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Abstract
To dynamically investigate the long-term response of an ischemic lesion in rat brain to the
administration of sildenafil, male Wistar rats subjected to embolic stroke were treated with sildenafil
(n=11) or saline (n=10) at a dose of 10mg/Kg administered subcutaneously 24-hours after stroke and
daily for an additional 6-days. Magnetic resonance images were acquired and functional performance
was measured in all animals at 1-day, 2-days and weekly for 6-weeks post-stroke. All rats were
sacrificed 6-weeks after stroke and endothelial barrier antigen immunostaining was employed for
morphological analysis and quantification of cerebral vessels. Map-ISODATA was computed from
T1, T2 and T1sat maps. ISODATA derived tissue signatures characterize the degree of ischemic injury.
Based on the map-ISODATA calculated at 6-weeks, the ischemic lesion for each animal was divided
into two specific regions, the ischemic boundary and ischemic core. The temporal profiles of cerebral
blood flow (CBF) and tissue signature were retrospectively tracked in these two regions and were
compared with histological evaluation and functional outcome. After 1-week of sildenafil treatment,
the ischemic lesion exhibited two significantly different regions, with higher CBF level and
correspondingly, lower tissue signature value in the boundary region than in the core region.
Sildenafil treatment did not significantly reduce the lesion size, but did enhance angiogenesis.
Functional performance was significantly increased after sildenafil treatment compared with the
control group. Administration of sildenafil to rats with embolic stroke enhances angiogenesis and
selectively increases the CBF level in the ischemic boundary, and improves neurological functional
recovery compared to saline-treated rats.
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1. Introduction
As a vasodilator with good hemodynamic effects, sildenafil has been successfully used in the
treatment of patients with pulmonary arterial hypertension (Sheth et al., 2005;Lopez-Guarch
et al., 2004;Kataoka et al., 2004;Rosenkranz et al., 2004;Michelakis et al., 2003;Watanabe et
al., 2002) and cardiovascular disease (Jackson et al., 2005;Cheitlin et al., 1999). By selectively
inhibiting phosphodiesterase type-5 (PDE-5) and thus effectively reducing the breakdown of
cGMP, sildenafil administration can markedly improve pulmonary and cardiac functional
capacity, and hemodynamics (du Toit et al., 2005;Traverse et al., 2000).

Sildenafil also significantly increases cortical levels of cGMP in ischemic rat brain (Zhang et
al., 2005;Zhang et al., 2002) and transiently elevates localized cerebral blood flow (CBF) in
non-ischemic rat brain (Zhang et al., 2002). However, the long-term, especially, dynamic
evolution of CBF in the ischemic brain after sildenafil intervention remains largely unexplored.
In the present study, we therefore dynamically and non-invasively investigated the long-term
(up to 6 weeks) response of ischemic rat brain to sildenafil treatment using magnetic resonance
imaging (MRI). Our data indicate that treatment with sildenafil leads to a significantly
increased CBF level in the ischemic boundary area at the late stage after stroke (6-week)
compared to the control group.

2. Experimental Procedure
All experimental procedures have been approved by the Institutional Animal Care and Use
Committee of Henry Ford Hospital.

Animal model and experimental groups
Male Wistar rats weighing 300 to 350g (12 to 16 weeks) were subjected to embolic stroke by
placement of an embolus at the origin of the middle cerebral artery (MCA) (Zhang et al.,
1997). Rats with stroke were randomly assigned to sildenafil-treated (n=11) and control (n=10)
groups. Sildenafil (Viagra, Pfizer Inc) was administered at a dose of 10mg/Kg subcutaneously
to rats in the treated group 24 hours after MCA occlusion and daily for an additional 6 days.
Blood pressure was measured before and after sildenafil administration. The selected dose has
previously proved effective for this model (Zhang et al., 2005). Rats in the control group were
treated with the same volume of saline as in the treated group. All rats were sacrificed 6 weeks
after stroke.

MRI measurements and data processing
MRI measurements were performed using a 7T, 20-cm-bore superconducting magnet (Magnex
Scientific, Abingdon, U.K.) interfaced to a Bruker console (Bruker Company, Boston, U.S.).
The detailed procedure for the experimental setup has been previously described (Li et al.,
2006;Li et al., 2005). A complete set of MR images, including T1, T2, T1sat, and CBF was
acquired for all animals at approximately 1 day, 2 days and weekly for 6 weeks after onset of
stroke. The detailed MRI methods employed to measure T1, T2, T1sat and CBF images, and to
obtain the corresponding maps have been described elsewhere (Jiang et al., 2005).

ISODATA (Iterative Self-Organizing Data Analysis Technique Algorithm) is a data processing
technique based on cluster analysis in the feature space (Ball and Hall, 1967). By using the
acquired MR weighted-images or fitted-maps, ISODATA can objectively identify normal and
abnormal cerebral tissue and automatically demarcate the different ischemia-affected areas in
the brain by assigning each segment a specific signature value according to the degree that this
tissue segment deviates from normal tissue (Jacobs et al, 2001;Jacobs et al, 2000). Map-
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ISODATA derived tissue signature is highly correlated with alive neuron counting (R = −0.82)
and damaged cell counting (R = 0.81) histologically (Li et al., 2005;Ding et al., 2006),
indicating that the signature characterized by map-ISODATA reflects and quantitatively grades
the degree of tissue damage in the ischemic area. The higher the tissue signature in the lesion
area, the more severely affected is this area by ischemia. In this study, map-ISODATA was
computed from T1, T2 and T1sat maps (Li et al., 2006;Li et al., 2005). Based on the map-
ISODATA calculated at the last observation time point (6-week), the ischemic lesion area for
each animal was divided into two specific regions, ischemic boundary and ischemic core. The
ischemic boundary ROI (Region of Interest) was an area encompassed by two closed perimeters
separated by a 4-pixel distance (Fig. 1a, transparent ROI). This boundary ROI was created by
shrinking the rim of the ischemic lesion identified by ISODATA 4 pixels towards the ischemic
core. The 4-pixel thickness of the boundary ROI was selected by comparison of MRI images
and the corresponding coregistered immunostained tissue slices in the ischemic boundary area
with angiogenesis. The angiogenesis area containing enlarged thin-walled vessels was marked
on the tissue slice and the slice was coregistered to ISODATA. On the coregistered tissue slice
(Fig. 1b), the angiogenesis area (Fig. 1b, yellow track) identified by histological evaluation
was partially encompassed by the ischemic lesion area characterized by ISODATA (Fig. 1b,
red track) within the ischemic boundary area. This overlapping area (Fig. 1b, green area) within
the lesion determined the thickness of perimeter boundary ROI. The remaining lesion area
located inside the boundary region was identified as the ischemic core region (Fig. 1a, solid
ROI). CBF values and tissue signatures were measured in these two regions for each animal
on a fixed coronal slice (bregma -0.8mm) at different time points. Data were normalized to the
contralateral (non-ischemic) side for each animal and were averaged at the same time points
for each experimental group.

Histopathologic evaluation
Immediately after the final MRI measurement at 6 weeks after stroke, animals were sacrificed
and the brain tissue was prepared, as previously described (Li et al., 2006).

For morphological analysis and quantification of cerebral vessels, endothelial barrier antigen
(EBA) immunohistological staining (Rosenstein et al., 1992) was employed. The angiogenesis
area represented by enlarged thin-walled vessels along the ischemic lesion boundary was
marked. The vessel density in this area and in the homologous area in the contralateral side of
rat brain was digitized under a 40X objective (Olympus BX40), using a 3-CCD color video
camera (Sony DXC-970MD) interfaced with MCID image analysis system (Imaging
Research). A fixed reference coronal tissue section for each animal, which matched the MRI
slice, was measured. Data are presented as the average vessel number per square millimeter.

Behavioral testing
All behavioral tests (at 1, 2, 7, 14, 21, 28, 35 and 42 days after onset of MCA occlusion) were
performed blindly, without knowledge of the experimental groups and the corresponding MRI
results.

Neurological severity score (Chen et al., 2001)—Neurological severity score (NSS)
grades the composite neurological function of an animal in motor, sensory, reflex and balance
tests. One point is rewarded for the inability to perform the task or for the lack of a tested reflex.
Thus, the higher score, the more severe is the injury (normal score, 0; maximal deficit score,
18).

Foot-fault test (Zhang et al., 2005;Zhang et al., 2002)—A modified forelimb foot-fault
placing test was used to examine forelimb function. Rats were set on an elevated hexagonal
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grid surface and were encouraged to traverse the surface. Inaccurately placing a forelimb,
which included falling through one of the openings or slipping between the wires, was recoded
as a foot-fault. The total number of steps that the rat used to cross the surface and the total
number of foot-faults were counted. The percentage of forelimb foot-faults during a trial was
then calculated.

Statistical analysis
Statistical comparisons of vessel density, lesion size, relative CBF and relative signature
between two groups and between different regions were performed using repeated measures
ANOVA (Analysis of Variance). Analysis began with testing the interaction between treatment
group, region and time, followed by pair-wise comparisons if a significant interaction (p <
0.10) was detected. For behavioral testing data, the Generalized Estimating Equations (GEE)
approach (Zeger and Liang, 1986) was used to analyze variance including the independent
factor of treatment and dependent factor of time, because the data were not normal. Correlative
analysis was performed between the percentage of foot-faults and relative CBF measured in
the boundary region. The measurement results are summarized as mean ± SE. Statistical
significance was inferred for p ≤ 0.05.

3. Results
Changes of lesion size and blood pressure

Ischemic lesion size was identified by ISODATA and was presented as the percentage of the
ipsilateral hemisphere. The temporal profiles of lesion size for the treated and control groups
along with the ischemic time are shown in Fig. 2a. While not significantly different throughout
the experimental period, the mean values of lesion size were lower in the treated group than
in the control group (average from 1 to 6 weeks: 41% vs. 49% of the ipsilateral hemisphere).
The stable evolution of lesion size after 1-week time point for two groups allowed us to track
the CBF and tissue signature in the fixed specific regions.

The blood pressure measurements of rats treated at 24 hours after stroke are given in Fig. 2b.
Sildenafil administered subcutaneously to rats with embolic stroke at a dose of 10mg/Kg
resulted in a transient but not a significant reduction of blood pressure compared with the pre-
treatment level, with the lowest mean blood pressure exhibited 40 minutes after administration
and the value gradually returning to baseline 120 minutes after administration.

Vessel density and cerebral blood flow
Fig. 3 shows EBA-immunoreactive cerebral vessels from a treated animal (Fig. 3a–3b), vessel
density (Fig. 3c) evaluated by histological assessment and relative CBF (Fig. 3d) measured by
MRI in the lesion boundary area 6-weeks after stroke. Compared with the control group,
treatment with sildenafil significantly increased cerebral vessel number in the lesion boundary
area (Fig. 3c, p < 0.05). Correspondingly, relative CBF in the lesion boundary area was also
significantly improved compared with the control group (Fig. 3d, p < 0.05). These data indicate
that sildenafil significantly enhances angiogenesis and increases CBF in the ischemic boundary
region.

Evolution of cerebral blood flow and tissue signature in different regions
As shown in Fig. 4, ischemic boundary and ischemic core areas were significantly distinct
regions identified by both CBF and tissue signature values for the treated group (Fig. 4a and
4c, p < 0.05). In contrast, for the control group, these two regions did not differ in both CBF
and tissue signature values until 6-weeks after stroke (Fig. 4b and 4d, p < 0.05). Treatment
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with sildenafil resulted in significantly higher CBF and correspondingly, significantly lower
tissue signature values in the ischemic boundary region than in the ischemic core region (Fig.
4a and 4c).

No significant difference of CBF and tissue signature in the ischemic core region between the
two groups was found. Significant difference of CBF in the ischemic boundary region between
the two groups was detected at the 3-week (p < 0.02) and 6-week (p < 0.05) time points.
However, no significant difference of tissue signature in the ischemic boundary region between
the two groups was detected, although the mean values of tissue signature were lower in the
treated group than in the control group (from 2 to 6 weeks: 23 vs. 25; 26 vs. 31; 32 vs. 37; 31
vs. 36; and 41 vs. 44).

Neurological functional outcome and correlation analysis
Functional outcome is shown in Fig. 5. Treatment with sildenafil significantly improved
performance on NSS (Fig. 5a) and on foot-fault test (Fig. 5b) compared with control group (p
< 0.05).

NSS is a complex composite of many neurological tests that are likely not directly related to
a single physiological parameter, such as CBF. The correlation between the percentage of foot-
faults and relative CBF measured in the boundary region is given in Fig. 5c (R=0.68, p<0.003).
Higher CBF level corresponds to lower percentage of foot-faults, indicating that angiogenesis
in the boundary region may contribute to the recovery of forelimb function.

4. Discussion
The evolution of an ischemic lesion in response to the sildenafil treatment was investigated.
Our study showed that 1-week treatment with sildenafil altered the ischemic boundary region,
as characterized by both CBF and tissue signature. After treatment, the ischemic lesion
exhibited two significantly different regions, with higher CBF level and correspondingly, lower
tissue signature value in the boundary region than in the core region. These two regions for the
non-treated group, however, did not differ in both CBF and tissue signature values until 6-
weeks after stroke. Sildenafil treatment did not significantly reduce the ischemic lesion size
but did enhance angiogenesis and improve functional recovery, consistent with previous
studies (Zhang et al., 2005;Zhang et al., 2002).

Map-ISODATA accurately identifies the ischemic lesion size and characterizes the ischemic
injury (Li et al., 2006;Li et al., 2005). We therefore used ISODATA to divide the ischemic
lesion into boundary and core regions and to identify the corresponding ischemic injury (using
tissue signature) in these regions. By using the boundary and core ROIs identified at the 6-
week time point, the evolution of ischemic tissue in the two specific regions could be properly
tracked since there was little or no change of lesion size for each individual animal studied
after the 1-week time point (Fig. 2a). Our investigation demonstrated that angiogenesis (Fig.
1b, yellow track) was present 6-weeks after stroke, indicating that the abnormal tissue identified
by ISODATA in the ischemic boundary area undergoes vascular remodeling. One week after
the treatment with sildenafil, a 4-pixel ischemic boundary region, which incorporated the
angiogenic remodeling area, was a significantly distinct region from the remaining ischemic
core region as identified by both tissue signature (Fig. 4c) and CBF (Fig. 4a).

Our regional measurements showed that treatment with sildenafil selectively increased CBF
in the ischemic boundary region compared with the ischemic core region (Fig. 4a) and led to
a significantly elevated CBF level in the ischemic boundary region at a late stage after stroke
compared to the control group (Fig. 3d). The ischemic regions with significantly different CBF
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levels (Fig. 4a) exhibited significantly different tissue signature values (Fig. 4c). Higher CBF
corresponded to lower tissue signature. Neither CBF nor tissue signature values in the ischemic
core region were influenced by sildenafil treatment. These data confirm the observations that
the ischemic boundary is an area which can be affected by the treatment (Li et al., 2005) and
that the status of the ischemic tissue closely depends on the CBF level (Li et al., 2006).

The ischemic core with lower CBF than the surrounding ischemic tissue is an irreversibly
damaged area by the stroke (Knight et al., 1994;Jiang et al., 1993), while the ischemic boundary
adjacent to the non-ischemic tissue is a potentially salvageable area (Li et al., 2005). Various
post-embolization events related to the repair of ischemic brain take place in the ischemic
boundary area. For instance, synthesis of vascular endothelial growth factor (VEGF), which
mediates angiogenesis (Yancopoulos et al., 2000), increases in the ischemic boundary region
after treatment (Zhang et al., 2003;Chen et al., 2003a;Chen et al., 2003b). Angiogenesis, which
is essential for repair of the injured cerebral tissue, occurs in the ischemic boundary area
(Zhang et al., 2005;Zhang et al., 2003;Chen et al., 2003a;Chen et al., 2003b), as does
synaptogenesis, which promotes recovery of neurological deficits after stroke (Zhang et al.,
2005;Chen et al., 2003b).

Enhanced angiogenesis after treatment, as indicated by significantly increased vessel number
compared with non-treated group (Fig. 3c), is likely a major contributor to the elevation of
CBF in the ischemic boundary region. Angiogenesis is present in both treated and non-treated
animals, but it was significantly elevated in sildenafil-treated animals compared to non-treated
animals (Fig. 3c). While the CBF values in boundary and core regions were significantly
different for both groups at 6-weeks (Fig. 4a–4b), the CBF level in the boundary region in the
treated group was significantly higher than in the control group (Fig. 3d), which is consistent
with enhanced angiogenesis after treatment (Fig. 3c).

cGMP is the second messenger of NO and a principal mediator of smooth muscle relaxation
and vasodilatation (Cheitlin et al., 1999). Levels of cGMP in vascular smooth muscle are tightly
regulated by several cyclic nucleotide phosphodiesterase enzymes (PDEs) that catalyze cGMP
degradation and terminate this second messenger signal (Traverse et al., 2000). Sildenafil is a
potent and selective PDE-5 inhibitor that increases cGMP levels in the systemic circulation by
reducing the breakdown of this nucleotide (Cheitlin et al., 1999;Kloner et al., 2000). Sildenafil
is a valuable vasodilator with good hemodynamic effects in patients with pulmonary arterial
hypertension and cardiovascular disease (Jackson et al., 2005;Lopez-Guarch et al.,
2004;Michelakis et al., 2003;Cheitlin et al., 1999). Sildenafil also significantly increases
cortical levels of cGMP after 1-week treatment in this experimental stroke model (Zhang et
al., 2005), and the elevated cGMP levels cause dilation of cerebral vessels (Sobey and Quan,
1999). Thus, the increased cGMP levels in the ischemic rat brain may promote perfusion via
dilatation of cerebral vessels and consequently improve CBF in the entire ischemic boundary
region soon after the 1-week sildenafil treatment (Fig. 4a).

Restoration of cerebral circulation is important for functional recovery after a stroke (Zhang
et al., 2000). Our data show that administration of sildenafil to a rat within 1-week after onset
of stroke divides the ischemic lesion into two distinct regions, with significantly higher CBF
levels in the ischemic boundary region than in the ischemic core region. This situation persisted
throughout the observation period and was associated with significant improvement of
neurological functional outcome evaluated by neurological severity score (Fig. 5a) and foot-
fault test (Fig. 5b).

In summary, administration of sildenafil to rats with embolic stroke enhances angiogenesis,
selectively increases CBF in the ischemic boundary region compared to the ischemic core
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region and leads to a significantly elevated CBF level in the ischemic boundary region at the
late stage after stroke compared to the control group, all of which may contribute to the
improvement of neurological functional recovery.
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Fig 1.
ISODATA (a) and coregistered EBA-immunostained tissue slice (b) of a rat brain (6-weeks
after stroke) showing the two specific regions in the ischemic lesion area and the relationship
between angiogenesis area and lesion boundary. The ischemic boundary region (a, transparent
ROI) was created by shrinking the rim of ischemic lesion 4 pixels to the ischemic center. The
remaining lesion area located inside the boundary region was identified as the ischemic core
region (a, solid ROI). The angiogenesis area (b, yellow track) identified by immunohistological
evaluation was partially covered by the ischemic lesion area characterized by ISODATA (b,
red track). This overlapping area (b, green area) within the lesion was encompassed by the
perimeter boundary ROI (comparing a with b).
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Fig 2.
Temporal profiles of the ischemic lesion size for the treated and control groups (a) and blood
pressure measurements (b). Although the mean values of lesion size were lower in the treated
group than in the control group (average from 1 to 6 weeks: 41% vs. 49% of the ipsilateral
hemisphere), there was no significant difference between the two groups throughout the
experimental period. Sildenafil administered subcutaneously to rats at a dose of 10mg/Kg
resulted in a transient but not a significant reduction of blood pressure compared with the pre-
treatment level, with the lowest mean blood pressure exhibited 40 minutes after administration
and the value gradually returning to the pre-treatment level 120 minutes after administration.
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Fig 3.
Immunoreactive cerebral vessels from a treated animal (a, ipsilateral side; b, contralateral side.
Bar = 100μm), vessel density (c) and relative CBF (d) in lesion boundary area 6-weeks after
stroke. Treatment with sildenafil significantly increased cerebral vessel number in the lesion
boundary area compared with the control group (c). Relative CBF in the lesion boundary area
was also significantly improved (d) compared with the control group. Significance of
difference: * = p < 0.05, comparing treated and control groups in the ischemic boundary region;
+ = p < 0.05, comparing ischemic boundary region with the homologous area in the
contralateral (normal) side of rat brain in treated group and control group, respectively.
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Fig 4.
Evolution of CBF (a–b) and tissue signature (c–d) in different regions. Ischemic boundary and
ischemic core areas were identified as two significantly different regions by both CBF (a) and
tissue signature values (c) for the treated group after the 1-week time point. These two regions,
however, for the control group did not differ in both CBF (b) and tissue signature values (d)
until 6-weeks. Significance of difference: * = p < 0.05, comparing boundary and core regions
at the same time points.
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Fig 5.
Neurological functional outcome (a–b) and correlation analysis (c). Treatment with sildenafil
significantly improved performance on NSS (a) and on foot-fault test (b) from 2-weeks and 3-
weeks after stroke, respectively, until the end of observation compared with control group.
Significance of difference: * = p < 0.05, comparing treated and control groups at the same time
points. Higher CBF level in the boundary region correlates to lower percentage of foot-faults
(c).
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