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Stroke usually affects people with underlying medical conditions. In particular, diabetics are significantly more likely to have a stroke and
the prognosis for recovery is poor. Because diabetes is associated with degenerative changes in the vasculature of many organs, we sought
to determine how hyperglycemia affects blood flow dynamics after an ischemic stroke. Longitudinal in vivo two-photon imaging was used
to track microvessels before and after photothrombotic stroke in a diabetic mouse model. Chronic hyperglycemia exacerbated acute (3–7
d) ischemia-induced increases in blood flow velocity, vessel lumen diameter, and red blood cell flux in peri-infarct regions. These changes
in blood flow dynamics were most evident in superficial blood vessels within 500 �m from the infarct, rather than deeper or more distant
cortical regions. Long-term imaging of diabetic mice not subjected to stroke indicated that these acute stroke-related changes in vascular
function could not be attributed to complications from hyperglycemia alone. Treating diabetic mice with insulin immediately after stroke
resulted in less severe alterations in blood flow within the first 7 d of recovery, but had more variable results at later time points. Analysis
of microvessel branching patterns revealed that stroke led to a pruning of microvessels in peri-infarct cortex, with very few instances of
sprouting. These results indicate that chronic hyperglycemia significantly affects the vascular response to ischemic stroke and that
insulin only partially mitigates these changes. The combination of these acute and chronic alterations in blood flow dynamics could
underlie diabetes-related deficits in cortical plasticity and stroke recovery.
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Introduction
Blood flow dynamics in response to stroke have been well
characterized, particularly in the very early stages of ischemia
(minutes to hours after occlusion), using in vivo confocal or two-
photon microscopy of fluorescently labeled blood plasma (To-
mita et al., 2005; Nishimura et al., 2006, 2007, 2010; Schaffer et al.,
2006; Shih et al., 2009; Blinder et al., 2010). During a stroke,
blood flow drops in microvessels up to 350 �m from an occluded
arteriole (Tomita et al., 2005; Nishimura et al., 2007). In re-
sponse, blood flow direction rapidly reverses in downstream
blood vessels (Schaffer et al., 2006) and nearby arterioles dilate
(Pinard et al., 2000; Shih et al., 2009) to direct blood toward the
occluded vessel and reinstate perfusion. Following the initial
drop in peri-infarct blood flow, studies have reported either a

persistent decrease (Mies et al., 1983; Mostany et al., 2010) or
increase (Lin et al., 2002; Tomita et al., 2005; Martín et al., 2012)
in blood flow lasting for several days to weeks (Kazmi et al., 2013).
Concomitantly, peri-infarct vessels undergo long-term changes
in lumen diameter (Wei et al., 2001; Guo et al., 2011) and density
(Brown et al., 2007).

Despite this previous research, it remains largely unknown
what demands a pre-existing vascular condition, such as diabetes,
places on microvascular structure and function during recovery
from stroke (Biessels et al., 2002; Moskowitz et al., 2010). A sig-
nificant proportion of North Americans (�8%) are currently
living with diabetes, which is known to have deleterious effects on
the body’s vascular system (Centers for Disease Control and Pre-
vention, 2011). In the brain, diabetes progressively compromises
the vascular endothelium, making vessel walls thicker, more per-
meable and less responsive to endogenous modulators of vascu-
lar tone (Vinik and Flemmer, 2002; Li et al., 2010b; Prakash et al.,
2012). Thus, it is not surprising that diabetes is linked to a 2- to
6-fold increase in the risk of ischemic stroke and a poor prognosis
for recovery (Toni et al., 1992; Iemolo et al., 2002; Vinik and
Flemmer, 2002; Wei et al., 2010; Ergul et al., 2012). We recently
showed that poor recovery after ischemic cortical stroke in a
diabetic mouse model was associated with deficits in functional
rewiring of circuits in surviving peri-infarct cortex (Sweetnam et
al., 2012). Because the restoration of cortical function after stroke
is intricately linked to blood flow changes, particularly at the
microvessel level (Brown et al., 2007; Zhang and Murphy, 2007;
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Li and Murphy, 2008; Masamoto et al., 2012), we hypothesized
that poor behavioral recovery and limited cortical rewiring in
stroke-affected diabetic mice may be due to acute and/or chronic
dysfunction of the brain’s normal microvascular response to
ischemia.

We used in vivo two-photon imaging to track microvessels
before and after stroke to address the following questions. What
is the impact of chronic hyperglycemia on vascular dynamics
when challenged by stroke? Are these changes widespread or spa-
tially restricted? Finally, can treatment of hyperglycemia mitigate
abnormal vascular responses to stroke?

Materials and Methods
Subjects. Two- to 4-month-old male GFP-M line mice on a C57BL/6
background were used in the present study. Mice were singly housed
under a 12 h light/dark cycle and given ad libitum access to water and
standard laboratory diet. All experiments were conducted according
to the guidelines laid out by the Canadian Council of Animal Care and
approved by the University of Victoria Animal Care Committee.

Cranial window surgeries. Chronically implanted cranial window sur-
geries were conducted as previously described (Trachtenberg et al., 2002;
Mostany and Portera-Cailliau, 2008; Brown et al., 2010; Shih et al., 2012).
Two-month-old mice were anesthetized with isoflurane in oxygen (2%
induction, 1.5% maintenance) and fitted into a custom-made stereotax.
Body temperature was maintained at 37°C using a rectal thermoprobe
and a temperature feedback regulator. The fur on the scalp was trimmed
and a 0.05 ml bolus of lidocaine was injected subcutaneously to induce
local analgesia. A midline incision was made and the scalp was retracted
to expose the skull overlying the right somatosensory cortex. A thin layer
of cyanoacrylate glue was applied to the exposed and dried skull. A 0.03
ml bolus of 2% dexamethasone was given intramuscularly to reduce
inflammation during and after the procedure. Using a high-speed dental
drill, a 4 mm diameter circular craniotomy was made from �0 – 4 mm
lateral to bregma and 0 – 4 mm posterior to the coronal suture line,
overlying the forelimb and hindlimb areas of the somatosensory cortex.
Cold HEPES-buffered artificial CSF (ACSF) was applied to the skull
intermittently during the drilling procedure to keep the brain cool and
reduce inflammation. Dura was left intact and the brain surface was kept
moist with cold ACSF. A 5 mm coverslip (no. 1 thickness) was placed
over the brain and secured to the surrounding skull with cyanoacrylate
glue and dental cement. The surrounding skin was then secured to the
edges of the cranial window with cyanoacrylate glue. Mice were allowed
to recover under a heat lamp before being returned to their home cage.
Mice that showed any loss of clarity to the imaging window before stroke
were excluded from the study. Mice were separated into five experimen-
tal groups: nondiabetic stroke (n � 7), diabetic stroke (n � 11), diabetic
stroke � insulin (n � 5), nondiabetic sham (n � 7), and diabetic sham
(n � 7). An a priori power analysis based on a previous study (Clarkson
et al., 2011) indicated that a sample size of five mice per group was
necessary to detect significant differences in infarct size at 80% power
with an � level of 0.05.

Induction of diabetes and blood glucose monitoring. Diabetes was in-
duced 2 weeks following cranial window implantation. A 2 d induction
protocol was followed over consecutive days. On each day, mice were
deprived of food for 4 h, and then given an intraperitoneal injection of
streptozotocin (STZ; 75 mg/kg) dissolved in 50 mM (pH 4.5) sodium
citrate buffer. Nondiabetic controls were administered buffer alone.
Mice were given 5% sucrose water for 24 h after each day’s injection to
prevent sudden hypoglycemia. Blood glucose levels were measured
(Accu-Chek, Aviva, Roche) every 1–2 weeks by fasting mice for 2–3 h and
then withdrawing a drop of blood from the tail vein. Body weights were
measured concurrently. To help lower blood sugar levels in a subset of
diabetic mice, one slow-release insulin pellet (0.1 U/24 h/implant, Lin-
Bit) was implanted subcutaneously between the scapulae immediately
following stroke. Blood glucose was tested once weekly and additional
insulin pellets were implanted if levels exceeded 15 mmol/L. It should be
noted that this model presents with a greater level of chronic hypergly-
cemia than is typically seen in the majority of human diabetics. This may

be due to the higher metabolism of the mouse or to differences between
the animal model and the human condition. For simplicity, mice that
exhibit STZ-induced hyperglycemia will be referred to as “diabetic” in
the remainder of the paper.

Photothrombotic stroke. A targeted photothrombotic stroke (Watson et
al., 1985) was induced through the chronically implanted cranial window
1–3 d after the second baseline imaging session (Fig. 1A). Mice were
anesthetized with isoflurane in medical air (2% induction, 1.5% mainte-
nance) and placed in a custom-made stereotaxic stage under an Olympus
BX61WI microscope. A green light-emitting diode (LED; 532 nm, 25.8
mW at the back aperture) was focused onto the cortical surface through
a 10� objective. LED illumination was targeted to a �1 mm diameter
area of the forelimb somatosensory cortex, located in the anterior-most
portion of the window. The clear delineation between intact and in-
farcted tissue and the absence of a large penumbra in the photothrom-
botic stroke model allowed us to position the infarct such that the border
was adjacent to “peri-infarct” areas imaged before stroke without se-
verely damaging the imaging areas. Mice received a single injection of 1%
rose bengal solution (100 mg/kg in HEPES-buffered ACSF, i.p.) and the
targeted stroke area was illuminated for �20 min. Evidence of occlusion
was visually confirmed by the presence of small clots and halted blood
flow in the illuminated region of cortex. Animals that showed no evi-
dence of stroke (lost surface vasculature, white appearance of cortical
tissue in infarct area) at the first poststroke imaging time point were
excluded from the study. Sham animals received either LED illumination
or rose bengal injection, but not both, and showed no evidence of dam-
age to cortical tissue or surface vasculature. Following stroke or sham
procedures, mice were allowed to recover under a heat lamp and re-
turned to their home cage.

Longitudinal two-photon imaging. Baseline imaging sessions began 4 –5
weeks after cranial window surgeries and 2–3 weeks after diabetes induc-
tion (Fig. 1A). Previous studies have shown that any surgery induced
inflammation and gliosis has subsided by 3– 4 weeks postcranial window
implantation (Holtmaat et al., 2009; Brown et al., 2010). Mice were anes-
thetized for �90 min per imaging session with isoflurane mixed in med-
ical air (2% induction, 1.5% maintenance). A 2.5 cm stabilization bar (1
mm thickness) was affixed to the medial side of the cranial window with
cyanoacrylate glue and the mouse was fitted into a custom-made frame.
Rhodamine dextran (0.1 ml, 5% solution in 0.9% saline; Sigma-Aldrich)
was injected into the tail vein immediately before the start of imaging.

High-resolution in vivo two-photon images were generated using an
Olympus FV1000MPE multiphoton laser scanning microscope (Olym-
pus) equipped with a mode-locked Ti:sapphire laser tuned to 850 nm for
rhodamine dextran excitation. Excitation power measured at the back
aperture of the objective was typically between 17 and 48 mW, and was
adjusted to achieve near identical levels of fluorescence within each im-
aging session. Images were acquired with a 40� Olympus IR-LUMPlanFl
water-immersion objective (NA � 0.8), using Olympus Fluoview FV10-
ASW software.

Three imaging areas per mouse were chosen based on proximity to the
forelimb area of the somatosensory cortex (the prospective infarct loca-
tion), such that two areas would be located within 500 �m of the putative
infarct border and one area would be located 750 –1000 �m from the
infarct border (Fig. 1B). Using low-resolution images of the surface vas-
culature and epifluorescence imaging, the same imaging areas were easily
identified between sessions.

In each of the three imaging areas, blood vessels were imaged to a
depth of 300 �m below the pial surface (Fig. 1C,D). During each imaging
session, image stacks were collected at 2 �m steps covering an area of
287 � 287 �m (1024 � 1024 pixels, 0.28 �m per pixel), averaging two
images per section. Image stacks were saved as multitiff files for later
image processing and analysis with ImageJ software. For analysis of blood
flow velocity, line scans were conducted on six easily identifiable mi-
crovessels (�10 �m diameter) in each of the three imaging areas. Each
selected vessel was subject to a series of three line scans, with a 10 –20 s
waiting period between each scan. Animals were imaged twice before
stroke and on days 3, 7, 14, and 28 after the stroke (Fig. 1A).

Analysis of vascular dynamics. Two-photon images were analyzed for
blood flow velocity, vessel lumen diameter, and red blood cell (RBC)
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flux. All analysis was conducted by an experimenter blinded to experi-
mental condition and imaging time point. Blood flow velocity measure-
ments were taken from line scan images by determining the inverse slope
(� time/� distance) of the linear paths of RBCs (Shih et al., 2012). Only
vessels that had linear slopes were analyzed, and those with curvilinear
slopes were excluded (Chhatbar and Kara, 2013). Vessel lumen diameters

were measured from multitiff image stacks using ImageJ software. A 20
pixel line approximately three times the diameter of the vessel was over-
laid perpendicularly across the vessel and a fluorescence intensity profile
was generated. The vessel diameter was calculated as the width of the
intensity value distributions at half-maximal intensity (Shih et al., 2012).
RBC flux was calculated from measurements of blood flow velocity and
vessel lumen diameter based on previous work by Kleinfeld’s group (Shih
et al., 2009, 2012), using the following equation: Flux��/8 � velocity �
diameter 2. Microvessels were separated into “superficial” and “deep”
vessels based on the distance from the pial surface on the z-axis (Fig. 1D).
Superficial vessels �150 �m from the pial surface were binned together,

Figure 1. Longitudinal in vivo imaging of fluorescently labeled blood vessels was conducted through chronically implanted cranial windows. A, Timeline of longitudinal imaging experiments.
Dark gray arrows indicate two-photon imaging sessions. B, A representative brightfield image of a cranial window at 3 d poststroke in a nondiabetic mouse. The infarct border is indicated by a white
dotted line. Peri-infarct (�25–500 �m from infarct border) and distant (�500 –1500 �m from infarct border) imaging areas are indicated as black squares. C, A maximum intensity z-projection
of 150 planar two-photon images (2 �m apart) of fluorescently labeled vasculature in the peri-infarct cortex. D, A side x-z-projection of the same images showing the view through the depth of the
300 �m stack. The distinction between superficial and deep microvessels is indicated by the white dotted line 150 �m below the pial surface. E, Brightfield (left) and epi-fluorescent images of
rhodamine dextran labeled vessels (right) in a cranial window taken 3 d after stroke. The infarct border is clearly delineated in the epi-fluorescent images by the absence of small surface vessels.

Table 1. Blood glucose and body weight measurements

BL PD3 PW1 PW2 PW4

Blood glucose
Nondiabetic 11.9 � 0.3 9.3 � 0.8 11.9 � 0.8 14.3 � 0.4 11.6 � 0.8
Diabetic 23.6 � 1.5** 25.2 � 1.5** 26.1 � 1.4** 25.4 � 1.6** 24.1 � 1.4**
Diabetic �

insulin
24.8 � 0.8** 16.3 � 2.5*† 17.1 � 2.1*† 19.9 � 3.4* 25.4 � 4.3*

Body weight
Nondiabetic 26.6 � 0.6 26.5 � 0.6 26.8 � 0.6 26.8 � 0.6 27.2 � 0.6
Diabetic 25.1 � 0.5 24.7 � 0.5 24.8 � 0.5 24.6 � 0.7 24.5 � 0.7*
Diabetic �

insulin
24.3 � 0.7 23.6 � 0.7 24.4 � 0.5 24.8 � 0.6 25.9 � 0.7

Blood glucose was measured in mmol/L. Body weight was measured in grams. Data are mean � SEM. *p � 0.01,
**p � 0.001 versus nondiabetic mice, †p � 0.01, insulin-treated versus uncontrolled diabetics. BL, Baseline; PD3,
post-stroke day 3; PW1, post-stroke week 1; PW2, post-stroke week 2; PW4, post-stroke week 4.

Table 2. Systemic physiological measurements

BL PD3 PW1 PW2 PW4

Heart rate
Nondiabetic 466 � 23 539 � 16 539 � 22 564 � 32 547 � 20
Diabetic 451 � 9 503 � 22 532 � 32 491 � 76 487 � 11

Breath rate
Nondiabetic 91 � 2 82 � 12 102 � 14 78 � 7 98 � 7
Diabetic 89 � 7 69 � 6 85 � 11 95 � 19 87 � 7

Heart and breath rates were measured in beats or breaths/min, respectively. BL, Baseline; PD3, post-stroke day 3;
PW1, post-stroke week 1; PW2, post-stroke week 2; PW4, post-stroke week 4.

19196 • J. Neurosci., December 4, 2013 • 33(49):19194 –19204 Tennant and Brown • Diabetes Augments Blood Flow Dynamics after Stroke



whereas vessels located 150 –300 �m from the surface were considered to
be deep vessels. Every effort was made to analyze the same microvessels in
each animal throughout the entire study. In cases in which a microvessel
segment was lost or obscured (such as by a dilated surface arteriole),
measurements were collected from a nearby connected microvessel.

To determine whether any changes in vascular dynamics were associ-
ated with the formation or elimination of blood vessels after stroke, we
measured the density and branching patterns of cortical microvessels in
peri-infarct areas across imaging sessions. To measure the density of
blood vessels, we z-projected 70 optical sections (2 �m apart; bins of 10
images each) located in superficial cortical areas (�150 �m under the
pial surface). A median filter (radius � 1) was applied to each image to
reduce noise and images were thresholded. ImageJ software was then
used to calculate the percentage of surface area occupied by blood vessels.
We further used ImageJ software to manually trace penetrating mi-
crovessels, counting the number of branch points made as the vessel dove
through the 300 �m multitiff stack (Harb et al., 2013). Two microvessels
per peri-infarct imaging area were chosen for analysis. We typically chose
vessels that dove through the center of the image stack to ensure that the
same vessels could be traced throughout all imaging time points.

Systemic measurements of physiological parameters. Physiological pa-
rameters were measured twice before stroke and on days 3, 7, 14, and 28
after the stroke in diabetic (n � 3) and nondiabetic (n � 4) mice. These
mice were not included in the imaging portion of the study, but were
matched for age, sex, and length of time since diabetes induction. Ani-
mals were anesthetized with isofluorane in medical air (2% induction,
1.5% maintenance) and the fur on the right hindlimb was removed using
depilatory cream. A thigh cuff was placed onto the mouse and physio-
logical parameters were measured using the MouseOx small animal vital
signs monitor (Starr Life Sciences) for a total of 20 min at each time point.
The mean heart and breath rates were determined by averaging across the
20 min session.

Histology and measurement of infarct volume. Mice were killed 6 weeks
after stroke with an overdose of sodium pentobarbital (175 mg/kg, i.p.)
and perfused intracardially with 0.1 M phosphate buffer and 4% parafor-
maldehyde. Brains were postfixed for 1 week in paraformaldehyde at 4°C
and sliced into 50-�m-thick coronal sections using a Leica VT1000 vi-
bratome (Leica Biosystems). Every third section was mounted onto
charged slides and stained with cresyl violet. ImageJ software was used to
measure the area of intact tissue in the hemispheres ipsilateral and con-
tralateral to the infarct. Cavalieri’s method was used to calculate the total
remaining tissue volume as the product of summed section areas and
distance between sections (Henery and Mayhew, 1989). Lesion volume
was indirectly estimated as the difference between the volumes of the
damaged and intact cortices (Tennant and Jones, 2009).

Statistics. Blood flow velocity and lumen diameter data were analyzed
for the presence of outliers using Grubbs’ test (value 	2.5 SDs from the
mean; GraphPad software) before the calculation of RBC flux. All other
statistical analyses were conducted using SPSS software. A one-way
ANOVA was used to compare baseline measurements of vascular param-

eters across experimental groups. To analyze changes in vascular dynam-
ics over time, mixed repeated-measures ANOVAs were conducted to
determine main effects of imaging time point and experimental group,
and interactions between time and group. Separate analyses were con-
ducted for blood flow velocity, lumen diameter, RBC flux, vessel density,
and microvascular branching. Sham and stroke groups were considered
separately to individually evaluate the effect of hyperglycemia in the pres-
ence or absence of stroke. Post hoc Bonferroni-corrected two-way t tests
were used to determine differences between groups at individual time
points. In instances in which a significant effect of time was found, a
univariate repeated-measures ANOVA was run for each individual
group, with time as a within-subject variable, to determine how vascular
measurements changed over time relative to baseline values. Bonferroni-
corrected pairwise comparisons were conducted to determine differ-
ences between time points. A mixed repeated-measures ANOVA was
conducted to determine group and time differences in physiological pa-
rameters, body weights, and blood glucose measurements. A one-way
ANOVA was conducted to determine differences in infarct volume
across groups. p � 0.05 was considered significant for all ANOVAs.
Bonferroni-corrected tests were significant at the p � 0.01 level. All data
are means � SEM.

Results
Systemic physiological parameters and infarct
volume measurements
Blood glucose and body weight measurements of nondiabetic,
uncontrolled diabetic, and insulin-treated diabetic mice at each
time point are presented in Table 1. Nondiabetic mice were eu-
glycemic (blood glucose levels �15 mmol/L) at all experimental
time points. Diabetic mice had significantly elevated blood glu-
cose levels (	20 mmol/L; t(32) � 6.69, p � 0.001), which were
steadily maintained throughout the experiment. Diabetic mice
that received insulin treatment immediately after stroke had sig-
nificantly lower blood glucose compared with uncontrolled dia-
betics during the first week after stroke (p � 0.007– 0.01).
However, over the course of the study, blood glucose levels be-
came more variable and trended back toward hyperglycemia de-
spite continued and even increased doses of insulin.

For body weights, diabetic and nondiabetic mice had similar
weights at baseline (t(32) � 2.06, p � 0.05). After 8 weeks of
uncontrolled hyperglycemia, diabetic mice weighed signifi-
cantly less than nondiabetic controls (t(32) � 2.75, p � 0.01).
Insulin treatment helped mice maintain more typical body
weights (p 	 0.01 compared with nondiabetics at all poststroke
time points).

We used the MouseOx pulse oximeter to determine whether
diabetes or stroke produced any systemic changes in physiologi-

Figure 2. Diabetes did not significantly alter the size of stroke damage. A, Representative series of cresyl violet stained coronal sections throughout the extent of the infarct in nondiabetic and
diabetic mice at 6 weeks recovery from stroke. B, Infarct volumes did not differ significantly between experimental groups.
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cal parameters (heart and breath rate). Neither stroke nor
diabetes were associated with significant changes in heart rate
(F(4,20) � 2.17, p � 0.11) or breath rate (F(4,20) � 1.24, p � 0.33)
at any experimental time point (Table 2).

Analysis of cresyl violet stained brain sections indicated that
ischemic stroke was localized to the forelimb somatosensory cor-
tex (Fig. 2A). Similar to previously published data from our lab-
oratory (Sweetnam et al., 2012), we found that diabetes did not

Figure 3. Diabetes exacerbates stroke-related changes in peri-infarct blood flow velocity. A, A maximum intensity z-projection of 30 planar images (2 �m apart) of fluorescently
labeled vasculature. Line scans were run on linear segments of microvessels that were oriented parallel to the imaging plane. The result is a streaking pattern of diagonal lines with
nonfluorescent red blood cells appearing dark and fluorescent plasma appearing white. Velocity is measured by calculating the slope of the RBC streaks. B, Representative line scans from
baseline and poststroke time points in nondiabetic and diabetic mice. C, Peri-infarct blood flow velocity measurements across time in superficial (left) and deep (right) microvessels. D,
Blood flow velocity measurements across time in superficial (left) and deep (right) microvessels located at distant sites from the infarct. **p � 0.001 nondiabetic versus diabetic; †p �
0.01, ††p � 0.001 nondiabetic versus insulin; #p � 0.01 diabetic versus insulin. Colored p values refer to within group differences between time points in nondiabetic (blue) and
uncontrolled diabetic mice (red).
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significantly affect the size of the infarct 6 weeks after stroke
(F(2,20) � 0.13, p � 0.88; Fig. 2B).

Blood flow velocity
Microvascular hemodynamics were monitored before and after
stroke using high resolution in vivo two-photon microscopy (Fig.
1). Photothrombotic stroke was used because of the ease with
which it can be induced noninvasively through the cranial win-
dow and the precision with which specific brain regions can be
targeted. Precise control of stroke location was critical for re-
peated imaging of the same microvessels in cortical zones that
were preassigned to be peri-infarct (Fig. 1B). Epi-fluorescent im-
ages of the cortical surface were used to define the exact border of
the infarct (Fig. 1E) and measure the distance from the center of
each imaging area to the infarct border. On average, peri-infarct
areas were located 192 � 15 �m from the border (ranging from
26 to 334 �m), whereas distant areas were 978 � 48 �m from the
border (ranging from 479 to 1419 �m). There was no significant

difference in these measurements be-
tween any of the experimental groups
(peri-infarct: F(2,45) � 2.53, p � 0.09; dis-
tant: F(2,22) � 2.37, p � 0.12). Within each
imaging area, blood flow velocity mea-
surements were taken from line scan im-
ages by determining the inverse slope
(� time/� distance)
1 of the linear paths
of RBCs (Fig. 3A,B).

Before stroke, blood flow velocities
in superficial microvessels were similar
across the three experimental groups
(F(2,429) � 0.54, p � 0.58). A mixed
repeated-measures ANOVA revealed a
significant main effect of stroke (F(4,1716) �
14.70, p � 0.001) and experimental
group (F(2,429) � 14.17, p � 0.001) and a
significant interaction between the two
(F(8,1716) � 4.42, p � 0.001) on blood flow
in superficial peri-infarct vessels. At 3 d
after the stroke, only diabetic mice
showed a significant increase in blood
flow compared with baseline values (p �
0.001; Fig. 3C). Blood flow velocity in su-
perficial vessels remained elevated in the
diabetic peri-infarct region throughout
the first week (p � 0.001) and returned to
baseline levels by 2 weeks after the stroke
(p � 0.18). By contrast, superficial peri-
infarct blood flow velocities in nondia-
betic mice did not increase after stroke
(p � 0.59) and were significantly lower
than diabetic mice at all subsequent imag-
ing time points (p � 0.001; Fig. 3C).
Blood flow measurements in diabetic
mice treated with insulin after stroke were
more variable across experimental time
points and generally ranged in between
those recorded for diabetic and nondia-
betic mice (Fig. 3C). Similar to nondia-
betic mice, blood flow in superficial
vessels did not increase significantly three
d after stroke relative to baseline measure-
ments (p � 1.00). However, blood flow in
the insulin-treated group did not progres-

sively drop over the 4 week imaging period.
Blood flow in deeper microvessels of the peri-infarct cortex

was relatively unaffected by stroke, at least in the first 2 weeks of
recovery (p � 0.21–1.00, baseline vs poststroke days 3–14; Fig.
3C). Similar to observations in superficial microvessels, we saw a
decline in peri-infarct blood flow velocity in deeper microvessels
relative to baseline measurements in nondiabetic mice (F(4,552) �
4.65, p � 0.001; Fig. 3C). This progressive decrease was not seen
in deeper vessels of uncontrolled or insulin-treated diabetic mice.

To assess the spatial extent of stroke related changes in blood
flow (Brown et al., 2007, 2008; Mostany et al., 2010), we imaged
cortical areas more distant from the infarct (�1000 �m away
from the infarct border). These distant regions also served as a
control for any systemic or global changes in circulation that
might have been associated with diabetes. Blood flow in superfi-
cial vessels in more distant cortical regions was not significantly
affected by stroke (F(4,848) � 0.96, p � 0.43; Fig. 3D), or experi-
mental group (F(2,212) � 2.77, p � 0.07). In deeper vessels, blood

Figure 4. Stroke leads to a transient dilation of microvessels in peri-infarct cortex A, B, Representative images of dilated blood
vessels from baseline and poststroke time points in (A) a nondiabetic mouse and (B) a diabetic mouse. Images are maximum
intensity z-projections of 20 –30 planar images (2 �m apart) of fluorescently labeled superficial vasculature. White arrowheads
indicate dilated vessels. C, Peri-infarct vessel lumen diameter measurements across time in superficial (left) and deep (right)
microvessels. D, Lumen diameter measurements across time in superficial (left) and deep (right) microvessels located at distant
sites from the infarct. **p � 0.001 nondiabetic versus diabetic; †p � 0.01 nondiabetic versus insulin; #p � 0.01 diabetic versus
insulin. Red p values refer to within group differences between time points in uncontrolled diabetic mice. Black p values refer to
within group differences that were apparent in all three experimental groups.
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flow was not significantly affected in the
acute poststroke phase (F(4,852) � 0.93,
p � 0.45). However, over the 4 week
stroke recovery period, there was a signif-
icant increase in blood flow that was only
seen in nondiabetic mice (main effect of
group: F(2,213) � 8.09, p � 0.001; interac-
tion of time and group: F(8,852) � 4.23, p �
0.001; Figure 3D). To summarize, these
results show that blood flow is primarily
affected in superficial microvessels close
to the stroke, and diabetes exacerbates
stroke-related changes in blood flow.

Vessel lumen diameter
Blood flow velocity changes are often ac-
companied by changes in vessel diameter
(Stefanovic et al., 2008; Shih et al., 2009,
2012). Here, we also observed a significant
dilation of peri-infarct microvessels in re-
sponse to stroke (Fig. 4A–C). A mixed
repeated-measures ANOVA revealed that
stroke led to a significant dilation of both
superficial (F(4,564) � 32.12, p � 0.001)
and deep (F(4,564) � 30.86, p � 0.001) mi-
crovessels in the peri-infarct cortex. As
shown in Figure 4C, the dilation of peri-
infarct microvessels was most pro-
nounced 3 d after stroke and was evident
in all three experimental groups. Interest-
ingly, although diabetic mice showed
marked vessel dilation in superficial ves-
sels after stroke, there was a less robust response in deeper mi-
crovessels (p � 0.02) compared with the response of both
nondiabetic and insulin-treated mice (p � 0.001). After 7 d of
recovery, superficial and deep microvessel lumen diameters in
both nondiabetic and insulin treated groups returned to baseline
levels. In contrast, microvessel lumen diameters in diabetic mice
took 14 d to recover to baseline levels.

Unlike peri-infarct regions, superficial microvessels in more
distant cortical regions were not significantly dilated at any time
point after stroke (F(1,69) � 0.10, p � 0.91; Fig. 4D). In deeper
vessels, lumen diameter was not acutely affected by stroke
(F(4,276) � 1.20, p � 0.31; Fig. 4D). However, there was a signifi-
cant increase in lumen diameter after 14 d of recovery in nondi-
abetic mice (interaction of time and group: F(8,276) � 2.62, p �
0.01). In summary, these results show that vasodilation occurs in
both deep and superficial microvessels close to the stroke, and
vessels stay dilated for a longer period of time in the diabetic
brain.

RBC flux
RBC flux provides an estimate of the total volume of fluid trav-
eling through an area of blood vessel over time and is useful for
determining how much blood is being delivered to a specific area
after stroke. All experimental groups had similar baseline levels of
RBC flux (F(2,141) � 0.08, p � 0.92). Three days after stroke, RBC
flux increased significantly in superficial peri-infarct microves-
sels in all groups, particularly diabetic mice (F(4,564) � 8.25, p �
0.001; Fig. 5A). The initial increase in RBC flux in superficial
vessels was followed by a return to baseline values by 7 d recovery.
RBC flux in deeper microvessels of the peri-infarct cortex was not
significantly affected by stroke (p � 0.10 –1.00, baseline vs post-

stroke days 3–7). Of note, RBC flux in more distant cortical re-
gions was not significantly affected by stroke or experimental
group (p � 0.52– 0.82; Fig. 5B). In summary, these results show
that stroke leads to a transient increase in RBC flux primarily
within superficial microvessels close to the stroke.

Microvascular remodeling
To determine whether stroke was associated with the formation
or elimination of blood vessels, we first measured the density of
blood vessels in peri-infarct cortex (Fig. 6A). Before stroke, there
were no differences in vessel density between experimental
groups (F(2,20) � 4.75, p � 0.89). Three days after stroke, the
density of peri-infarct vessels increased significantly (F(4,80) �
24.33, p � 0.001), but was not affected by diabetes (F(1,20) � 0.20,
p � 0.82). After 1 week of recovery, vascular density had returned
to baseline in all experimental groups (p � 0.07– 0.71).

Next we analyzed the branching patterns of microvessels over
time (Fig. 6B) to determine whether the stroke related increases
in vessel density could be explained by microvessel sprouting. At
baseline, the number of vessel branches analyzed did not differ
between the three experimental groups (F(2,20) � 2.42, p � 0.12).
After stroke (Fig. 6C), there was a small but significant decline in
the number of vessel branches (F(4,80) � 9.50, p � 0.001) in all
experimental groups (F(1,20) � 0.97, p � 0.40). It should be noted
that putative new microvessel formation was observed, but on a
very infrequent basis (�1% of counted branch points). In sum-
mary, these results show that stroke leads to a transient increase
in vascular density, but not formation of new vessels, followed by
a progressive elimination of existing microvessel branches in
peri-infarct cortex.

Figure 5. Stroke induces a transient increase in RBC flux in the superficial vessels of peri-infarct cortex. A, Peri-infarct RBC flux
measurements across time in superficial (left) and deep (right) microvessels. B, RBC flux measurements across time in superficial
(left) and deep (right) microvessels located at distant sites from the infarct. Black p values refer to within group differences
between time points that were apparent in all three experimental groups.
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Sham animals: effect of chronic hyperglycemia on
vascular dynamics
To determine whether chronic uncontrolled hyperglycemia
alone could alter vascular dynamics over time, we analyzed the
effects of time and experimental group in diabetic and nondia-
betic animals that underwent sham stroke surgeries (Fig. 7). Our
analysis indicated that sham procedures had no effect on blood
flow velocity (F(4,1000) � 1.65, p � 0.16), lumen diameter (F(4,328)

� 2.23, p � 0.07), or RBC flux (F(4,328) � 0.71, p � 0.58; Fig.
7A–C). However, we did find that diabetes significantly altered
blood flow dynamics 6 – 8 weeks into the experiment (2– 4 weeks
after sham procedures). Diabetic mice had significantly greater
blood flow velocity in deep vessels 28 d after sham procedures
(F(4,1000) � 6.68, p � 0.001; Fig. 7A). They also had larger blood
vessel diameters (F(4,328) � 2.94, p � 0.02) and higher RBC flux
(F(4,328) � 3.09, p � 0.02) compared with nondiabetics, but only
at later experimental time points (Fig. 7B,C). In summary, these
results show that diabetes begins to affect vascular dynamics only
when hyperglycemia has been uncontrolled for at least 6 – 8
weeks.

Discussion
We have previously shown that poor behavioral recovery of sen-
sorimotor function after photothrombotic stroke in diabetic
mice was not due to larger infarcts, but associated with deficits in
cortical rewiring in peri-infarct areas (Sweetnam et al., 2012).
Because recovery of cortical and paw function is dependent on
blood flow to this tissue (Wei et al., 2001; Zhang and Murphy,
2007; Li and Murphy, 2008; Brown et al., 2009; Blinder et al.,
2010; Mostany et al., 2010; Risher et al., 2010; Masamoto et al.,

2012; Clarkson et al., 2013), we hypothe-
sized that chronic hyperglycemia, as seen
in diabetes alters microvascular hemody-
namics in the acute and/or chronic peri-
ods of stroke recovery. Our data show that
uncontrolled hyperglycemia exaggerated
both the degree and duration of acute
ischemia-induced changes in microvessel
blood flow. Changes were most evident in
superficial blood vessels of the peri-infarct
cortex, rather than deeper vessels or re-
gions more distant to the infarct. Insulin
treatment initiated immediately after
stroke mitigated the extreme vascular
reaction associated with uncontrolled hy-
perglycemia, but only in the acute post-
stroke phase. In the chronic phase of
recovery, blood flow velocity progres-
sively decreased in peri-infarct regions in
nondiabetic controls (Mostany et al.,
2010), but remained elevated in both un-
controlled and insulin-treated diabetics.

Diabetes is well known to have delete-
rious effects on the vascular system of
many organs. In the brain, diabetes has
been associated with a thicker, more per-
meable vascular endothelium that is less
responsive to endogenous modulators of
vascular tone (Vinik and Flemmer, 2002;
Li et al., 2010b; Prakash et al., 2012). This
progressive deterioration of the endothe-
lium leads to an increased risk of cardio-
vascular complications, such as heart
attack, stroke, and vascular dementia

(Centers for Disease Control and Prevention, 2011). In cases of
stroke, diabetic stroke survivors have more difficulty regaining
function after stroke (Kruyt et al., 2008), even when provided
with similar treatment (Toni et al., 1992; Iemolo et al., 2002;
Vinik and Flemmer, 2002; Wei et al., 2010; Ergul et al., 2012).
Histological studies using animal models of type 2 diabetes have
shown that uncontrolled hyperglycemia, even in the absence of
brain damage, can increase the tortuosity, density, and collater-
alization between vessels in the cerebral cortex (Li et al., 2010b;
Prakash et al., 2012, 2013). In the present work, we focused our
attention on imaging dynamic aspects of microvascular structure
and function in vivo in the presence or absence of ischemic stroke.
For our baseline measurements (collected 2– 4 weeks after the
injection of STZ or vehicle), microvessel blood flow, lumen di-
ameter and RBC flux were not significantly different between
diabetic and nondiabetic mice. However, when hyperglycemia
was left uncontrolled for the entire 8 week experiment in animals
that underwent sham procedures, some differences in vascular
parameters emerged at the latest experimental time points.
These results indicate that, unlike models of type 2 diabetes,
several weeks of hyperglycemia was required before significant
changes in vascular function took place in our model. More
importantly, our diabetic sham data suggest that the signifi-
cant changes in blood flow, lumen diameter, and RBC flux
observed in the first 2 weeks after stroke were caused by the
stroke itself and were not simply a complication of prolonged
hyperglycemia. However, it is unknown whether the stroke-
induced changes in blood flow in type 1 diabetic mice would
occur to the same extent in other models of diabetes.

Figure 6. Stroke was associated with an increase in vascular density but a progressive loss of microvessel branch segments. A,
Surface area occupied by blood vessels in peri-infarct cortex per experimental group before and after stroke. B, Representative
time-lapse images of microvessel branches in a nondiabetic mouse. The yellow arrow points to a vessel branch that was perma-
nently lost after stroke. The majority of vessel branches were stable. C, The percentage of microvessel branches remaining at each
poststroke time point relative to baseline. Note the progressive loss of microvessels after stroke in each experimental group. Black
p values refer to within group differences between time points that were apparent in all three experimental groups. BL, Baseline.

Tennant and Brown • Diabetes Augments Blood Flow Dynamics after Stroke J. Neurosci., December 4, 2013 • 33(49):19194 –19204 • 19201



Although chronic hyperglycemia did
not significantly alter baseline blood flow
dynamics, it did affect the microvascular
response to stroke. For example, diabetes
exacerbated the magnitude and duration
of stroke-induced increases in blood flow
velocity in peri-infarct cortex, but not
more distant regions. The regional selec-
tively of these changes, in tandem with
our measurements of physiological pa-
rameters, suggest that increased blood
flow velocity was not related to any global
changes in cardiovascular function (heart
or breath rate) or differences in the depth
of anesthesia during imaging. The en-
hancement of blood flow velocity in peri-
infarct cortex is consistent with laser
doppler experiments showing greater ce-
rebral perfusion 24 h after middle cerebral
artery occlusion in type 2 diabetic rat
models (Li et al., 2010b). In contrast,
nondiabetic animals, who show greater
recovery of forepaw function after photo-
thrombotic stroke (Sweetnam et al.,
2012), did not exhibit a significant in-
crease in peri-infarct blood flow velocity.
Instead, blood flow velocity in peri-infarct
tissues declined after stroke (especially at
later time points), which parallels the
findings of a recent longitudinal two-
photon imaging study in nondiabetic
mice (Mostany et al., 2010). The func-
tional significance of abnormally high
blood flow velocity in diabetic animals
will require further investigation, but it is
conceivable that the oxygenation of peri-
infarct tissues could be compromised
(Jespersen and Østergaard, 2012) or the
leakage of blood plasma or hemorrhage
after stroke could be aggravated by the di-
abetic condition (Li et al., 2010b). Alter-
natively, higher velocity could be a
consequence of an impairment in main-
taining vascular tone or neurovascular
coupling (Stefanovic et al., 2008; Lindvere et al., 2010; Chinta et
al., 2012). It is interesting to note that our laboratory has recently
discovered that diabetes increases dendritic spine loss after stroke
(Holmes et al., 2012) and impairs the progressive reorganization
of forelimb related sensory circuits in peri-infarct cortex (Sweet-
nam et al., 2012). Therefore, the altered microvascular response
to ischemia in the diabetic brain could negatively impact the
function or plasticity of neural circuits in cortical areas recover-
ing from stroke.

Another common explanation for why diabetics have diffi-
culty recovering from stroke is the assumption that hyperglyce-
mia exacerbates tissue damage, thereby limiting the ability of
surrounding areas to take on lost functions. Although there are
some reports of larger cerebral infarcts after hypoxia or middle
cerebral artery occlusion (Vannucci et al., 2001; MacDougall and
Muir, 2011), our laboratory and others have previously shown
either no difference or smaller infarct sizes in diabetic animal
models (Ergul et al., 2007; Li et al., 2010a; Elgebaly et al., 2011;
Sweetnam et al., 2012). In the current study, we saw a slight

nonsignificant trend toward larger and more variable infarcts in
diabetic mice. Partial control of blood glucose levels with insulin
treatment immediately after photothrombotic stroke had no ef-
fect on infarct size. It is doubtful that any slight differences in
infarct size were responsible for the observed differences in post-
stroke vascular dynamics between diabetics and nondiabetics.
Because peri-infarct imaging areas were chosen before stroke
induction and the infarct was targeted in such a way that the
border would be �200 �m from these imaging areas, we
would have expected to see destruction of peri-infarct imaging
areas with significantly larger infarcts. In reality, we saw only
two instances (one nondiabetic and one insulin-treated dia-
betic) in which a peri-infarct imaging area was damaged so
badly by the stroke that we were unable to collect images.
Additionally, we did not see greater loss of arterial branches in
peri-infarct regions in diabetics as compared with nondiabet-
ics. Thus, our data suggest that poor recovery in diabetics
cannot be fully explained by differences in tissue damage or
the elimination of peri-infarct blood vessels.

Figure 7. Chronic, uncontrolled hyperglycemia only had minor effects on blood flow parameters in the absence of stroke. A,
Blood flow velocity, (B) vessel lumen diameter, and (C) RBC flux measurements across time in superficial (left) and deep (right)
microvessels of sham operated mice. *p � 0.01, **p � 0.001 diabetic versus nondiabetic.
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One of the benefits of longitudinal in vivo two-photon imag-
ing is the opportunity to directly observe microvessel sprouting
or pruning. Contrary to our initial expectations, neither diabetes
nor stroke was associated with a significant amount of microves-
sel sprouting in peri-infarct cortex. Instead, there was a slight but
significant trend toward pruning of microvessels after stroke.
This finding is consistent with other chronic in vivo imaging stud-
ies that reported relatively little or no angiogenesis in adult mice
(	3 months of age) exposed to chronic hypoxia (Harb et al.,
2013) or ischemia (Mostany et al., 2010; Guo et al., 2011). In
agreement with histological and acute two-photon imaging stud-
ies that showed increased vessel density in the ischemic border
zone (Zhang et al., 2000; Brown et al., 2007; Zhang and Chopp,
2009; Gertz et al., 2012), we did find a transient increase in vas-
cular density in peri-infarct cortex, but this was likely related to
the observed increases in vessel lumen diameters (Zhang et al.,
2002; Guo et al., 2011) rather than formation of new vessels,
because dilated vessels occupy a greater surface area. However, it
is possible that we could have missed angiogenic events at the
infarct border or possibly within the ischemic core because our
peri-infarct imaging areas were typically centered 26 –334 �m
from the edge of the infarct. This discrepancy may also be ex-
plained by the fact that photothrombosis often generates very
sharp borders between ischemic and nonischemic zones. There-
fore, gradients of hypoxia which might be favorable for vessel
sprouting in other models of stroke may not have occurred in our
study.
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