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Impaired Leptomeningeal Collateral Flow Contributes to the
Poor Outcome following Experimental Stroke in the Type 2

Diabetic Mice

Yosuke Akamatsu,2> Yasuo Nishijima,>> Chih Cheng Lee,' Shih Yen Yang,"? Lei Shi,* Lin An,* Ruikang K. Wang,*

Teiji Tominaga,’ and Jialing Liu'>

'Department of Neurological Surgery, University of California at San Francisco and 2San Francisco Veterans Affairs Medical Center, San Francisco,

California 94121, *Department of Neurosurgery, Tohoku University Graduate School of Medicine, Sendai 980-8574, Japan, and “Departments of

Bioengineering and Ophthalmology, University of Washington, Seattle, Washington 98195

Collateral status is an independent predictor of stroke outcome. However, the spatiotemporal manner in which collateral flow
maintains cerebral perfusion during cerebral ischemia is poorly understood. Diabetes exacerbates ischemic brain damage, al-
though the impact of diabetes on collateral dynamics remains to be established. Using Doppler optical coherent tomography, a
robust recruitment of leptomeningeal collateral flow was detected immediately after middle cerebral artery (MCA) occlusion in
C57BL/6 mice, and it continued to grow over the course of 1 week. In contrast, an impairment of collateral recruitment was evident
in the Type 2 diabetic db/db mice, which coincided with a worse stroke outcome compared with their normoglycemic counterpart
db/+, despite their equally well-collateralized leptomeningeal anastomoses. Similar to the wild-type mice, both db/+ and db/db
mice underwent collateral growth 7 d after MCA stroke, although db/db mice still exhibited significantly reduced retrograde flow
into the MCA territory chronically. Acutely induced hyperglycemia in the db/+ mice did not impair collateral flow after stroke,
suggesting that the state of hyperglycemia alone was not sufficient to impact collateral flow. Human albumin was efficacious in
improving collateral flow and outcome after stroke in the db/db mice, enabling perfusion to proximal MCA territory that was
usually not reached by retrograde flow from anterior cerebral artery without treatment. Our results suggest that the impaired
collateral status contributes to the exacerbated ischemic injury in mice with Type 2 diabetes, and modulation of collateral flow has

beneficial effects on stroke outcome among these subjects.
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Introduction

Type 2 diabetes mellitus (T2DM) is a major risk factor of isch-
emic stroke (Emerging Risk Factors Collaboration et al., 2010)
and associated with an increased risk of long-term functional
deficits after stroke (Megherbi et al., 2003). However, the mech-
anisms that are responsible for the worse stroke outcome in this
population are incompletely understood. Hyperglycemia exists
in 30%—40% of patients with acute ischemic stroke and is inde-
pendently associated with a poor outcome (Parsons et al., 2002;
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Martini and Kent, 2007; Fuentes et al., 2009), even among those
who have not been diagnosed with diabetes. Hyperglycemia in-
creases oxidative stress during cerebral ischemia (Won et al.,
2011), yet it is unclear whether acute hyperglycemia per se or
other underlying vascular pathology contributes to this increased
morbidity.

A confluence of clinical evidences suggests that the collateral
status is an independent predictor of outcome and response to
thrombolytic therapies in patients with ischemic stroke, and a
good collateral status can lower the rate of hemorrhagic trans-
formation after thrombolytic and endovascular therapies
(Liebeskind, 2003, 2013; Shuaib et al., 2011; Liu et al., 2014).
Furthermore, patients with metabolic syndromes are associated
with poor anatomical collateral status during acute ischemic
stroke (Menon et al., 2013). It remains to be established whether
impaired cerebral collateral flow regulation occurs during stroke
in subjects with T2DM and whether the impairment is related to
hyperglycemia.

Human albumin, a potent neuroprotective agent proven in
preclinical and clinical stroke studies (Belayev et al., 2002; Hill et
al., 2011), of which the treatment effects can be partially attrib-
uted to its hemodynamic and intravascular effects that improve
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blood flow (Nimmagadda et al., 2008).
However, it remains unclear whether al-
bumin enhances leptomeningeal collat-
eral flow in middle cerebral artery (MCA)
stroke and whether it can also be effective
in diabetic subjects who often do not re-
spond to vascular interventions.

Doppler optical coherence tomogra-
phy (DOCT) has emerged as a new tech-
nique to assess dynamic cerebral blood
flow with excellent spatial resolution and
sensitivity in quantifying velocity (Wang
and An, 2009). The main advantages of
DOCT over other available optical imag-
ing methods include the capability of |
quantifying blood flow across many indi-
vidual vessels simultaneously at a rela-
tively high speed in the presence of an
intact cranium (Wang and An, 2009;
Srinivasan et al., 2011), as well as provid-
ing absolute blood perfusion values in
repeated measurement (Santisakultarm
and Schaffer, 2011). In the current study,
we examined the spatial and temporal
changes of the leptomeningeal collateral
flow following MCA stroke in normal and
diabetic mice for the first time using DOCT. Our results indicate
that the impaired collateral flow dynamics in T2DM mice after
MCA stroke is not attributed to acute hyperglycemia, and it can
be improved by human albumin that enhances retrograde collat-
eral flow deep into the proximal MCA territory.

Figure 1.

Materials and Methods

Animals and housing. This study was conducted in accordance with the
animal care guidelines issued by the National Institutes of Health and by
the San Francisco Veterans Administration Medical Center Animal Use
and Care Committee. Male C57BL/6], db/db, and db/+ mice (16-20
weeks old, The Jackson Laboratory) were housed 4 per cage on a 12 h
dark/light cycle with access to food and water ad libitum.

Middle cerebral artery occlusion (MCAO). Stroke was induced unilat-
erally in mice for 90 min using the distal MCAO method with modifica-
tions (Sun et al., 2013). Because a permanent distal ligation of the MCA
does not give reproducible infarct in most mouse strains, we combined it
with a unilateral common carotid artery (CCA) occlusion. Anesthesia
was induced with 3% isoflurane in a closed chamber and maintained
with 2% isoflurane in 30% O, and 70% N,O with a facemask. Core
temperature was maintained at 37 = 0.5°C with a heating blanket and
rectal thermistor servo-loop. Systemic blood pressure was monitored
using the volume-pressure recording technology to detect changes in tail
volume that correspond to systolic and diastolic blood pressure (CODA
noninvasive blood pressure system, Kent Scientific). With the mouse in a
prone position fixed in a head holder (Stoelting), the scalp was cut me-
ticulously with a surgical knife to expose the thin skull (calvaria) over the
bilateral cerebral and cerebellar hemispheres without causing brain
trauma. The left CCA was isolated from the adjacent vagus nerve, dis-
sected out of the carotid sheath, and a 7-0 nylon suture noose was placed
across the CCA from the bottom, ready for temporary ligation. The
mouse was then placed in a lateral position. A straight skin incision was
made along the sagittal suture, and scalp was retracted to inferior. A
1.5-mm-diameter burr hole 1.2 mm rostral to the anterior junction of the
zygoma and temporalis bone was made with a dental drill. Immediately
after the opening of the dura with a fine needle, the MCA was perma-
nently occluded and cut at the distal to lenticulostriate artery with a
microbipolar electrocoagulator at minimal power, followed by an imme-
diate temporary ligation of the ipsilateral CCA for 90 min. Sham-
operated mice did not receive occlusion of either the MCA or CCA.
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The schematic of DOCT system for quantitative microangiography. During imaging, the sample beam was rapidly
scanning over the mouse brain with a scanner (x-y dimension) while the infrared line-scan camera in the spectrometer was
continuously recording the optical microangiography signals formed by the interference of the reference and the sampling lights.
The signals collected were transferred to a computer for data processing.

DOCT. To evaluate changes in blood vessel diameter and flow velocity
during ischemic stroke and reperfusion, we used DOCT (Wang and An,
2009), a noninvasive high-resolution 3D optical imaging technique for
microangiography. The system configuration of DOCT of our custom
design is shown in Figure 1. The superluminescent diode illuminated
broadband infrared light with the center wavelength of 1310 nm at the
mouse brain via the sample arm. The backscattered signal interfered with
the counterpart from the reference arm was entered into a high-speed
spectrometer and recorded by a line-scan infrared camera. The 2D trans-
verse scanning as well as Fourier transformation of the spectral data
yielded 3D imaging data that were composed of 512 X 5000 X 300
(depth X fast axis X slow axis) voxel cube, covering 2.3 X 2.2 X 2.2 mm*
of brain tissue. Flow data were collected from a total of 6 voxel cubes (3 X
2 in horizontal and vertical dimension) per animal with a motorized
stage (ThorLabs). Doppler velocity signals were extracted from the im-
aging data by processing their phase differences between adjacent fast-
axis scans. The backscattered red light and the brain microscopy were
recorded together in an area-scan visible-light camera to monitor the
scanning position on the brain. The full-width half-maximum of the
system point spread function was measured at 7 wm (z, or axial resolu-
tion) and 8 wm (x-y, or lateral resolution), respectively. Thus, the system
resolution is approximately in the size of average capillary vessels in the
brain. In addition to system resolution, the sensitivity of DOCT is also
related to the minimal velocity of a vessel.

DOCT imaging was conducted under isoflurane anesthesia through
an intact skull at baseline, during MCAO, at various time points after
occlusion or reperfusion, and following hyperglycemia induction or
drug treatment as indicated in each experiment. Each imaging session
lasted ~30—40 min. During acquisition, the axis speed was set at 57 kHz
or 19 kHz with axial velocity in the range of —13.8 to 13.8 or —4.6 to 4.6
mm/s for baseline or postocclusion imaging, respectively. All the data
processing was performed in customized MATLAB (MathWorks) pro-
grams and was visualized in the 3D software AMIRA (Visual Imaging).
The vessel diameter was measured in en-face projection images of the
Doppler data. The absolute blood flow was calculated by integrating the
axial velocity signals. Five boxes along the region of interest were selected
and averaged to obtain the data. As red blood cell velocity and lumen
diameter can change independently of each other, we also determined
the volume flux in each vessel (Schaffer et al., 2006) as flux = vwR?,
where v is the average flow velocity over the cross-sectional area of the
vessel lumen and R is the lumen radius.
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Figure2. Spatiotemporal flow dynamics in flow velocity, flux, and arterial diameter following MCAQ in C57BL/6 mice. Representative DOCT images before (4), during (B), and after MCAQ (C,D)
from the same mouse. White- and black-filled arrows indicate MCA and ACA branches, respectively. The direction of blood flow is color-coded, with the blood flowing toward the scanning probe
beam coded designated as red, and the opposite direction as green. Dotted white line indicates the divide between MCA and ACA territory shown in B. The anatomic orientation of the brain is
indicated with arrows pointing to the lateral (L) and posterior (P) directions in . Arterial tree 1 at baseline (E) and during MCAO (F) showing the direction of flow and flow velocity at various points.
Atbaseline, MCA velocity decreased progressively in the downstream branches. During MCAOQ, the velocity of retrograde flow also decreased progressively toward proximal MCA. G, Classification of
MCA branches according to the proximity to MCA-ACA anastomoses (black dots) with the most distal MCA braches assigned as segment 1 (Seg 1) and the most proximal ones as segment 3 (Seg 3).
In general, flow velocity and flux decreased after MCAQ in all segments, whereas the diameters of vessels investigated displayed relatively small changes. Specifically, flow velocity (H) of Seg 3 has
progressively increased over time after MCAQ. The diameter of Seg 1 was enlarged at 7 d after MCAO relative to that at baseline and during MCAO, indicating the growth of collateral vessels after
stroke (/). Flux also showed a significant increase at 7 d after MCAQ in Seg 3 (/). Scale bar, 1 mm. *p << 0.05. **p << 0.01. ***p << 0.005. ****p << 0.001. N = 5-12.

To assess the change in flow velocity, diameter, and flux after saline or
albumin treatment, we subtracted the pretreatment value from the post-
treatment value in each parameter within the same subject and aver-
aged the relative change within one treatment group, an approach

Table 1. db/db mice are significantly obese and hyperglycemic compared with used in a previous study in assessing cerebral blood flow (Belayev et

db/+ mice at ~16—-20 weeks of age, as evidenced by their greater body weight
and high fasting blood glucose level (N = 7-9/group)

db/+ db/db
Body weight (g) 258+ 05 403 + 0.9%
Blood glucose (mg/dl) 156.4 = 12.9 382.6 = 54.0%*

*p < 0.01;**p < 0001,

al., 2002).

Induced hyperglycemia. db/+ mice were rendered hyperglycemic by
intraperitoneal injections of 5.0 ml/kg of 25% dextrose at 15 min before
baseline DOCT imaging, corresponding to 60 min before the onset of
MCAO. A booster dose of dextrose (1.5 ml/kg) was injected at 90 min
after the first injection. The vehicle control mice received equal volume of
saline during the same time points. Blood glucose was quantified from
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Figure3.  Impairment of collateral flow recruitment after MCAO in the diabetic db/db mice. A, Representative DOCT images of
db/+ and db/db mice at baseline, during MCAQ, during reperfusion, and at 24 h after reperfusion. The direction of blood flow is
color-coded, with the blood flowing toward the scanning probe beam or toward ACA territory coded as red, and the retrograde flow
toward proximal MCA as green. White- and black-filled arrows indicate MCA and ACA branches, respectively. Dotted white lines
indicate the divide between MCA and ACA territory The anatomic orientation of the brain is indicated with arrows pointing to the
lateral (L) and anterior (A) directions. Arrowheads indicate the tortuous anastomoses between MCA and ACA. Line graphs of time
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tail vein blood by a glucose monitor (NIPRO)
at various time points as indicated.

Albumin treatment. Following the comple-
tion of the first DOCT imaging at 60 min after
reperfusion, mice were injected with either
1.25 g/kg 25% human albumin (Baxter) (Be-
layev et al., 2001) or an equivalent volume of
isotonic (0.9%) saline solution via the jugular
vein over a period of 3 min.

Arterial labeling and scoring. Cerebral arter-
ies were labeled in vivo as described previously
with modifications (Li et al., 2008). In brief,
mice were perfused with 4% PFA at a rate of 2
ml/min for 3 min followed with 0.2% lipo-
philic carbocyanine fluorescent dye, Dil (Invit-
rogen) at 5 ml/min for 5 min. A montage image
was created by stitching individual images
taken at 100X (Axioskop 2, Carl Zeiss) using
the Virtue Tissue 3D module (Stereolnvestiga-
tor, MBF Bioscience). The patency of the pos-
terior communicating arteries (PcomA), the
distance between midline and the line of ante-
rial cerebral artery (ACA) and MCA anastomo-
ses, and the number of connecting collaterals
between ACA and MCA were assessed. Collat-
erals refer to arterial anastomoses in our paper,
and additional etymology of collateral circula-
tion is as described previously (Faber et al.,
2014). The development of left and right
PcomA was evaluated using following criteria:
0, no anastomosis; 1, anastomosis in the capil-
lary phase; 2, small truncal PcomA; and 3,
truncal PcomA.

Assessment of neurobehavioral outcomes. A
separate group of mice were used for neu-
robehavioral outcome and infarct size assess-
ment from those underwent DOCT imaging,
to minimize confound due to isoflurane ex-
posure during repeated imaging. Stroke out-
come evaluation was conducted in a blinded
fashion. Following MCAO and sham sur-
gery, subjects were randomly assigned to in-
tended treatment groups and given a new ID
by a person that was not involved in surgery,

<«

course for flow velocity, vascular diameter, and flux of db/+
and db/db mice representing each segment are shown as B
(segment 1), € (segment 2), and D (segment 3). At baseline,
there was no significant difference in flow velocity, vascular
diameter, or flux between db/db and db/+ mice. However,
following MCAO, there was a significant decrease in the retro-
grade flow in the db/db mice compared with db/+ mice, par-
ticularly at segments proximal to MCA, leading to a
significantly reduced flux in Seg3 in db/db mice. N = 9-11/
group. E, Representative DOCT images of db/+ and db/db
mice at baseline, during reperfusion, and at 7 d after stroke.
Arrow indicate significant collateral remodeling in both strains
of mice. Changes in velocity, diameter, and flux in segment 1
(F), segment 2 (G), and segment 3 (H) between reperfusion
and 7 d after MCAO were plotted in line graphs (N = 3 or
4/group). Although there was an overall improvement of per-
fusion following reperfusion in both strains of mice, db/db
mice continued to display deficit in collateral perfusion. At 7 d
after MCAO, flow velocity was significantly reduced in all seg-
ments of MCA branches of db/db mice compared with that of
db/+ mice. *p < 0.05. **p < 0.01. Scale bar, 1 mm. Base,
baseline; Occ, occlusion; Rep, reperfusion.
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Figure3. Continued.

drug injection, or later evaluation (histological and behavioral
assessment).

Horizontal ladder test. Mice were trained to cross a 2-foot-long in-
clined ladder with variable spacing between bars ranging from 1 to 4 cm
that placed at a 15° angle for 3 consecutive trials. The performance on
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d b + d b d b ladder was videotaped and the percentages of

footfalls (slipping through the bars) with the
affected forelimb were scored and averaged in 3
trials (Sun et al., 2013).

Corner test. A mouse was placed halfway to
the corner between two boards each with di-
mension of 30 X 20 X 1 cm? at a 30° angle,
arranged with a small opening along the joint
between the boards to encourage exploration
into the corner. When entering deep into the
corner, both sides of the vibrissae ap-
proached the wall. The mouse soon reared
forward and upward, then turned back to
face the open end. The nonischemic mouse
turned left or right with equal frequency, but
mouse with unilateral ischemic injury pref-
erentially turned toward the nonimpaired,
ipsilateral side (left in our model). The num-
ber of turns in each direction was summed
from 10 trials. Turning movements that were
not a part of a rearing movement were not
scored (Zhang et al., 2002).

Infarct volume assessment. Seven days after
stroke, 40-um-thick coronal sections were
collected serially with a periodicity of 6 after
transcardiac perfusion with 4% PFA as de-
scribed previously (Raber et al., 2004). In-
farct volume was measured by subtracting the
volume of intact tissue in the ipsilateral hemi-
sphere from that in the contralateral hemi-
sphere on Nissl-stained serial sections (240 um
apart) by ImageJ (Version 1.3, National Insti-
tutes of Health) (Sun et al., 2013). Percentage
infarction was determined by dividing infarct
volume with total brain volume.

Statistical analysis. Data were expressed as
mean * SEM and analyzed by one-way, two-
way ANOVA, or RANOVA using Statview 4.01
(SAS Institute) with Bonferroni corrections for
174 multiple comparisons when appropriate. p val-
ues <0.05 were considered significant.

—db/+
—db/db

Results
Temporal progression and growth of
leptomeningeal collateral flow
following ischemic stroke
Using DOCT, a reversal of MCA flow di-
4 rection was observed, which is referred to
as retrograde flow, contrary to the antero-
grade flow direction at baseline (Fig.
2A,B). Tortuous collateral anastomoses
connecting the distal MCAs and ACAs be-
came apparent after MCAO (Fig. 2B). At
baseline, a decreasing gradient in flow ve-
locity and flux was detected from proxi-
/ mal to distal MCAs (Fig. 2A,E,H,J]),
—_ whereas the diameter remained constant
Rep 7d (Fig. 2I). After MCAO, there was a general
reduction in flow velocity and flux (Fig.
2B,F,H,]).
To increase the accuracy of compari-
son, MCA branches downstream of the
occlusion point were categorized according to branching or-
der, in which segment 1 (Seg 1) is most proximal to ACA while
most distal to MCA; Seg 3 is the proximal MCA branch relative
to Seg 2 and most distal to ACA (Fig. 2G). During MCAO, Seg
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1, Seg 2, and Seg 3 slowed down to 56%, 31%, and 13% of their
baseline velocities, respectively. Thereafter, flow velocity in
Seg 3 was significantly increased at 24 h and 7 d after MCAO
(p < 0.05 and p < 0.005, respectively) (Fig. 2C,D,H ). There
was also a concurrent increase in MCA diameter of Seg 1 at 7 d
after MCAO relative to baseline or during MCAO (p < 0.05
and p < 0.01, respectively), although it did not change signif-
icantly at the other acute time point (Fig. 2I). Similar to flow
velocity, flux decreased during MCAO but increased at 7 d
after MCAO in Seg 3 (p < 0.001) (Fig. 2]).

db/db mice exhibit impaired recruitment of leptomeningeal
collateral flow and a more severe stroke outcome

Baseline physiological assessment showed that the concentration
of blood glucose and body weight were significantly greater in
db/db mice than their normoglycemic, age-matched counter-
parts, db/+ mice (Table 1), consistent with the effect of insulin
tolerance. Consistent with previous findings (Li et al., 2013),
db/db mice exhibited slightly higher blood pressure during
MCAO (db/db: 92.5 = 6.5 mmHg; db/+: 81.8 = 3.4 mmHg; p <
0.05). Baseline flow velocity, diameter, and flux did not differ
between the two genotypes (Fig. 3A—D). However, retrograde
filling of MCA from ACA was much reduced in db/db compared
with db/+ mice during MCA occlusion, with significantly slower
flow velocity in all segments quantified (Fig. 3A—D). There was no
significant difference in diameter between groups in each segment
during acute stages after MCAO. Similar to flow velocity, flux in Seg
3 was also significantly reduced in db/db mice during and after
MCAO (p < 0.05), suggesting that the collateral flow recruitment
was impaired in db/db strain, particularly at proximal MCA
branches. The collateral flow impairment observed in the db/db mice
appears to persist chronically as shown in a subsequent study during
chronic stroke (Fig. 3E-H ). Despite the growth of collateral flow and
vessels at 7 d after MCAO in both strains of mice, the flow velocity of
all segments was significantly reduced in the db/db mice compared
with db/+ mice (Fig. 3E-H ). Relative to db/+ mice, the retrograde
flow of db/db mice in segment 3 after MCAO was significantly di-
minished at all time points examined (Fig. 3).

The impaired collateral status was correlated with signifi-
cantly worse stroke outcomes in infarct size (p < 0.01; Fig. 4A),
and motor function (horizontal ladder test: p < 0.01; Fig. 4B;
corner test: p < 0.05; Fig. 4C) assessed 7 d after MCAO in the
db/db mice compared with db/+ mice. The worse stroke outcome
in diabetic mice is consistent with the larger lesion size and worse
National Institutes of Health stroke scale or modified Rankin
scale seen in human stroke patients with hyperglycemia (Parsons
et al., 2002).

To rule out the potential contribution of genetic variation in
cerebrovasculature (Majid et al., 2000; Liu et al., 2014), we per-
formed Dil arterial labeling in db/+ and db/db mice as described
previously (Lietal., 2008). No significant difference was observed
in the number of collaterals interconnecting ACA and MCA (Fig.
5A,B), distance of ACA and MCA anastomoses to midline (Fig.
5C), or patency of the PcomA (Fig. 5D). Moreover, to determine
the delayed effect of stroke on collateral interconnectivity, we
quantified the number of MCAs perfused retrogradely via the
ACA in the ipsilateral hemisphere 7 d after MCAO. Compared
with db/db mice, the db/+ mice developed significantly more
dilated tortuous collateral anastomoses around the border
zone between ACA and MCA in the ipsilateral hemisphere
(Fig. 5A, arrowhead), a sign of reduced axial tension due to
increased blood flow and associated elastin degradation (Do-
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brin et al., 1988; Hoi et al., 2008). In contrast to db/+ mice,
db/db mice had fewer perfused leptomeningeal collaterals be-
tween MCA and ACA at 1 week following MCAO (Fig. 54, B)
(p < 0.05).

Acute hyperglycemia alone is insufficient to cause
impairment in collateral flow recruitment

To determine whether the impaired collateral recruitment ob-
served in the T2DM stroke mice is attributable to hyperglycemia
per se, we infused dextrose solution 60 min before the induction
of stroke in db/+ mice, who shared a great deal of genetic simi-
larity in cerebrovasculature and collateral anatomy with the
db/db strain. The dose-titration study determined the optimal
amount of dextrose to be 1.25 g/kg (5 ml/kg of 25% solution), to
match the blood glucose level of the db/db mice at ~380 mg/dl
(Fig. 6A). There was no significant difference in glucose metabo-
lism after intraperitoneal injection of dextrose solution at the
chosen dose between db/+ and wild-type mice (RANOVA: F, 3,
=0.17, p > 0.68) (Fig. 6B), suggesting that db/+ mice are indeed
an appropriate strain for study of acute hyperglycemia. Time
course study showed that blood glucose level of the induced-
hyperglycemic db/+ was maintained at comparable levels dur-
ing stroke and imaging relative to the db/db mice (Fig. 6C).
There was a tendency for the blood glucose to increase after
MCAO in all groups, although there were no significant dif-
ferences when compared with respective pre-MCAO glucose
levels (Fig. 6C). Blood glucose level returned to the normal
range at 24 h after MCAO in the db/+ mice. Despite that db/db
mice experienced a temporary reduction in blood glucose level
at 24 h after MCAO possibly due to reduced food intake, they
have gradually resumed their hyperglycemic state 2 d later
(Fig. 6C).

Similar to C57BL/6 mice, MCA flow direction in the db/+
mice was reversed in all measured MCA segments in both nor-
moglycemic and hyperglycemic groups (Fig. 7A). There were no
significant differences in flow velocity, vessel diameter, and flux
between groups during baseline or MCAO (Fig. 7A-D), suggest-
ing that temporarily induced hyperglycemia was not sufficient to
impact collateral flow dynamics.

Human albumin augments collateral perfusion and reduces
infarct size in db/db mice

To determine the effect of albumin on collateral flow following
ischemic stroke, albumin or saline was infused intravenously at
150 min after MCAO, or 60 min after CCA reperfusion. Collat-
eral flow was imaged before and after treatment, corresponding
to 30 and 90 min after ischemic reperfusion, respectively (Fig.
8A). Before treatment, flow velocity and flux in the db/db group
were significantly slower in each segment compared with that in
the db/+ group (velocity: Seg 1/Seg 2/Seg 3: p < 0.05/p < 0.01/
P <0.01; flux: Seg 1/Seg 2/Seg 3: p < 0.05/p < 0.05/p < 0.05) (Fig.
8B, C,E). However, there was no significant difference in the di-
ameter in any segment between groups (Fig. 8D).

Albumin significantly improved collateral flow recruitment in
the diabetic mice (Seg 1 and —3: p < 0.05, Seg 2: p < 0.01,
respectively), particularly in proximal MCAs (Fig. 8F). There was
no significant difference in relative diameter change between sa-
line and albumin treatments, although MCA diameter in all seg-
ments had a tendency to decrease slightly at 30 min after saline or
albumin treatment in db/db mice (Fig. 8G). There were also sig-
nificant relative flux improvement following albumin compared
with saline treatment in Seg 2 and Seg 3 (Seg 2: p < 0.005; Seg 3:
p <0.05) (Fig. 8H). The relatively greater improvement in veloc-
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Figure4. Effectof MCAO on stroke outcome in db/+ and db/db mice. Infarct volume (A) and
neurobehavioral outcome (B, €) in db/db mice were compared with db/+ mice at 7 d after
stroke. A, db/db mice sustained a significantly larger stroke size compared with db/+ mice. B,
db/db mice slipped through the bars more frequently when traversing an elevated horizontal
ladder compared with db/+ mice at 7 d after stroke. €, db/db mice also made significantly more
ipsilateral turns in the corner test compared with db/+ mice, reflecting a more pronounced
functional impairment in sensorimotor asymmetry. At 7 d after stroke, db/+ mice showed
considerable recovery in motor function with the distal occlusion model of stroke. *p << 0.05.
N'= 5 or6/group.

ity and flux in the proximal MCA branches suggests that retro-
grade flow from ACA was able to reach a longer distance following
albumin treatment. Surprisingly, the relative flow velocity increase
in db/+ mice following albumin treatment was less pronounced
and insignificant relative to saline treatment. Besides, unlike the
db/db mice, there was no preferential increase of relative velocity
in the segments distal to ACA in the db/+ mice, due to an already
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sound collateral recruitment in the absence of treatment in the
latter strain. Relative diameter change also did not differ signifi-
cantly between treatments in the db/+ mice. However, saline
significantly reduced the MCA diameter in db/db mice compared
with db/+ mice (Fig. 8G). There was no significant difference in
relative flux change between two treatment groups in the db/+
mice due to a minor improvement in flux after either treatment
(Fig. 8H). These results suggest that albumin was effective in
improving leptomeningeal collateral flow after MCA stroke in
the db/db mice, with the retrograde flow reaching proximal to the
occlusion point in the MCA territory.

At 7 d after stroke, db/db mice receiving albumin treatment
exhibited significantly smaller infarct volume compared with
those receiving saline (albumin vs saline: 3.4 = 0.4% vs 5.0 =
0.4%, p < 0.05). Despite a significant overall effect of albumin on
neuroprotection (two-way ANOVA, albumin effect: F(, ;4) = 9.2,
p < 0.01), albumin did not effectively reduce stroke size in the
db/+ mice (1.9 = 0.4% vs 3.0 = 0.5%, not significant), suggest-
ing a ceiling effect (Fig. 8I).

Discussion

We demonstrated that the leptomeningeal collateral anastomo-
ses provided rapid and persistent perfusion to ischemic territories
following MCAO. Furthermore, the collateral blood flow contin-
ued to increase over 7 d after MCAO with a considerable degree of
vascular remodeling as evidenced by the increased diameter of
collateral vessels in wild-type mice. In contrast, db/db mice had
impaired collateral flow recruitment after MCAO compared with
db/+, particularly at proximal MCA where the retrograde flow
failed to reach, despite the similarity in baseline flow velocity and
vascular anatomy between the two genotypes. The slower flow
velocity from ACA to proximal MCA observed in db/db mice
following stroke likely contributed to the inadequate retrograde
filling of the MCA closest to the site of occlusion, where it was
needed most. Consistent with this finding, db/db mice sustained a
larger stroke size and poorer neurological outcome 7 d after
MCAO. Despite the chronic collateral remodeling in both strains
of mice, db/db mice still exhibited significantly reduced flow velocity
in all segments at 7 d after stroke compared with db/+ mice. How-
ever, temporarily induced hyperglycemia in the genetically related
strain db/+ did not have an adverse effect on collateral flow recruit-
ment before and after stroke, suggesting that chronic pathological
modification of the cerebrovasculature in the diabetic mice
rather than acute hyperglycemia alone might have contributed to
the observed impairment of collateral flow in the db/db mice.
Moreover, albumin treatment significantly improved retrograde
filling particularly at proximal MCA after stroke and reduced
infarct volume in the db/db mice. The beneficial effect of albumin
was less prominent in the db/+ mice in which a robust collateral
status already existed.

As DOCT is best suited to measure blood flow within the top
150 wm of the brain in relatively larger vessels, it not only is an
ideal imaging modality for studying dynamic flow changes in
leptomeningeal anastomoses in rodents after MCA stroke or
chronic hypoperfusion but also provides a great improvement
over previous methodologies for visualizing spatiotemporal
blood perfusion in the cortex following stroke. Our result using
DOCT demonstrated, for the first time, that the collateral recruit-
ment was immediate via anastomotic connections between ACA
and MCA, complementing previous studies using other optical
imaging techniques (Shih et al., 2009; Armitage et al., 2010). Con-
trary to the dilation of cerebral arteries found during acute stroke in
some studies (Armitage et al., 2010), the average arterial diameter
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db/db mice share a similar extent of leptomeningeal anastomoses between MCA and ACA, size of MCA territory, and the patency of posterior communicating arteries (Pcom) with db/ +

mice. A, Arteriograms of db/+ and db/db mice at the dorsal view via Dil labeling. Enlarged views of the yellow insets revealed the connecting points between MCA and ACA vascular networks. At
7 d after MCAQ, the diameter of the collateral vessels in the db/+ mice increased to accommodate more collateral flow with increased tortuosity (yellow arrowheads). B, The number of connecting collaterals
between MCA and ACA was quantified following Dil perfusion at baseline and 7 d after MCAQ. db/db mice had a similar number of perfused collaterals at baseline, but a lower number of perfused collaterals at
7 d after MCAO compared with db/+ mice, suggesting a functional impairment of collateral recruitment rather than a structural deficiency in the collateral circulation. €, There was no significant difference
between two groups of mice at baseline in the distance between midline and the line of anastomoses between the ACA and MCA as determined by the Dil arterial labeling. D, There was also no significant
difference in the PcomA patency between groups, suggesting that both strains of mice shared a similar degree of primary collateral circulation. *p << 0.05. Scale bar, T mm. N = 5 or 6/group.

remained constant in our study. One possible explanation for this
apparent discrepancy may be due to the relatively large arteries (di-
ameter: 50—60 wm) evaluated in our study, supported by a previous
finding that vasodilation occurred in small penetrating and surface
arterioles (<23 wm) during focal cerebral ischemia, but not in large
surface arteries (23—60 wm) (Shih et al., 2009). However, we found
that arteries at distal MCA segments increased in diameter and flow
velocity during chronic reperfusion, suggesting the presence of va-
sodilation and/or vascular remodeling. Consistent with this notion,

a previous study reported that db/db mice exhibited hypertension,
greater stroke size, worse neurological outcome after MCAO, im-
paired vascular reactivity, and reduced eNOS phosphorylation, and
that phosphomimetic eNOS SD knock-in mutation corrected the
above impairment (Li et al., 2013).

Albeit nonperfusion mechanisms were reported to underlie
the worse ischemic brain damage among diabetic subjects (Chen
et al., 2011; Kumari et al., 2011), our data clearly indicated that
collateral flow recruitment was impaired specifically at proximal
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MCA in db/db compared with db/+
strain, despite their similar baseline flow
value and anatomical collateralization. As
the contributing factors leading to the im-
paired collateral flow recruitment in the
db/db mice remain uncertain, vascular ef-
fects, including eNOS-dependent vasodi-
lation, may not be the sole basis for the
impaired collateral flow dynamics in this
model. Given the fact that the plasma con-
centration and activity of plasminogen ac-
tivator inhibitor-1 (PAI-1), a potent
endogenous tPA inhibitor, are heightened
in T2DM, which might lead to increased
formation of occlusive thrombi after vas-
cular injury and thus could in part con-
tribute to the impaired collateral status
seen in the db/db mice during stroke
(Alessi and Juhan-Vague, 2006; Trost et
al., 2006; Grant, 2007). This is also consis-
tent with the fact that collateral flow was
impaired specifically at proximal MCA in
db/db mice because the reduced endog-
enous thrombolytic activity associated
with diabetes failed prematurely along
the way in the retrograde flow, leading
to unsuccessful perfusion of MCA
branches distal to the anastomosis point
(Caplan and Hennerici, 1998). Further-
more, the advanced glycation end prod-
ucts, which play an important role in
diabetic vascular complications, are im-
plicated in the upregulation of PAI-1 in
vascular endothelial cells through the in-
teraction with the receptor for advanced
glycation end products (Sangle et al,
2010). It has also been shown in patients
with cardiovascular disease and diabetes
that pathological increases of platelet hyper-
reactivity, plasma viscosity, fibrinogen con-
centration, PAI concentration, as well as red
blood cell aggregation are of major rele-

<«

wild-type littermates during the course of 90 min after glucose
administration at 1.25 g/kg. There was an identical rise of
blood glucose at 15 min and a similar fall of blood glucose over
the course of 90 min after injection between two strains of
mice. Apart from the similarity in collateral anatomy between
db/+ and db/db mice, the normal glucose metabolism ob-
served in the db/ + mice further supports the appropriateness
of this strain as the candidate in studying the role of hypergly-
cemia in collateral flow recruitment during stroke. €, Blood
glucose level before, during, and after MCAQ in db/db, hyper-
glycemic, and control db/+ mice. Despite a more severed
ischemic injury following MCAQ in the db/db mice, there was
nossignificant difference in blood glucose level between db/db
and the hyperglycemic db/+ mice. Furthermore, blood glu-
cose concentration in the hyperglycemic db/ + mice returned
tothe normallevel at 24 h after stroke, similar to that of control
db/+ mice. The db/db mice gradually resumed their hyper-
glycemic state after a temporary reduction of blood glucose
level at 24 h after stroke. ***p << 0.005. ****p < 0.001. N =
6 or 7/group.
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Figure 7.  Acutely induced hyperglycemia does not impair leptomeningeal collateral recruitment during stroke in the db/+ mice. Hyperglycemia was induced by glucose injection at 60 min
before the onset of MCAO and maintained by a booster injection at 30 min after MCAO. A, Representative DOCT images of hyperglycemic and normoglycemic control mice at baseline and during
MCAO. Dotted white lines indicate the divide between MCA and ACA territory The anatomic orientation of the brain is indicated with arrows pointing to the lateral (L) and anterior (A) directions.
Arrows indicate the robust retrograde flow (green) reached at proximal MCA branches during MCAQ in both control and hyperglycemic db/ + mice. Corresponding positions at baseline were labeled
with arrows for comparison. Arrowheads indicate the tortuous collateral vessels recruited during MCAQ. Quantitative data of flow velocity (B), diameter (€), and flux (D) suggest that there was no
significant difference in the flow dynamics and functional arterial diameter between hyperglycemic and control db/+ mice at baseline and during MCAO. Scale bar, 1 mm. N = 6 or 7/group.

vance for the short-term incidence of ischemic events due to the pro-

coagulant and prothrombotic states (Thompson et al., 1995).
Contrary to the similar number of leptomeningeal connecting

collaterals found between db/db and db/+ mice in our study, the

collaterals between MCA and ACA or PCA were significantly
increased in 10-week-old GK rats, a lean model of spontaneous
Type 2 diabetes (Goto et al., 1976) with moderately elevated glu-
cose levels, compared with control (Liet al., 2010). The increased
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Figure8. Humanalbuminsignificantly enhances retrograde collateral flow to proximal MCA
branches after ischemic reperfusion in db/db mice. A, Timelines of stroke, imaging, and treat-
ment. B, Representative DOCT images at 30 and 90 min after reperfusion, respectively. Albumin
orsaline was infused at 60 min after reperfusion following the completion of the first DOCT scan.
Dotted white lines indicate the divide between MCA and ACA territory. The anatomic orienta-
tion of the brain is indicated with arrows pointing to the medial (M) and anterior (A) directions.
Compared with db/+ mice, the impaired collateral flow status in db/db mice persisted during
reperfusion (C, E), whereas the diameter of MCA segments remained unchanged (D). Following
saline administration, there was a significant reduction in the vessel diameter of all segments
(G) compared with db/+ mice. The relative increases in velocity in all segments were evident in
db/db mice comparing albumin- and saline-treated groups (F). In particular, the relative in-
crease in velocity was significantly greaterin Seg2 and Seg3 in db/db mice compared with db/ +
mice (white arrows). Similarly, the relative flux increase was observed in Seg2 and Seg3 in
albumin-treated compared with saline-treated db/db mice (H). There was also a reduction in
the relative flux following saline treatment in Seg2 in the db/db compared with db/+ groups
(H). There was a significant reduction of infarct volume at 7 d after stroke following albumin
compared with saline treatment in the db/db mice (/). Although albumin significantly improved
the disparity in lesion size between db/+ and db/db mice compared with that with saline
treatment, db/db mice in general still have a larger stroke size (two-way ANOVA: diabetic effect,
Fiy,2g = 15.7,p < 0.001). *p < 0.05. **p << 0.01. **¥p << 0.005. ****p < 0.001. Scale bar,
1mm. N = 5-8/group.

Continued.

collaterals in GK rats are consistent with the restoration of
cerebral perfusion at 24 h after permanent MCAO, as well as
reduced infarct size and Bederson score, despite the fact that
GK rats have increased edema, vascular permeability, MMP2,
and MMP9 levels compared with control. Interestingly, the
increased collaterals were found in 10-week-old but not in
younger 5-week-old GK rats before the onset of diabetes, sug-
gesting that the increase might be related to hyperglycemia or
other changes associated with diabetes. The potential factors
contributing to the discrepancy in collaterals and stroke out-
come between GK rats and db/db mice are unknown, except
that they are distinct models for T2DM. It would be of interest
to learn whether the GK rats maintain the phenotype of in-
creased collaterals at an older age as aging is associated with
rarefaction of leptomeningeal anastomoses (Faber et al., 2011;
Hecht et al., 2012).

The pathophysiological interaction between hyperglycemia and
ischemic stroke is complex. Hyperglycemia not only exacerbates
infarct growth as a consequence of lactic acidosis-related reduc-
tion of penumbra survival but also induces higher intracranial
bleeding risk after thrombolytic treatment (Parsons et al., 2002;
Wahlgren et al., 2008), although the association between hyper-
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glycemia and poor outcome after stroke is mainly relevant to
patients with large-vessel infarction, not to those with lacuna
stroke (Bruno et al., 1999; Uyttenboogaart et al., 2007), suggest-
ing that hyperglycemia per se may not be the major cause of poor
stroke outcome in T2DM patients. The effect of hyperglycemia
on ischemic damage also remains controversial in experimental
studies in which hyperglycemia had a protective, detrimental or
no effect on ischemic injury in models of cerebral ischemia (Mar-
tini and Kent, 2007; MacDougall and Muir, 2011). It is not en-
tirely clear whether the discrepancy could be attributed solely to
differences in the level or model of hyperglycemia, animal spe-
cies, or models of ischemia. Similarly, the findings in how hyper-
glycemia affects the regulation of cerebral blood flow after
ischemia are also mixed (Martini and Kent, 2007; MacDougall
and Muir, 2011; Tennant and Brown, 2013). In our study, we did
not detect collateral flow impairment either at baseline or during
MCAO when db/+ mice were rendered temporarily hyperglyce-
mic, indicating that hyperglycemia alone is not sufficient in caus-
ing collateral flow impairment. This suggests that other chronic
vascular pathological mechanisms may underlie the observed im-
pairment in collateral status in the diabetic animals with stroke.

Human albumin has emerged as a potent neuroprotective
agent in experimental stroke due to its multiple salutary actions,
including its beneficial hemodynamic and flow-enhancing effects
(Keaney et al., 1993; Belayev et al., 2002; Nimmagadda et al.,
2008). In the present study, albumin treatment significantly im-
proved relative flow velocity and flux at the proximal MCA seg-
ment compared with saline treatment in the db/db mice after
ischemic reperfusion, whereas the benefits at the distal MCA seg-
ment were not apparent, possibly because of its proximity to ACA
and a greater chance of receiving spontaneous restoration of col-
lateral flow. In contrast to db/db mice, albumin treatment showed
less benefit in improving collateral flow and in reducing infarct
size in the db/+ mice. This is in line with the findings of a recent
study that albumin had no flow-enhancing effect at distal MCAs
in wild-type CD-1 mice who had relatively robust brain collater-
alization, compared with the more frank augmentation of collat-
eral circulation in the poorly collateralized BALB/C strain
(Defazio et al., 2012). Based on the above results and our data,
albumin may be less effective to augment collateral flow in non-
pathological and well-collateralized animals that already have a
robust collateral compensation. Thus, albumin may have a more
favorable effect on collateral augmentation in those with func-
tionally or anatomically impaired collateral vessels. Furthermore,
several mechanisms have been proposed to underlie albumin-
mediated intravascular effects, including intravascular volume
expansion, hemodilution (Belayev et al., 1998), decreased red
blood cell sedimentation under low-flow conditions (Defazio et
al,, 2012), and reduced platelet aggregation (Gresele et al., 1984;
Nimmagadda et al., 2008). The latter studies may support our
data showing that albumin improved the flux more efficiently in
db/db mice, albeit predisposed to increased platelet accumulation
and thrombi formation (Obrenovitch and Hallenbeck, 1985;
Braaten et al., 1993; Granger et al., 2010). The ability of albumin
in inhibiting platelet aggregation by sequestering arachidonic
acid released into extracellular space (Porcellati et al., 1995) can-
not be substituted by the simple dilution effect of saline.

In conclusion, we found that T2DM mice exhibited impaired
leptomeningeal collateral flow recruitment during stroke that
was not attributable to acute hyperglycemia. Albumin treatment
reduced collateral flow impairment and infarction volume by
augmenting collateral flow, particularly at proximal MCAs. The
failure of collaterization in T2DM mice via both primary and
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secondary collateral pathways during chronic hypoperfusion
may contribute to hemodynamic compromise that increases the
risk for ischemic stroke.
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