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Abstract

A rodent model of embolic middle cerebral artery occlusion is used to mimic cerebral embolism in clinical patients. Thrombolytic
therapy is the effective treatment for this ischemic injury. However, it is difficult to detect thrombolysis dynamically in living
animals. Synchrotron radiation angiography may provide a novel approach to directly monitor the thrombolytic process and
assess collateral circulation after embolic stroke. Thirty-six adult Sprague-Dawley rats underwent the embolic stroke model
procedure and were then treated with tissue plasminogen activator. The angiographic images were obtained in vivo by synchro-
tron radiation angiography. Synchrotron radiation angiography confirmed the successful establishment of occlusion and detected
the thrombolysis process after the thrombolytic treatment. The time of thrombolytic recanalization was unstable during embolic
stroke. The infarct volume increased as the recanalization time was delayed from 2 to 6 h (p < 0.05). The collateral circulation of
the internal carotid artery to the ophthalmic artery, the olfactory artery to the ophthalmic artery, and the posterior cerebral artery to
the middle cerebral artery opened after embolic stroke and manifested different opening rates (59%, 24%, and 75%, respectively)
in the rats. The opening of the collateral circulation from the posterior cerebral artery to the middle cerebral artery alleviated
infarction in rats with successful thrombolysis (p < 0.05). The cerebral vessels of the circle of Willis narrowed after thrombolysis
(p <0.05). Synchrotron radiation angiography provided a unique tool to dynamically detect and assess the thrombolysis process
and the collateral circulation during thrombolytic therapy.
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caused by proximal intracranial large vessel occlusion [4].
Until now, thrombolytic therapy and endovascular
thrombectomy have been the only effective treatments for
ischemic stroke in the acute phase [5, 6]. Thrombolytic ther-
apy with tissue plasminogen activator (tPA) is beneficial when
given within 4.5 h of ischemic onset [7, 8]. However, hemor-
rhagic transformation, neurotoxicity, and treatment within a
narrow window of time comprise major limitations for throm-
bolytic therapy, resulting in only a few patients benefiting
from it [9]. Therefore, dynamically detecting vascular changes
following thrombolytic therapy should be further studied. The
experimental animal model plays a critical role in basic re-
search. Embolic middle cerebral artery occlusion (eMCAO)
model in rodents is used to mimic cerebral embolism in clin-
ical patients. Stability is the key property of the animal model,
which can seriously affect the experimental results. In addi-
tion, monitoring the course of thrombolysis in real-time is
important for the assessment of results.

The collateral circulation of the brain refers to the existing
or neo-formed vascular bypass in the brain. When cerebral
vascular diseases induce the reduction of blood supply, the
blood flow can reach the ischemic zone through collateral
circulation. The ischemic zone is compensated with different
degrees of perfusion. Collateral circulation is the key element
setting the pace of the ischemic process. The collateral score
could be an independent predictor of final infarct volume and
improvement in the clinical deficit [10, 11]. After arterial oc-
clusion, collateral blood flow modulates the temporal growth
of'the ischemic core into the penumbral area [4]. Conventional
imaging technology restricts the basic research of collateral
circulation in vivo. At present, the study of collateral circula-
tion has had a minor advancement. Collateral circulation as-
sessment is used more as a predictor of the outcome after
treatment, and it has not yet reached the extent of affecting
the clinical decision. Therefore, the collateral circulation as-
sessment should be further optimized, and the degree of col-
lateral circulation needs to be quantified to provide more reli-
able information for clinical therapy.

Common devices applied to the visual study of cerebral
vasculature in living animals included optical imaging,
CT angiography, digital subtraction angiography (DSA),
MR angiography (MRA), and color Doppler ultrasonog-
raphy [12—-15]. However, the low resolution of these
methods limits the detection of microvasculature disorders
[16, 17]. Synchrotron radiation (SR) X-ray imaging could
reach the submicron range of spatial resolution. The res-
olution of SR is approximately 1000 times higher than
that of conventional X-ray absorption imaging [18, 19].
Recently developed SR angiography has provided a
unique tool to monitor real-time hemodynamic changes
in blood flow and microvascular morphology [20-22].
Based on this, we attempted to perform SR angiography
in order to explore collateral circulation after eMCAO, the
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process of thrombolysis, and vascular changes after
thrombolysis.

In this study, we aim to (1) establish a novel method of
dynamic thrombolysis detection, (2) evaluate the collateral
circulation after eMCAO, and (3) explore the effect of tPA
thrombolytic therapy on vascular diameter and perfusion.

Materials and Methods
Animals and Experimental Groups

Animal procedures were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) of
Shanghai Jiao Tong University, Shanghai, China. Adult male
Sprague-Dawley (SD) rats (n=36) weighing 250+30 g
(Sippr-BK, Inc., Shanghai, China) were used in the study.
Animal studies were reported according to ARRIVE guide-
lines. The animals were housed normally with free access to
water and food. After ischemic stroke, the animals were ad-
ministered an intravenous dose of 10 mg/kg of tPA
(Boehringer Ingelheim, Ingelheim, Germany) as the thrombo-
lytic therapy, which was administered 3 h after eMCAO [7, 8,
23].

Embolic MCAO Models

A homologous clot was prepared 1 day before the eMCAO
surgery. A blood donor rat was anesthetized by isoflurane
(RWD, Shenzhen, China). A 250-mm PE-50 tube was
inserted into the femoral artery, and fresh arterial blood was
withdrawn using a 2.5-ml syringe and into the tube to form the
homologous clot. The clot was maintained in the tube at room
temperature for 2 h and was subsequently stored at 4 °C for
22 h. Then, the PE-50 tube containing the clot was cut to the
length of 40 mm. The clot was transferred into a dish contain-
ing saline and then inhaled into the PE-04-50 tube with a 2.5-
ml syringe before use.

Rats were anesthetized by isoflurane, and an incision was
made in the middle of the neck of the rat to expose the com-
mon carotid artery (CCA), internal carotid artery (ICA), and
external carotid artery (ECA) under the microscope. The PE-
04 catheter containing a single fibrin-rich clot was introduced
into the ECA lumen through the small incision. The tip of the
catheter was approximately 2 to 3 mm from the origin of the
middle cerebral artery (MCA). The clot was gently injected
into the ICA. After 5 min, the catheter was withdrawn
[24-26].

SR Angiography in Living Animals

SR angiography was conducted at the X-ray imaging beam
line BL13W in Shanghai Synchrotron Radiation Facility.



Transl. Stroke Res. (2019) 10:695-704

697

Imaging procedures have been described previously [27]. The
average beam current was 145 mA, and X-ray energy was
33.2 keV. Rats were anesthetized intraperitoneally with
ketamine/xylazine (100 mg/10 mg/kg) during the imaging
process. An angiographic tube was inversely inserted into
the ECA to inject 160 pl of diluted iodinated contrast medium,
Ipamiro (General Electric Company, Shanghai, China), into
the CCA at a rate of 6 ml/min using an automated micro-
syringe pump (LSPO1-1A, Longer; Baoding, China). An X-
ray complementary metal oxide semiconductor (pixel size
9.0 um x 9.0 um, frame frequency 30 Hz, Hamamatsu Ltd.,
Japan) was utilized to record high-resolution real-time angio-
graphic images. Next, MATLAB software (MathWorks,
Natick, MA) with a written short program was used to identify
perfused vessels from the original SR angiography images
[28].

MRI

Magnetic resonance imaging (MRI) was performed on ani-
mals 1 day after eMCAO. MRI experiments were performed
on a 3T General Electric MR system (GE Medical Systems,
South San Francisco, CA). Rats were intraperitoneally anes-
thetized with ketamine/xylazine (100 mg/10 mg/kg, Fujian
Gutian Pharmaceutical Co., Ltd., Gutian, China/Sigma-
Aldrich, St. Louis, MO). The heads of the rats were placed
approximately at the center of a homemade coil. The rats were
secured in a prone position. All brains were examined by T2-
weighted MRI with imaging parameters: TR = 2000 ms, TE =
40 ms, matrix = 160 x 192, FOV =60.0 x 60.0 mm, slice
thickness = 1.0 mm, and interslice distance = 0 mm [29].

TTC Staining

2,3,5-Triphenyltetrazolium chloride (TTC) staining was per-
formed to detect the infarct area. One day after eMCAO, an-
imal brains were removed immediately and coronal slices
were dissected using a brain slicer. The brain slices were
stained with 2% TTC in Dulbecco’s phosphate buffer
(pH 7.4) at 37 °C for 20 min [30]. The ischemic lesion area
could not be colored red. Infarct volume was calculated by
Imagel software (National Institutes of Health, Bethesda,
MD) as described previously [31].

HE Staining

Rats were sacrificed 1 day after eMCAO and perfused with
saline followed by 4% paraformaldehyde transcardially. A fter
fixation and dehydration, the brains were embedded in paraf-
fin and made into a series of 8-um-thick coronal sections.
Then, we performed hematoxylin and eosin (HE) staining
according to our previously reported procedures [27, 32].
Sections were immersed into hematoxylin dye for 5 min.

Next, brain sections were immersed into eosin dye for 30 s
followed by dehydration with 95% ecthanol and clarity with
dimethylbenzene.

Hemorrhagic Transformation Identification

Rats were sacrificed after eMCAO and perfused transcardially
with saline followed by 4% paraformaldehyde. If hemorrhagic
transformation occurred, blood was observed in the brain tis-
sue instead of the vessels. Otherwise, the brain color was light
yellow except for the embolus.

Dimeter Assessment of Cerebral Vessels

Measurements of the vessel internal diameters (ID) of the
extracranial ICA, intracranial ICA, MCA, posterior cerebral
artery (PCA), and anterior cerebral artery (ACA) were con-
ducted using image analysis Imagel] software (National
Institutes of Health). The vessel ID represents the average of
three independent measurements [28]. The investigator who
performed the measurements was unaware whether the angio-
graphic images were captured before eMCAO or after tPA
thrombolysis.

Statistical Analysis

Data were presented as the mean + SD. The infarct volumes
for multiple comparisons among different recanalization time
groups were evaluated using one-way ANOVA followed by
Tukey’s post hoc test. The infarct volume affected by collat-
eral circulation and the comparisons of repeated diameter
measurements were assessed by one-way ANOVA followed
by the Bonferroni test. Data were assessed using SPSS soft-
ware (SPSS Inc., Armonk, NY). A probability value of less
than 5% was considered to represent statistical significance.

Results

The Establishment of eMCAO

The SR angiographic images detected the entire vascula-
ture of the left hemisphere including ICA, MCA, ACA,
PCA, small arteries, and small veins. The images showed
that the MCA was occluded after eMCAO (Fig. 1a). The
MRI demonstrated the lesion area after eMCAO (Fig. 1b).
The stereo-microscopic images of rat brain indicated the
location of the emboli (Fig. 1c). HE staining was per-
formed to detect that the injected emboli obstructed the
lumen (Fig. 1d). We found emboli blocking the arteries.
The white area in the TTC staining represented the lesion
area (Fig. 1e). The mortality rate was 8.33%. The success
rate of the eMCAO model was 77.8%.
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Fig. 1 The establishment of
eMCAO. a SR angiographic
images of the normal rat and the
rat after eMCAO. The red arrow
indicated the location of MCA.
The MCA was occluded after
eMCAO. Bar=1 mm. b MRI of
the rat after eMCAO. The white
dotted line demonstrated the
lesion area. ¢ Stereo-microscopic
images of the rat brain after
eMCAO. d HE staining showed
the lumen without emboli and the
lumen with emboli. Bar =50 um.
e Coronal sections of rat brain,
from anterior to posterior. The
white area in the TTC staining
represented the lesion area

The Dynamic Detection of Thrombolysis

The synchrotron radiation angiographic images showed that
there was no blood flow in the MCA and ACA after eMCAO.
After tPA injection, successful thrombolysis could be ob-
served by SR angiography. However, there were some failed
cases of thrombolysis (Fig. 2a). The failed thrombolysis rate
was 21.4%. The stereo-microscopic images of rat brain dem-
onstrated the red embolus located in the circle of Willis in rats
with failed thrombolysis, while there were no emboli in rats
with successful thrombolysis (Fig. 2b). Rats with failed
thrombolysis did not present with hemorrhage. Hemorrhagic
transformation arose in some of the rats with successful
thrombolysis (Fig. 2¢). The hemorrhagic transformation rate
was 10.7%.

The Time of Thrombolytic Recanalization Was Not
Stable in eMCAO

The dynamic angiographic data indicated that the thrombolyt-
ic recanalization time was not stable. Our observation time
lasted 12 h. We observed that most of the thrombolysis cases
occurred within 6 h after tPA administration. However, in
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some of the failed cases, the MCA did not re-perfuse during
our observation time (Fig. 3a—d). Nearly 50% of thrombolysis
occurred between 1 and 6 h after tPA administration (Fig. 3e).
There were no differences in the infarct volume among the
groups with recanalization within 2 h. The infarct volumes
were higher in the 2.0-6.0 h group and failed recanalization
group compared to the 0.0-0.5 h group (Fig. 3f, p < 0.05). The
infarct volume increased as the recanalization time was de-
layed from 2 to 6 h (Fig. 3f, p <0.05).

Collateral Circulation Opened After eMCAO in Rats

Hemisphere microvasculature in rats was dynamically re-
vealed by SR angiography after eMCAO to explore the col-
lateral circulation (Fig. 4a). We directly observed the collateral
circulations from the ICA to the ophthalmic artery (OphA),
the olfactory artery (OA) to the OphA, and the PCA to the
MCA (Fig. 4b). Data analysis showed that the open ratios of
ICA-OphA, OA-OphA, and PCA-MCA after eMCAO were
58.82%, 23.53%, and 75.00%, respectively (Fig. 4c). The col-
lateral circulation PCA-MCA opening alleviated the infarc-
tion in rats with successful thrombolysis (Fig. 4d, p <0.05).
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Fig. 2 The dynamic detection of ) rat1
thrombolysis. a SR angiographic a
images of the rat before eMCAO,
after eMCAO and after tPA.
Thrombolysis was successful in
rats 2 and 3 while failed inrat 1. b
Stereo-microscopic images of the
rat brain. The red embolus was
located in the circle of Willis in rat
1, while there were no emboli in
rats 2 or 3. ¢ Images showed that
the hemorrhage in rat 2 after
thrombolysis

Before
eMCAO

After
eMCAO

After tPA

The Cerebral Vessels of the Circle of Willis Narrowed
After tPA Thrombolysis

The diameters of extracranial ICA, intracranial ICA, PCA,
MCA, and ACA according to the angiographic images before
eMCAO and after thrombolysis were measured by an inves-
tigator who was blind to the experimental groups. The data
showed that the diameter of extracranial ICA, intracranial
ICA, MCA, and ACA became narrow at the time-point of
recanalization, which indicated decreased blood flow (Fig. 5,
p<0.05).

Discussion

The eMCAO model is commonly used in focal cerebral ische-
mic research. At this time, thrombolytic therapy demonstrates
to improve outcomes from acute ischemic stroke. We
established a novel method to dynamically monitor the pro-
cess of thrombolysis with tPA following eMCAO. The risk of
intracerebral hemorrhage and the narrow time window limited
the use of tPA for stroke [23]. Extending the narrow time

rat 3

window of tPA could benefit a significant number of stroke
patients [7]. This situation calls for the further development of
thrombolytic drugs. SR angiography could be used in animal
research yielding higher resolution than DSA, which is com-
monly used in the clinic. This technique could be beneficial to
the basic study of thrombolysis.

Our results suggested that the recanalization time with tPA
after eMCAO was unstable. The recanalization time varied
greatly after tPA administration, which affected the infarct.
The variability in cerebrovascular anatomy between the indi-
vidual rats might affect the results. The factors causing varia-
tion should be further explored. In addition, we detected that
few rats underwent hemorrhagic transformation after tPA
treatment. The hemorrhagic transformation was likely due to
the effect of tPA on the breakdown of the blood-brain barrier
[7].

It was interesting that we found that the vascular diameter
of the circle of Willis decreased after successful thrombolysis
with tPA. This phenomenon suggested that the blood perfu-
sion after thrombolysis was lower than that under normal
physiological conditions and might be caused by the post-
recanalization vasospasm in the circle of Willis. Post
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30 min
after tPA

60 min
after tPA

90 min
after tPA

120 min
after tPA

0.0-0.5h

0.5-1.0h
= 1.0-2.0h
= 2.0-6.0h
= failed

Fig.3 The time of thrombolytic recanalization was not stable in e MCAO.
Dynamic angiographic images of the rat after eMCAO, 30 min after tPA,
60 min after tPA, 90 min after tPA, and 120 min after tPA. a Thrombolytic
recanalization occurred 30 min after tPA application. b Thrombolytic
recanalization occurred 60 min after tPA application. ¢ Thrombolytic
recanalization occurred 120 min after tPA application, but there was

reperfusion vasospasm and no-reflow have been reported pre-
viously. No-reflow after reperfusion in the brain might involve
cortical spreading depression with disturbed local vascular
control, high level of extracellular K*, endothelial cell swell-
ing, pericyte contraction, interstitial edema, and inflammation
[33, 34].

Our data demonstrated that SR angiography could de-
tect collateral circulation after eMCAO in vivo. Collateral
circulation includes three levels. The circle of Willis is the
first level of collateral circulation. The ophthalmic anas-
tomoses from the pterygopalatine artery and
leptomeningeal anastomoses from the ACA constitute
the secondary level. The angiogenesis and arteriogenesis
in the brain increasing the local blood flow comprise the
third level [35-37]. Recent studies have found that
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still a small embolus in the MCA. Arrows indicated the residual
embolus. d The tPA thrombolysis failed. The MCA was not reperfused.
e Pie graph showing the incidence of the different recanalization times. f
Bar graph showed the relationship between the recanalization time and
infarction. Data are shown as the mean + SD, n=4-7 per group.
*p <0.05; ¥*p < 0.01; ***p <0.001

clinical DWI mismatch, defined as National Institutes of
Health Stroke Scale score >8 and DWI ischemic volume
<25 mL, suggested to have fine collateral circulation
[38]. Therefore, collateral circulation is vital for the de-
velopment of ischemic stroke. DSA is the gold standard
for assessing collateral circulation [39]. Our image pro-
cessing technique resembles DSA, but SR angiography
has a higher resolution, providing a clear view of the
vasculature, especially in experimental small animal
models. The common factors that affect the opening of
collateral circulation include dehydration in high temper-
ature, hyperglycemia, increase in blood viscosity, electro-
lyte disturbance, heart failure, renal insufficiency, de-
crease in blood pressure, atherosclerosis, and hyperten-
sion. These risk factors are worth noting to promote the
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Fig. 4 The SR angiographic
images of collateral circulation
after eMCAO in rats. a
Angiographic images of rat brain
vascular morphology after
eMCAO. Blue, orange, and red
arrows indicated collateral
circulation from the ICA to
OphA, the OA to OphA, and the
PCA to MCA, respectively. b
Schematic diagram of collateral
circulation from the ICA to
OphA, the OA to OphA and the
PCA to MCA. ¢ Pie charts
showing the open ratio of ICA-
OphA, OA-OphA, and PCA-
MCA after eMCAO. d Bar graph
showed the relationship between
the opening of PCA-MCA and
the infarct volume. Data are
shown as the mean + SD, n=3-
18 per group. *p <0.05
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opening rate of collateral circulation when stenosis or oc-
clusion occurs in the ICA. Although the collateral circu-
lation assessment needs to be improved, the development
of imaging techniques is relatively slow. Moreover, the
importance of collateral circulation after ischemic stroke
in basic research does not receive much consideration. SR
angiography could contribute to the optimization of col-
lateral circulation assessment and guide clinical practice.
This method also sheds light on the investigation of

Bwith PCA-MCA
Owithout PCA-MCA

failed

promoting the opening of collateral circulation to rescue
the ischemic zone.

There are some limitations in our study. Although SR an-
giography is beneficial to the basic study of thrombolysis,
collateral circulation, and experimental model modification,
it is difficult to apply to the broader community. We did not
apply SR angiography in other strains of rats. Thus, we cannot
be sure of whether the results could be affected by the rat
strain. In addition, potential differences between males and
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Fig. 5 The cerebral vessels of the
circle of Willis narrowed after tPA
thrombolysis. a SR angiographic
images of a rat before eMCAO
and after thrombolysis. b The
schematic diagram showed where
the diameters of the extracranial
ICA, intracranial ICA, PCA,
MCA, and ACA were measured.
¢ Bar graphs showed the relative
diameter of the extracranial ICA,
intracranial ICA, PCA, MCA, and
ACA before eMCAO and after
thrombolysis. Data are shown as
the mean + SD. n =3 per group;
*p <0.05

150%

. 4
Extracranial ICA |ntracranial ICAXCA

Relative Diameter
of Extracranial ICA

’ before eMCAO after thrombolysis

100%

50%

0%

Relative Diameter
of Intracranial ICA

before eMCAO after thrombolysis

150%

100%

of PCA

50%

0%

Relative Diameter

before eMCAO after thrombolysis

150%
< 100%[

=
w— 50%f
o

Relative Diameter

0%

before eMCAO after thrombolysis

females in regard to the time variability in thrombolysis and in
the opening of collateral circulation still need to be explored.

In summary, we performed SR angiography to dynamically
study the thrombolysis process after tPA treatment in e MCAO
rats. The infarct volume increased as the recanalization time
was delayed from 2 to 6 h. The rats manifested different open-
ing rates of collateral circulation including ICA to OphA, OA
to OphA, and PCA to MCA after eMCAO. The collateral
circulation of the PCA to MCA opening alleviated the infarct
after eMCAO. Additionally, the cerebral vessels of the circle
of Willis narrowed after tPA thrombolysis, which might affect
blood perfusion. SR angiography provided a unique tool to
dynamically detect and assess the thrombolysis process and
collateral circulation during thrombolytic therapy.
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