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Abstract. Hyperglycemia and cortical spreading depression �CSD�
are possible factors that worsen the outcome of ischemic stroke, and it
is probable that there is a longterm cooperative effect of hyperglyce-
mia and CSD on cerebral blood flow �CBF�. Long-lasting and full-field
observation of changes in CBF following CSD in vivo during acute
hyperglycemia in rats might show whether this is the case. Here, we
utilized laser speckle imaging to study influences of acute hypergly-
cemia on CBF at the level of individual vascular compartments for 3 h
in normal rats and those with CSD. It is shown that there are extensive
increases of CBF at the arteriole and parenchyma over the normal rat
cortex during acute hyperglycemia, whereas there is no significant
change in CBF at the venule. We also find that, at all vascular com-
partments, after the glucose administration there is a stepwise reduc-
tion of CBF following CSD, but after saline injection CBF following
CSD is close to the baseline. Our results indicate that acute hypergly-
cemia could aggravate the severity of decrease in CBF following CSD,
suggesting possible mechanisms by which hyperglycemia exacerbates
cerebral damage after ischemic stroke. © 2008 Society of Photo-Optical Instru-
mentation Engineers. �DOI: 10.1117/1.3041710�
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Introduction
revious studies have demonstrated that there is a decrease in
erebral blood flow �CBF� in animals with acute or chronic
yperglycemia.1 Hyperglycemia might have a longterm effect
n CBF, especially under the condition of cerebral ischemia.
anier2 reported that within 24 h of the onset of cerebral is-
hemia, even mild hyperglycemia is associated with exacer-
ated cerebral damage and increased morbidity and mortality;
runo3 also described patients with nonlacunar stroke, in
hich high blood-glucose levels on admission were associ-

ted with a worse outcome at 3 months. It has been reported
hat 20–50% of strokes are accompanied with concomitant
yperglycemia regardless of the presence of pre-existing
iabetes.4 This hyperglycemia occurring during experimental
nd clinical strokes has been associated with increased cere-
ral damage.4

Cortical spreading depression �CSD� is characterized by
ransitory, spreading neuronal depolarization that propagates
ike a wave on the cortical surface. Many studies have shown
hat normal brain tissue invaded by CSD presents reversible
hanges in CBF, glucose metabolism, transmembrane ion
ransport and so on.5–8 There is evidence that CSD plays an
mportant role in ischemic stroke, and it has been commonly
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ournal of Biomedical Optics 064023-
accepted that CSD increases the ischemic volume and aggra-
vates ischemic injury.8 This deterioration of brain tissue re-
sulting from CSD waves may be caused by its reducing fur-
ther the already decreased blood flow in the penumbral zone
of the ischemic cortex.8

Hyperglycemia and CSD can worsen the outcome of is-
chemic stroke and also influence CBF.1,8 Therefore, it is pos-
sible that both of them have a prolonged cooperative effect on
CBF in ischemic stroke. Research on the changes in CBF
following CSD during acute hyperglycemia for a long period
might provide evidence for this possibility.

To shed light on the spatiotemporal changes in CBF for the
different vascular compartments in the cortex, we selectively
used a technique of laser speckle imaging to provide a directly
spatial pattern of changes in blood flow, avoiding the sam-
pling restriction of the previous techniques. Laser speckle
imaging,9 as a means of enabling CBF imaging at high spa-
tiotemporal resolution, has recently attracted extensive atten-
tion, and it has been successfully applied to explore relative
changes in CBF induced by CSD,10 cerebral ischemia,11,12 and
sensory stimulation.13 It has been demonstrated that not only
laser speckle imaging and laser Doppler imaging provide
equivalent assessments of blood flow,14 but also the relative
measurement of flow changes by laser speckle imaging can be
accurately calibrated by the absolute flow imaging provided
by spectral-domain Doppler optical coherence tomography.15
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Here, we adopt an acute rat hyperglycemic model, in con-
unction with laser speckle imaging, to monitor the long-term
ffect of acute hyperglycemia and the additional effect of
SD during acute hyperglycemia on CBF for different vascu-

ar compartments.

Materials and Methods
.1 Surgical Operation
nimal care and experimental procedures were approved by

he Committee for the Care and Use of Laboratory Animals at
uazhong University of Science and Technology. Rats, fasted

xcept for water for 12–16 h, were used. Intraperitoneal an-
sthesia was implemented with a mixture of �-chloralose
50 mg /kg� with urethane �600 mg /kg� in adult male
prague–Dawley rats �200–300 g�. The body temperature of

he rats was kept constant at 37.0�0.5 °C with a feedback-
ontrolled heating pad. The left femoral artery was cannulated
or serial measurement of arterial pressure and blood gases.

Each rat head was placed in a stereotaxic apparatus. A
ongitudinal incision about 10 mm was made along the head

idline. The skull bone overlying the parietal cortex was re-
oved with a high-speed dental drill �Fine Science Tools,
SA� under constant saline cooling to form a 6.0�8.0 mm

ranial window with intact dura. The cranial window was
athed with normal saline at 37.0�0.5 °C. A burr hole
2 mm diameter� was drilled in the ipsilateral frontal bone to
nduce CSD by electrical stimulation. The rats were allowed
o recover for at least 1 h.

Acute hyperglycemia in rats �n=10� was produced by giv-
ng a 50% solution of D-glucose in water at 15 mL /kg intra-
eritoneally. The same volume of normal saline was given by
ntraperitoneal injection to the control rats �n=10�.

.2 Monitoring Changes of CBF by Laser Speckle
Imaging

he technical details of laser speckle imaging used in this
xperimental system have been described elsewhere.11,16

riefly, a 17 mW He–Ne laser ��=632.8 nm, Melles Griot,
SA� was used to illuminate the rat cortex. A 12-bit cooled

harge-coupled device camera �Pixelfly, 480�640 pixel ar-
ay, PCO Computer Optics, Germany� attached to a stereomi-
roscope �SZX12, Olympus, Japan� was employed for image
cquisition. The administration of agents �50% D-glucose or
aline� was performed immediately after the acquisition of
aseline imaging of laser speckle. Laser speckle imaging was
epeated at 30 min intervals after the administration of agents.
inety consecutive raw speckle images were acquired for

ach measurement �20 ms exposure time�. The whole obser-
ation period was 180 min. Speckle contrast images were ac-
uired by analyzing the raw speckle images using the method
f laser speckle temporal contrast analysis.9,17 The images of
nverse correlation time values �ICT, 1 /�, arbitrary units�
ere calculated from the speckle contrast images. This ICT

mage was then used as an indicator of the CBF parameter.
elative changes in CBF at each time in a region were calcu-

ated as a percentage of the baseline.
ournal of Biomedical Optics 064023-
2.3 CSD Induced by Electrical Stimulation
In five rats of each group, CSD was initiated by intracortical
electrical stimulation �5 mA, 1 s duration, 1 pulse�. Optical
reflectance and direct current potential were simultaneously
recorded to characterize CSD waves as mentioned in Ref 12.
At the start, just before the injection of glucose or saline
�0 min�, a laser speckle image was obtained and then the first
CSD was immediately induced. CSD waves were again in-
duced immediately after laser speckle imaging at 30, 60, 90,
120, and 150 min after experimental intervention.

2.4 Data Analysis
For data analysis, different vascular compartments were
manually chosen by selecting subregions of the ICT image. To
selectively study the relative changes in CBF at different cor-
tical vascular compartments, we identified arterioles, capillar-
ies, and venules. Identification of arterioles and venules was
done by visual inspection �morphology, pulsation, color of
vessels, etc.� through a microscope and a camera. The direct
observation of surface capillaries was only rarely possible at
this magnification. However, as the parenchyma contains
mainly capillaries, signals originating from parenchyma re-
gions contained mostly capillary contributions.

Three subregions of the image were selected for each of
the three vascular compartments �arteriole, venule and paren-
chyma�. Relative change in CBF at each time in a subregion
was expressed as percent change from its baseline. The same
process as those reported here was done in each experiment
�including five rats�. Statistical analysis was then performed
on this dataset, consisting of 15 samples for each vascular
compartment at each time point. The relative changes in CBF
at each of the three vascular compartments were obtained by
averaging over 15 samples, yielding three curves for the time
courses of relative changes in CBF for the three vascular com-
partments.

3 Results
All physiological parameters were maintained within normal
limits throughout the experiments.

3.1 The Effect of Acute Hyperglycemia on CBF in
Normal Rat Cortex

Figures 1�a� and 1�b� illustrate the status of CBF before or
after the administration of agents �saline or D-glucose� in a
representative subject. In these ICT images with pseudo color,
the regions with a higher level of blood flow are reddish,
whereas the regions with lower velocity of blood flow are
shown by blue. By comparing the images of two panels, it
was apparent that as a result of the glucose administration, the
CBF in the rat with acute hyperglycemia exhibited a distinct
increase, peaking about 90–120 min after glucose injection,
and finally recovered toward the baseline level �Fig. 1�b��.

The time courses of the relative changes in CBF for three
vascular compartments �as drawn in Fig. 1�a�-0 min or
1�b�-0 min� are shown in Fig. 1�c� and 1�d�, correspondingly.
These curves in Fig. 1�c� show that the relative changes in
CBF after saline administration at different vascular compart-
ments had slight fluctuation over 180 min periods, ranging
from 88 to 108% baseline value. Generally, we believe that
normal CBF levels always vary from 80 to 120% baseline.
November/December 2008 � Vol. 13�6�2
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owever, the relative changes of CBF during acute hypergly-
emia had a significant difference among the various vascular
ompartments as shown by Fig. 1�d�. First, the relative
hanges of CBF at the arteriole and parenchyma showed sig-
ificant increase, but the amplitudes of the arterial response
ere larger than that of parenchyma. Second, the relative

hanges of CBF in the arteriole rise from 30 min �111% base-
ine�, peaking at 150 min �183% baseline value�. Increases in
BF at the parenchyma begin at 60 min �108% baseline
alue�, peaking at 120 min �162% baseline value� after the
lucose injection. Whereas no significant changes in CBF
ere detected at the venule, the relative changes of CBF var-

ed from 89 to 108% baseline value �Fig. 1�d��.

.2 The Effect of Acute Hyperglycemia on CBF
Following CSD in Rat Cortex

he length of time for a wave to first appear in the imaged
ortex was usually �2 min after delivering electrical stimu-
ation into the frontal cortex. CBF 30 min after each CSD
ave was also monitored using laser speckle imaging. Figures
�a� and 2�b� illustrate spatial and temporal changes in CBF
ollowing each CSD in the rats of the control group and the
yperglycemia group, respectively. Two series of ICT images
n Fig. 2�a� and 2�b� were acquired at a 30-min interval. In
he control group, CBF following each CSD was usually close
o the baseline level during the experiment, as shown in Fig.
�a�; however, CBF following each CSD in the hyperglyce-
ia rats had a stepwise reduction within 180 min after glu-

ose injection �Fig. 2�b��.

ig. 1 The effect of acute hyperglycemia on CBF in a normal rat co
maging before or after saline administration in a representative sub
maging before or after glucose administration in a representative sub

min or �b�- 0 min are indicated as three solid squares numbered 1,
he three vascular compartments are shown. �d� The time courses o
enoted. Direction: A, anterior; M, median. Scale bar, 1 mm. All of t
ournal of Biomedical Optics 064023-
Figures 2�c� and 2�d� show the time courses of the saline
�glucose�-induced changes in CBF following CSD for all vas-
cular components, as identified using the procedure illustrated
in Fig. 1�c� and 1�d�. From Fig. 2�c�, we obtained that the
relative changes of CBF in the three vascular compartments
�parenchyma, arteriole, and venule�, respectively, were 100–
124, 96–124, and 95–108% of the baseline value, which were
all close to the baseline level. There were no significant dif-
ferences between them.

The relative changes of CBF following each CSD gradu-
ally fell off in the vascular compartments during acute hyper-
glycemia. These decreases in CBF for all compartments first
appeared at 30 min after glucose administration and reached
their minimums at 150 min. The minimums of relative
changes were, respectively, 49, 56, and 60% of the baseline
value �Fig. 2�d��. There were not significant differences in
relative changes of CBF among the various vascular compart-
ments.

4 Discussion
It has been previously shown that CBF decreases due to acute
or chronic hyperglycemia.1 This phenomenon may provide
useful information for the pathophysiology of ischemic
stroke, suggesting possible mechanisms for the deleterious ef-
fects of hyperglycemia on cerebral injury due to ischemia.
However, the methods used in the previous researches might
have some limitations in spatial or temporal dimension, and
these limitations might result in some details being neglected

� The distribution of CBF perfusion was measured by laser speckle
� The distribution of CBF perfusion was measured by laser speckle

hree vascular compartments �parenchyma, arteriole, and venule� �a�-
3. �c� The time courses of saline-induced relative changes in CBF at
se-induced changes in CBF at the three vascular compartments are
images share the same direction and color bar. �Color online only.�
rtex. �a
ject. �b
ject. T
2, and
f gluco
he ICT
November/December 2008 � Vol. 13�6�3
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n this phenomenon. Laser speckle imaging based on laser
peckle temporal contrast analysis, as an advanced technique,
an monitor the changes of CBF with high spatiotemporal
esolutions, and this technique has been demonstrated in our
revious works.17,18 Here, we also used the technique for trac-
ng the long-lasting effect of acute hyperglycemia on the CBF
n normal cortexes or those with CSD, and thus to further
xplore the possible location of the vasculature where CBF is
egulated.

We found that CBF over the normal rat cortex during acute
yperglycemia shows an extensive increase in this study.
hese results were also consistent with previous studies from
ystemic arteries which demonstrated that basal blood flow
ncreased after 6-h hyperglycemia.19 It is likely that the in-
rease in CBF due to hyperglycemia was largely an effect of a
ight coupling between cerebral metabolic rates of oxygen/
lucose and CBF. The tight coupling was reportedly present in
he resting brain, where high-level metabolic activity is ac-
ompanied with a high perfusion level of blood flow.20 In
eneral, full oxidation of glucose that produces carbon diox-
de and water always occurs in the resting brain. During acute
yperglycemia, high plasma glucose could lead to an increase
n cerebral metabolic rates of oxygen due to increases in con-
umption of oxygen to perform the full oxidation of glucose.21

hus, the raise in cerebral metabolic rates of oxygen could
esult in a distinct increase in CBF according to the tight
oupling as described above, that is, increased blood flow in
esponse to increased metabolism.

We also found that this increase of CBF related to acute
yperglycemia, as mentioned above, began at the arteriolar

ig. 2 The effect of acute hyperglycemia on CBF after CSD in rats. �a
efore or after saline administration in a representative subject. �b� The
r after glucose administration in a representative subject. Three vasc
min are indicated as three solid squares with numbered 1, 2, and 3
onitored at the selected region are shown. �d� The time courses of gl

re denoted. Direction: A, anterior; M, median. Scale bar, 1 mm. All o
ournal of Biomedical Optics 064023-
level and then was observed at the capillaries �parenchyma�.
Arterioles had the largest response, whereas the venous re-
sponse was less evident. These results are in agreement with
the activity-dependent changes of cortical blood volume in
cats reported by Vanzetta et al.22 Changes in cerebral blood
volume displayed an apparent similarity with the CBF.23

While the mechanism linked to the different changes in CBF
at the all vascular components is still unknown, one potential
mechanism may be related to the orientation of blood flow.
Augmentation of CBF at the arteriole could lead to a passive
increase in CBF at the downstream of the involved arteriole.

Our results also showed that in the normal rat, the relative
changes in CBF following CSD at all vascular components
were close to the baseline level. Previous studies have shown
that a single episode of CSD is accompanied by reversible
changes in CBF; it is characterized by a temporary CBF in-
crease, followed by a long-lasting hypoperfusion in the cor-
tex, terminated by a brief, small hyperperfusion,8 and the
duration of this reversible changes in CBF is within
15�3 min.24 In our experiments, the interval of 30 min be-
tween two CSD waves is sufficient for recovering the distur-
bance of CBF due to CSD.

Finally, we found that acute hyperglycemia causes simul-
taneous and gradual decreases in CBF following CSD
throughout the vascular compartments. First, there have been
reports asserting that most of the additional energy needed by
activated brain area during CSD is provided by nonoxidative
metabolism �glycolysis�, although there is sufficient oxygen in
the brain tissue. Meanwhile, hyperglycemia can also inhibit
oxygen consumption in the active brain.1 The two factors,

istribution of CBF perfusion was measured by laser speckle imaging
ution of CBF perfusion was measured by laser speckle imaging before
mpartments �parenchyma, arteriole, and venule� in �a�-0 min or �b�-
he time courses of saline-induced relative changes in CBF after CSD
nduced changes in CBF after CSD monitored at the region ��b�-0 min�
T images share the same direction and color bar. �Color online only.�
� The d
distrib

ular co
. �c� T

ucose-i
f the IC
November/December 2008 � Vol. 13�6�4
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yperglycemia and CSD, have cooperatively aggravated the
all of the oxidative metabolism rates, finally resulting in the
ecline of blood flow in the brain. Second, CSD is consis-
ently associated with changes in the caliber of surface blood
essels, which was first reported by Leao.25 Recently, Bren-
an et al.,26 also reported there is significant dilatation of cor-
ical surface arteriolar associated with CSD. Many different

echanisms of CSD-mediated arteriolar changes have been
roposed.26 Possible dilators include nitric oxide,27 and para-
ympathetic innervation by acetylcholine,28 and so on. Naka-
ata et al. noted that acute exposure toward hyperglycemia
educes cerebral vasodilatation produced by acetylcholine and
elated to nitric oxide synthases.29 The long-lasting hypoper-
usion among the disturbance of CBF due to CSD in the acute
yperglycemia group would be more difficult to recover than
hat in the control group because of a lack of effective cere-
ral vasodilatation. When a rat experienced acute hyperglyce-
ia, its CBF presented gradual decreases after disconnected

timulation that evoked repetitive CSD.
These results also raise a question of why the vascular

ompartments showed stepwise reductions of CBF under this
ituation. Possible mechanisms could include impaired cere-
rovascular autoregulation. It has been accepted that cere-
rovascular autoregulation related to flow-pressure relation-
hips play an important role in regulation of CBF. The
utoregulation of CBF in the acute-hyperglycemia rats with-
ut CSD invasion was very good within a certain arterial pres-
ure range, just as in normal rats.30 However, cerebral vascu-
ar autoregulation of blood flow might be compromised as a
esult of hyperglycemia31 accompanied with CSD invasion.
his hypothesis is still awaiting future experimental confirma-

ion.
The ability of hyperglycemia to aggravate cerebral is-

hemic damage has been well accepted,32 whereas the under-
ying mechanisms are still not completely understood. Our
esults show that there are significant differences in the time
ourse of changes in CBF during hyperglycemia between nor-
al rats and those with CSD, suggesting that there may be a

oeffective action between hyperglycemia and CSD on CBF,
eading to the exacerbated outcome of ischemic stroke.
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