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Abstract
Diabetes increases the risk as well as the poor outcome of stroke. Matrix metalloprotease (MMP)
activation disrupts blood-brain barrier integrity after cerebral ischemia. We have previously shown
that type 2 diabetes promotes remodeling of middle cerebral arteries (MCA) characterized by
increased media:lumen (M/L) ratio and MMP activity in an endothelin (ET)-1-dependent manner
in the Goto-Kakizaki (GK) rat model. In the present study, we examined the effects of ET-1-
mediated vascular remodeling on neurovascular damage following cerebral ischemic injury in GK
rats 5 and 12 weeks after the onset of diabetes. The MCA structure, cerebral perfusion as well as
infarct size, and hemorrhage were measured in control and diabetic rats subjected to transient
MCA occlusion. M/L ratio was increased after 12 but not 5 weeks of diabetes. The baseline
cerebral perfusion was lower and the infarct volume was smaller in diabetic rats at both age
groups. The incidence of hemorrhagic transformation was higher after 5 weeks of diabetes as
compared 12 weeks or the control groups. These findings provide evidence that ET-1 mediated
cerebrovascular remodeling does not worsen the neurovascular damage of ischemic brain injury in
diabetes. It is possible that this early remodeling response is compensatory in nature to regulate
vascular tone and integrity especially when ischemia is layered on diabetic vascular disease.
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Introduction
Diabetes raises the risk of experiencing heart disease and stroke by 2–4 fold. These life-
threatening outcomes account for nearly 65% of all diabetes-related morbidity (ADA, 2009).
Rather than merely an endocrine disorder, diabetes is increasingly described as a vascular
disease. Thus, the diabetic vasculature becomes a key component in mediating these
pathological processes.

Vascular endothelium plays a critical role in mediating vascular tone, permeability,
coagulation, and smooth muscle growth. In cerebral circulation, changes of the endothelial
function may be detrimental and could contribute to cerebrovascular disease. Studies have
demonstrated endothelial damage in early diabetic process indicating that the endothelium
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could be an early attack target in diabetes (Tooke, 2000). Plasma ET-1 levels are elevated in
both Type 1 and Type 2 diabetes as well as in experimental models of this disease (Collier et
al., 1992; Haak et al., 1992; Takahashi et al., 1990; Takeda et al., 1991). ET-1 has been
shown to mediate cerebrovascular dysfunction in animal models of diabetes (Alabadi et al.,
2004; Harris et al., 2008; Matsumoto et al., 2004). We also found that diabetes promotes
remodeling of middle cerebral arteries (MCA) characterized by increased media/lumen (M/
L) ratio and matrix metalloprotease-2 (MMP-2) activity in an ET-1-dependent manner
(Harris et al., 2005b). Since cerebral perfusion is related to the fourth power of vessel radius
(Paulson et al., 1990), even a small decrease in lumen diameter may complicate perfusion
under normal conditions and more so in ischemia/reperfusion injury. Whether and to what
extent ET-1-mediated remodeling impacts the severity of acute cerebral ischemia in diabetes
remains unknown.

Diabetes increases stroke risk and stroke related mortality, severity and rate of recurrent
stroke (AHA, 2007; Barber et al., 2004; Kernan and Inzucchi, 2004; Leys et al., 2002;
Luscher et al., 2003; Weimar et al., 2005). Several laboratories have demonstrated that
MMP expression, mainly MMP-2 and MMP-9, increases after permanent or temporary focal
cerebral ischemia (del Zoppo and Mabuchi, 2003; del Zoppo et al., 1998; Heo et al., 1999;
Montaner et al., 2001; Romanic et al., 1997; Rosenberg et al., 1998). Studies, including our
own, showed that ET-1 mediates MMPs activation and subsequent vascular remodeling
(Harris et al., 2005b; Murray et al., 2004). In light of several reports that ET-1
overexpression leads to increased edema (Leung et al., 2009; Lo et al., 2005) and that ETA
receptor antagonism reduces ischemic brain damage (Dawson et al., 1999; Gupta et al.,
2005; Matsuo et al., 2001), we hypothesized that ET-1-mediated cerebrovascular remodeling
augments neurovascular damage following cerebral ischemic injury in diabetes.

Materials and methods
Animals

All experiments were performed on male control Wistar (Harlan, Indianapolis, IN) and
diabetic Goto-Kakizaki (GK, in-house bred, derived from the Tampa colony) rats. GK rats
became hyperglycemic around 6 weeks of age and all studies were performed 5 or 12 weeks
after the onset of diabetes. Weight-matched Wistar rats were used as controls. The animals
were housed at the Medical College of Georgia animal care facility, approved by the
American Association for Accreditation of Laboratory Animal Care. All protocols were
approved by the Institutional Animal Care and Use Committee. During housing, water
consumption, weight, and blood glucose and pressure measurements were performed twice
weekly. Animals were housed in individual cages, maintained in a 12 hr light-dark cycle and
fed standard rat chow and tap water ad libitum, until euthanasia. Glucose measurements
were taken from the tail vein and measured on a commercially available glucose meter
(AccuChek, Roche, Indianapolis, IN). Plasma ET-1 level was measured by enzyme-linked
immunoassay as previously described (Sachidanandam et al., 2008).

Vascular structure
MCA was cannulated and pressure fixed in methanol-free 4% paraformaldehyde in
phosphate buffered solution using the quick-transfer chamber (Living Systems
Instrumentation, Burlington, VT), where vessels were maintained at a constant intraluminal
pressure (80 mmHg) in calcium-free Krebs-HEPES buffer for 30 min and then stored in the
same solution at 4°C. This procedure corrected for variations in vascular structure due to
inconsistencies in manual perfusion. Vessels were embedded in paraffin, sectioned at 4 μm,
and subjected to Masson trichrome staining. Images were captured and wall thickness,
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lumen, and outer diameter were measured from Masson stained cross sections using SPOT
software (Diagnostic Instruments, Sterling Heights, MI).

Experimental cerebral ischemia
All animals were anesthetized with 2% isoflurane in 30% oxygen via inhalation. Focal
cerebral ischemia was induced using the intraluminal suture MCAO model as previously
reported (Ergul et al., 2007; Harris et al., 2005a). The right MCA was occluded with a 19–21
mm 4-0 surgical nylon filament, which was introduced from the external carotid artery
lumen into the internal carotid artery to block the origin of the MCA. A significant drop in
cerebral perfusion as measured by scanning laser Doppler imaging system (Perimed, North
Royalton, OH) indicated successful occlusion of the MCA. The suture was removed after 3
hours of occlusion and measurement of cerebral perfusion was repeated to determine
whether the flow was restored after reperfusion which appeared to be similar in both groups.
The body temperature was maintained at 37.5°C by a rectal probe and heating pad system.
At 24 h after occlusion, cerebral perfusion was evaluated with scanning laser Doppler again
and animals were sacrificed. Brains were removed and immediately sliced in the coronal
plane with 2 mm intervals. Section images were scanned before and after 2,3,5-
triphenyltetrazolium chloride (TTC) staining of fresh slices. The infarct size and
intracerebral hemorrhage was evaluated as previously described (Ergul et al., 2007).
Hemorrhagic transformation (HT) was defined as the presence of macroscopic bleeding in
coronal brain sections prior to staining in a binary fashion.

Measurement of cerebral perfusion
The cerebral perfusion was measured by the scanning laser Doppler imaging system
(PeriScan PIM 3 System) (Cho et al., 2009). In brief, the top of skull was exposed by a
median incision of the skin after the animal was anesthetized with 2% isoflurane inhalation.
The laser beam was directed at the skull surface by a moving-mirror system in the scanner
without tissue contact. The scanner was positioned to scan a 1.5 × 1.5 cm area (1600
detection points) covering the crosspoint of coronal and sagittal sutures. In this system, a
built-in photo detector detects the reflected light from moving blood cells within 0.5 cm of
the cortical surface and a color coded image is acquired based on the concentration and
mean velocity of these blood cells using the LDPIwin software (Perimed, North Royalton,
OH). The baseline perfusion is presented as the pixel intensity in the image (arbitrary units/
mm2), whereas the perfusion after MCAO is shown as percentage decrease of baseline and
the perfusion at 24 h after reperfusion is shown as percentage change of perfusion after
MCAO.

Data analysis
The profile of physiological parameter changes over time was analyzed for group
differences (control versus diabetic) using a repeated measures ANOVA in which the
interaction of group by time was the test of interest. A Tukey adjustment was used for the
post hoc comparison of the groups at each time point. Two-way ANOVA (disease and age)
with a post-hoc Bonferroni analysis was done to compare cerebral perfusion, infarct size and
HT between groups. Effects were considered statistically significant at p < 0.05. GraphPad
Prism 5 software was used for all statistical analysis. Results are expressed as the means ±
standard error (SEM).
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Results
Animal data

Metabolic parameters after 5 or 12 weeks of diabetes and weight-matched control animals
are summarized in Table 1. GK animals displayed significantly elevated blood glucose and
plasma ET-1 levels at both age groups (p<0.0001).

Vascular structure
Masson staining of MCA cross sections showed that diabetic rats had medial thickening
compared to controls after 12 but not 5 weeks of diabetes, although total vessel size was not
different. This indicated encroachment of the media into the lumen, thereby causing higher
M/L ratios (Fig 1B). Furthermore, increased collagen staining was seen in the media and
adventitia in diabetes, as evidenced by deep purple staining by Masson staining in the cross-
sections from GK rats (Fig 1A).

Cerebral perfusion
To determine whether and to what extent the cerebral vascular remodeling affects the blood
supply to the brain, the baseline cerebral perfusion was measured with a scanning laser
Doppler imaging system. Compared to the control groups, there was approximately a 25%
decrease in cerebral perfusion in both age groups of diabetic rats (Fig 2B). However, the
reduction in cerebral perfusion after MCAO (Fig 2C) and recovery after reperfusion (Fig
2D) was similar across the groups.

Infarct volume and hemorrhagic transformation
The average infarct size was smaller in diabetic animals than that of control group
(p<0.0001) but age did not have an effect (Fig 3B). Duration of diabetes was important for
the development of HT such that the incidence of bleeding was the highest in younger
diabetic animals followed by older diabetic and then control rats (Fig 3C).

Discussion
This study was designed to evaluate how diabetes-induced changes in the cerebrovascular
structure influence the neurovascular outcomes of ischemia/reperfusion injury over the
progression of the disease. Previously, we have made two important observations. First, we
reported increased vascular damage as evidenced by greater incidence of hemorrhagic
transformation following transient focal ischemia after 5 weeks of hyperglycemia in type 2
diabetic GK rats (Ergul et al., 2007). Although there was no difference in MCA morphology
between control and diabetic animals, vascular remodeling process was initiated in these
animals as evidenced by increased vascular MMP-2 activity. Second, we also found that
diabetes promotes medial thickening and collagen deposition in the same vascular bed after
12 weeks of diabetes and this was significantly reduced when animals were treated with an
ETA receptor antagonist (Harris et al., 2005b) suggesting an important role of ET-1 in
diabetes-induced vascular remodeling. Building upon these past findings, the present study
tested the hypothesis that ET-1-mediated thickening of the vessel wall augments neuronal
and vascular ischemic damage in diabetes. Contrary to our hypothesis, this remodeling did
not worsen the neurovascular damage after focal cerebral ischemia.

The relative risk of cerebrovascular disease or stroke is 2 to 6-fold higher in diabetes (AHA,
2009; Leys et al., 2002). Diabetes also increases stroke related mortality, severity and rate of
recurrent stroke (Kernan and Inzucchi, 2004; Luscher et al., 2003) and predicts early
neurologic deterioration following ischemic stroke (Barber et al., 2004; Weimar et al.,
2005). Patients with diabetes have an increased number of additional atherosclerotic risk
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factors including hypertension, obesity, and hyperlipidemia, moreover diabetes is a stroke
risk factor independent of these comorbidities (Folsom et al., 1999; Stegmayr and Asplund,
1995). Experimental evidence from mainly streptozotocin (STZ)-induced short-term
hyperglycemia showed increased infarct, edema and hemorrhage in hyperglycemic animals
after reperfusion (de Courten-Myers et al., 1988; de Courten-Myers et al., 1992; de Courten-
Myers et al., 1989; de Courten-Myers et al., 1990; Ergul et al., 2009; Kamada et al., 2007;
Martini and Kent, 2007; Quast et al., 1997; Wagner et al., 1992). Marked blood-brain-barrier
(BBB) disruption and edema was also reported in mild to transient severe hyperglycemia
after temporary and permanent arterial occlusion (Ennis and Keep, 2007). In contrast to
these studies, we recently reported relatively smaller infarct size but a greater incidence of
hemorrhagic transformation in a lean model of type 2 diabetes (Ergul et al., 2007), and
despite smaller infarcts functional outcome was worse in these animals most likely due to
increased hemorrhage (Elewa et al., 2009). Diabetic GK animals exhibited increased
neovascularization as evidenced by increased tortuosity, vascular density and collateral
number which may be altogether contributing to smaller infarcts but increased bleeding (Li
et al., 2010). Since these particular studies employed relatively younger animals shortly (5
weeks) after the spontaneous onset of diabetes, we hypothesized that neurovascular damage
will be greater after 12 weeks of diabetes when there is significant remodeling with
increased M/L ratio. Much to our surprise, infarct size was still smaller in the diabetic group
and HT was less than that observed at 5-weeks of diabetes. Given that cerebral vessels have
the autoregulatory properties to develop a state of tone that allows them to increase or
decrease their diameter to regulate cerebral perfusion, it is possible that increased wall
thickness is compensatory response to regulate vascular tone and integrity.

ET-1 is important for both function and structure of the cerebral blood vessels. Some
studies, including our own, have shown ET-1 contributes to cerebrovascular dysfunction in
animal models of diabetes (Alabadi et al., 2004; Harris et al., 2008; Matsumoto et al., 2004).
In these studies, contractile response of basilar arteries to ET-1 was increased. Furthermore,
endothelium-dependent relaxation was impaired and ET receptor antagonism restored the
dilatory response. In the current study, we found significantly decreased cerebral perfusion
after 5 and 12 weeks of diabetes in GK rats. Increased ET-1-mediated vasoconstriction may
contribute to this finding (Harris et al., 2008). We have also shown that ETA antagonism
restored the dysregulated MMP activity and prevented collagen deposition and medial
thickening of MCAs (Harris et al., 2005b). In the current study, we found increased plasma
ET-1 levels at the early stage of diabetes. Plasma and tissue MCA ET-1 increase was
continuously seen in older animals, which was associated with increased MCA wall
thickness and M/L ratio (Harris et al., 2005b). These results suggest that the ET system is
dysregulated and contributes to the cerebrovascular remodeling in this animal model. ET-1
also plays an important role in ischemic brain injury as indicated by clinical and
experimental studies that have shown increased ET-1 level after cerebral ischemic injury
(Barone et al., 1994; Franceschini et al., 2001). Overexpression of ET-1 in endothelial cells
and astrocytes causes larger infarct volume and increased cerebral edema (Leung et al.,
2004; Lo et al., 2005). Several laboratories demonstrated that acute ETA receptor
antagonism reduces ischemic brain damage and restores microvascular perfusion (Dawson
et al., 1999; Gupta et al., 2005; Matsuo et al., 2001). When used in combination with tPA,
blockade of ETA receptors also reduces hemorrhage (Zhang et al., 2008). In the present
study, however, we found that rats that have an activated ET-1 system and develop ET-1-
mediated medial thickening actually display less macroscopic bleeding. One likely
explanation is that previous studies (Gupta et al., 2005; Matsuo et al., 2001; Zhang et al.,
2008) used mainly healthy animals with the exception of one study that employed
spontaneously hypertensive rats (Dawson et al., 1999). It is possible that preexisting
vascular disease alters the relative role of ET-1 in ischemic injury. It also has to be noted
that in the current study we did not employ acute ET receptor antagonism during ischemia/
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reperfusion injury but rather evaluated the neurovascular damage in rats that develop MCA
remodeling in an ET-1-dependent manner. Further studies with acute use of selective or
nonselective ET receptor antagonism during focal ischemia in the GK model are warranted.

In conclusion, type 2 diabetic GK rats show elevated plasma and tissue ET-1 levels (Harris
et al., 2005b), increased wall thickness and M/L ratio after 12 weeks of hyperglycemia. This
early remodeling response may be compensatory in nature to regulate vascular tone and
integrity especially when ischemia is layered on diabetic vascular disease.
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Fig 1.
The effect of the duration of diabetes on MCA morphology. MCA sections were analyzed
for morphological changes and collagen deposition by Masson trichrome staining and
representative images are given in panel A. 12 but not 5 weeks of diabetes induced
significant collagen deposition and medial thickening. *p<0.001 vs Wistar or GK 12 wk.
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Fig 2.
Baseline cerebral perfusion was significantly lower in diabetic rats than that of control rats.
Representative images of scanning laser Doppler imaging system (A) and summary of
cerebral perfusion (B) in each group. Percent drop in perfusion during MCAO (C) and
recovery after 24 h reperfusion (D) was similar across the groups. *p<0.05 vs. Wistar.
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Fig 3.
Temporary MCAO causes hemorrhagic transformation after 5 but not 12 weeks of diabetes.
Representative images of brain sections that show HT and infarct area as determined by
TTC staining are shown in panel A. Summary of infarct volume of contralateral hemisphere
and incidence of HT are given in panels B and C. *p<0.05 vs. Wistar.
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Table 1

Physiological parameters of control and diabetic animals.

Wistar 5 wk (n=8) GK 5 wk (n=8) Wistar 12 wk (n=3) GK 12 wk (n=7)

BG (mg/dl) 99 ± 4 155 ± 10* 106 ± 5 181 ± 15*

BW (g) 270 ± 5 257 ± 6 410 ± 12** 391 ± 5**

Plasma ET-1 (fmol/ml) 0.3 ± 0.01 0.6 ± 0.06* 0.4 ± 0.02 1.4 ± 0.1*

*
p<0.001 vs. Wistar,

**
p<0.001 vs. 5 wk after diabetes.

BG: blood glucose; BW: body weight.
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