldrich) was administrated
via the femoral vein after craniotomy, and the venules were
observed before and after surgery at the different time points
(10, 20, 30, 60, 120 and 180 minutes) (n = 6). The cerebral
microvenules (35-45 pm in diameter) were selected for ob-
servation. The microvessels were observed under an upright
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Figure 1 Diagrammatic sketch of the cranial window and
experimental protocol.

(A) Diagrammatic sketch of the location of the cranial window used for
intravital microscopy. (B) Experimental protocol. Mice were re-anes-
thetized at different time points for intravital microscopy after SAH.
SAH: Subarachnoid hemorrhage.

Figure 3 Microvascular constriction observed by a high-speed video
camera system.

(A) Blood vessels before SAH. (B) Three hours after SAH, arteriolar
constrictions varied, but were present in the main branches (white ar-
row), median-sized branches (black arrowhead) and small vessels (black
arrow), with constrictions of 10-40%. (C, D) No microvascular con-
strictions were observed in the venules. (C) Venules before SAH. (D)
Venules after SAH. Scale bars: 20 um. SAH: Subarachnoid hemorrhage.

fluorescence microscope (DM-LFS, Leica) using a heli-
um-neon laser beam for illumination after craniotomy. The
adherent leukocytes were identified as those that attached to
the venular walls for more than 30 seconds. The number of
adherent leukocytes was scored before and 10, 20, 30, 60,120
and 180 minutes after SAH (Xu et al., 2009; Huang et al,,
2012).

Statistical analysis

Data are presented as the mean + SEM and were analyzed
with SPSS software (Version22.0, IBM, Armonk, NY, USA).
The Mann-Whitney U test was used for the analysis of dif-
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Figure 2 Blood distribution and thrombosis after SAH observed
with a high-speed video camera.

(A) Three hours after SAH, a blood clot (arrows) was observed around
the cisterna magna, basilar cistern and basilar artery at the base of the
skull. (B) The thrombosis formed 120 minutes after SAH. The arrow
points to the thrombosis after the induction of SAH. (C, D) The same
blood vessel before SAH and 30 minutes after SAH. The blood accu-
mulated around vessels after SAH viewed as a light margin ensheathing
the vessels in the subarachnoid space (black arrow in D). The images
were recorded by a high-speed video camera system. Scale bars: 20 um.
SAH: Subarachnoid hemorrhage.

ferences between different time points. A value of P < 0.05
was considered statistically significant.

Results

Blood distribution after SAH

Blood accumulated in the subarachnoid space 3 hours after
SAH at the base of the skull (Figure 2A). After SAH, the for-
mation of thrombi, as shown in Figure 2B, in the arterioles
constricted blood flow in the microvascular system. Three
hours after SAH, only a few thrombi were observable. Fig-
ure 2C shows blood vessel before SAH. The blood did not
distribute evenly, but accumulated around vessels, observ-
able as a light margin around the vessels in the subarachnoid
space (black arrow; Figure 2D).

Microvascular constriction

During the 3 hours after SAH, we observed numerous con-
stricted microvessels. All constricted vessels were arterioles,
and no constriction was observed in the venules (Figure 3).
Figure 3A shows the vessels before SAH and 3 hours after
SAH. Arteriolar constrictions varied, but the main branch-
es (white arrow), median-sized branches (black arrow
head) and smaller vessels (black arrow) were constricted by
10-30%. This differs from the pearl string-like constrictions
observed in SAH patients in another study (Uhl et al., 2003;
Friedrich et al.,, 2012). We did not find any microvascular
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Figure 4 Cerebral blood flow (CBF)
on the cortex observed through a
cranial window.

(A) Representative images of cortical
CBF at different time points, acquired
with a laser Doppler perfusion imaging
system. The different colors indicate
the amount of CBF, with red to blue
denoting high to low. (B) Quantitative
analysis of CBF at different time points
in the sham group. There was no signif-
icant difference between the time point
prior to sham surgery (PreSham) and
the different time points after the sham
surgery. (C) Quantitative analysis of
CBF at the different time points in the
SAH group. After SAH, the CBF was
significantly reduced at the different
time points, compared with the time
point prior to SAH (preSAH). Data are
presented as the mean + SEM (n = 6).
*P < 0.05, vs. PreSAH. 10, 20, 30, 60,
120 and 180 indicate the minutes after
sham surgery or SAH. SAH: Subarach-
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(A) Representative images of the extrav-
asation of albumin from venules before
SAH (upright fluorescence microscope).
Rectangle (I) indicates interstitial tissue.
Image in rectangle (V) is that of a cerebral
venule. (B) Albumin extravasation 60 min-
utes after SAH. (C) Albumin extravasation
180 minutes after SAH. Scale bars: 20 pm
in A-C. (D) Statistical analysis of albumin
extravasation in the sham group. There
are no significant differences between the
time point prior to sham surgery (PreSh-
am) and the various time points after sham
surgery. (E) Statistical analysis of albumin
extravasation. Albumin extravasation was
significantly increased at the different time
*  points after SAH compared with before
SAH. Albumin extravasation is presented as
Ii/Iv (Ti represents the fluorescence intensity
of FITC-albumin in the perivenular intersti-
tial area and Iv represents the fluorescence
intensity of FITC-albumin in the venules).

SAH180

PreSham Sham10 Sham20 Sham30 Sham60 Sham120 Sham180

Figure 5 Albumin extravasation in the brain of mice after SAH.

constrictions in the venules (Figure 3C, D).

Cerebral blood flow changes after SAH

Using the laser Doppler perfusion imaging system, we ob-
served cerebral blood flow changes at different time points
(Figure 4A). The data were quantified and are shown for the
SAH group in Figure 4C. Notably, SAH induced a severe re-
duction in cerebral blood flow, compared with before SAH,
and this reduction was maintained for 3 hours. There were no
significant changes before and after sham surgery (Figure 4B).

Albumin extravasation
Figure 5A-C shows the transvascular efflux of FITC-labeled

PreSAH SAH10 SAH20 SAH30 SAH60 SAH120 SAH180

Data are the mean + SEM (n = 6). *P < 0.05,
vs. preSAH. 10, 20, 30, 60, 120 and 180 indi-
cate the minutes after sham surgery or SAH.
SAH: Subarachnoid hemorrhage; FITC:
fluorescein isothiocyanate.

albumin from the cerebral venules, and Figure 5E shows the
quantification of these data before and after SAH at the dif-
ferent time points. A slight fluorescence was observed in the
interstitial tissue outside the venule before SAH. Albumin
extravasation increased significantly 10 minutes after SAH,
and persisted at a high level until 3 hours after SAH (Figure
5E). There were no significant changes in albumin extrava-
sation before and after sham surgery (Figure 5D).

Adherent leukocytes after SAH

Figure 6A shows leukocytes adhering to venular walls after
SAH. The quantitative analysis of the number of adherent
leucocytes at the different time points is shown in Figure 6B
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(A) Venular wall acquired at baseline
(PreSAH) (A1) and 60 minutes (A2) and
180 minutes (A3) after SAH (upright
fluorescence microscope). White arrows
indicate the adherent leukocytes. Scale
bars: 20 um. V: Venule. (B) Statistical
analysis of the number of adherent leu-
cocytes at the different time points in
the sham group. No significant changes
were observed between preSham and
the different time points after sham
surgery. (C) Time course of the number
of adherent leucocytes at the different
time points. Compared with preSAH,
the number of adherent leukocytes in-
creased significantly starting 10 minutes
after SAH injury. No significant changes
were observed among the different time
points after SAH. Data are presented as
the mean + SEM (n = 6). *P < 0.05, vs.
PreSAH. PreSham: Before sham surgery;

SAH180
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Figure 6 Leukocytes adherent on the venular walls in mice after SAH.

and C. There were no significant changes between the differ-
ent time points after surgery or before sham surgery (Figure
6B). However, the number of adherent leukocytes increased
significantly starting 10 minutes after SAH compared with
before SAH (Figure 6C). There were no significant changes
in the number of adherent leukocytes between the different
time points after SAH.

Discussion

In the present study, in vivo imaging was used to investigate
changes in cerebral microcirculation after experimental SAH
in mice. Cerebral pial microcirculation was evaluated for 3
hours after operation. SAH induced arteriolar constrictions,
cerebral blood flow reductions, substantial albumin extrav-
asation and an increase in adherent leukocytes in venules.
These changes might contribute to early brain injury after
SAH.

SAH patients might suffer cerebral ischemia after hem-
orrhage, although large blood vessel spasm is not detected
angiographically (Uhl et al., 2003; Schubert et al., 2009). De-
spite scarce clinical evidence, microcirculatory changes and
early perfusion disturbances have been reported in some
studies (Ohkuma et al., 2000, 2001). In the present study,
limited to 3 hours after acute SAH, arteriolar constriction by
over 60% was observed in the main, median-sized and small
branches, indicating that the constriction happens soon af-
ter ischemia (within 10 minutes). These findings are similar
to those in human patients (Uhl et al., 2003; Pennings et
al., 2004, 2009) and mice (Friedrich et al., 2012), although
the timing of early brain injury was no less than 24 hours
in humans and 3 hours in mice in those previous studies.
Therefore, in the present study, we investigated changes at
a very early stage, and showed that constriction of arterioles
appears rapidly after SAH. In contrast to a study in rats
which suggested that constriction of arterioles and venules
occurs acutely after SAH (i.e., 5 minutes) in vivo (Sun et al.,
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PreSAH: before SAH. 10, 20, 30, 60, 120
and 180 indicate the minutes after sham
surgery or SAH. SAH: Subarachnoid
hemorrhage.

2009), we found no signs of constricted venules in our cur-
rent study using mice.

The constriction of arterioles resulted in a significant re-
duction in cerebral blood flow shortly after SAH, indicating
that the model was successfully induced. Assuming that
vessels are rigid bodies, according to the Poiseuille law, tu-
bular constriction by over 60% will lead to a reduction in the
quantity of flow by 13%. Therefore, the microconstriction
itself is able to cause a substantial decrease in cerebral blood
flow in the early phase of SAH. Furthermore, a decrease in
nitric oxide after SAH in animal models and humans has
been observed (Schwartz et al., 2000; Sehba and Bederson,
2011). It strongly affects constriction at the early stage of
SAH. The selective constriction of arterioles (i.e., not ve-
nules) might therefore result from the larger quantity of
smooth muscle cells in these vessels that can respond to the
decrease in nitric oxide. It has also been claimed that cyclo-
oxygenase-2 might be related to the pathogenesis of cerebral
vasospasm through nitric oxide and ET-1 (Munakata et al.,
2016). A number of different factors and mechanisms there-
fore appear to underlie microconstriction.

It has been reported that nitric oxide produced by endo-
thelial nitric oxide synthase is important for vascular func-
tions, such as the regulation of vascular tone and adhesion
of leukocytes to the endothelium (Cooke and Dzau, 1997),
which contribute to early brain injury (Cossu et al., 2014).
During inflammation, there is an increase in the expression
of adhesion molecules in the endothelium of the cerebral
microvasculature, including vascular adhesion molecule-1,
intercellular adhesion molecule-1, E-selectin and P-selectin
(Ley, 1996), leading to leukocyte adhesion. Leukocyte adhe-
sion in cerebral venules has also been observed previously
in several models of ischemia/reperfusion (Ishikawa et al.,
2004, 2009), supporting our results. In our present study,
albumin extravasation and leukocyte adhesion to venular
walls occurred simultaneously, suggesting that these two



Yang XM, Chen XH, Lu JE, Zhou CM, Han JY, Chen CH (2018) In vivo observation of cerebral microcirculation after experimental
subarachnoid hemorrhage in mice. Neural Regen Res 13(3):456-462. doi:10.4103/1673-5374.228728

processes are related. Neutrophils were observed to adhere
to the cerebral venules within 10 minutes after SAH in rats
(Friedrich et al., 2011). Reactive oxygen species and pro-
teinases are released by adherent neutrophils and target the
basement membrane and endothelium, resulting in albumin
extravasation and increased vascular permeability (Kurose
et al., 1997; Olanders et al., 2002). Furthermore, free radicals
activate the nuclear transcription factor NF-xB, which in-
creases leukocyte accumulation in vessels and up-regulates
the expression of intercellular adhesion molecule-1 on en-
dothelial cells (Olanders et al., 2002). This positive feedback
might contribute to the rapid increase in vascular permea-
bility and albumin extravasation. These inflammatory pro-
cesses within the first 3 hours cause early brain injury.
Platelet-leukocyte-endothelial cell interactions have been
observed in the postcapillary venules on the cerebral sur-
face immediately after SAH (Ishikawa et al., 2009). Platelet
aggregation precedes thrombosis after endothelial damage.
The frequency of microconstriction is greater than that of
microthrombosis. The formation of thrombi could affect
microvascular flow after SAH. Therefore, thrombi appear to
be formed after vasoconstriction, as supported by scanning
electron microscopy (Sabri et al., 2012, 2013).
Morphologically, a light margin ensheathing vessels in the
subarachnoid space was observed after SAH. The vessel wall
is clearly visible, contrasting with erythrocytes and hemo-
globin. It has been suggest that structural changes, including
endothelial and smooth muscle intima proliferation and
collagenous changes, contribute to the thickening of the ves-
sel walls (Uhl et al., 2003). These endothelial changes might
decrease the diameter of vessels (Plesnila, 2013). Pearl-
string-like constrictions are observed in SAH patients (> 24
hours) (Uhl et al., 2003; Pennings et al., 2004, 2009) and mice
(= 3 hours) (Friedrich et al., 2012). Changes in cerebrospinal
fluid flow might also occur, but the underlying mechanisms
remain unclear. In our experiment, however, only a few
thrombi were observable. Nevertheless, microthrombi have
previously been observed in the cerebral microcirculation,
occluding the proximal part of the spasm, characteristic of
SAH (Tso and Macdonald, 2013). This suggests an intimate
relationship between arteriolar constriction and thrombosis.
The design of this study focused on the morphology of the
microcirculation and its dynamic changes. We assessed the
circulatory changes in the brain through a surgical window,
which might have affected the observations, particularly as
the cranial window could impact intracranial pressure and
influence microcirculation. In the clinical setting, nuclear
medicine, magnetic resonance imaging (MRI) and X-ray
computed tomography are able to assess cerebral blood flow
less invasively (Griffiths et al., 2001). Among these, MRI
is widely used in animals because it provides non-invasive
structural, physiological and functional imaging data of the
whole brain in a longitudinal manner (Sun et al,, 2016). Ad-
ditionally, newer optical imaging techniques, including laser
speckle contrast imaging, two-photon microscopy, optical
coherence tomography and diffuse correlation spectrosco-
py, provide high spatial and temporal resolution, and are

therefore increasingly used to investigate blood flow changes
(Devor et al., 2012). Therefore, to examine the links between
early brain damage and dynamic microcirculatory changes
induced by SAH, future studies need to focus on the associ-
ated molecular changes, ideally using one or more of these
less invasive and highly-sensitive approaches.

In conclusion, we performed an in vivo microscopy study
on the cerebral circulation at early time points after SAH in
mice (up to 3 hours). We found decreased cerebral blood
flow, increased thrombus formation, adherent leukocytes
and albumin extravasation at the early stage. Major dynamic
changes in cerebral pial microcirculation were observed in
our study. Our findings should help scholars to develop tar-
geted neuroprotective strategies for early brain injury.
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