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Abstract
A major complication of recanalization therapy after an acute arterial occlusion in brain is
hemorrhagic transformation (HT). Although it is known that prolonged ischemia is important in the
development of HT, the role of reperfusion in ischemia reperfusion induced HT is less well studied.
To address the effect of reperfusion on HT, we assessed the incidence and severity of hemorrhage
in rats after five hours of middle cerebral artery occlusion (MCAO) followed by 19h reperfusion
compared to rats with permanent occlusion (PMCAO) at the same 24h time point. The incidence and
amount of hemorrhage, neurological function, and mortality rates were measured. MCAO (5h) with
19h reperfusion was associated with a significantly higher incidence of cortical hemorrhage
compared to PMCAO (81.8% vs 18.2%, p < 0.05). Hemorrhage scores were higher in the 5-hour
MCAO/reperfusion group compared to PMCAO rats (17.6 ± 11.5 vs 2.4 ± 5.3 in cortex, 20.4 ± 4.6
vs 9.7 ± 4.5 in striatum, p<0.01). Neurological function was worse in the ischemia-reperfusion group
compared to PMCAO (p < 0.05) and mortality rates were insignificantly higher in the five-hour
MCAO/reperfusion group vs PMCAO group (54.5 % vs18.1%; p < 0.08). The results suggest that
reperfusion after prolonged ischemia is associated with increased hemorrhagic transformation and
neurological deterioration as compared to permanent ischemia. Whether pharmacological treatments
prior to reperfusion attenuate post-ischemic HT requires further study.
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Introduction
Recombinant tissue plasminogen activator (rt-PA) is the only FDA-approved therapy for acute
ischemic stroke. Intravenous rt-PA administration accelerates early recanalization and
increases the proportion of patients with minimal or no disability at 3 months by 30 to 35%
(1995). However, the relative rate of complete recanalization of major arterial occlusions with
intravenous t-PA is low (Wolpert, et al., 1993) (Mori, et al., 1992). Symptomatic intracranial
hemorrhage (sICH) after intravenous rt-PA is associated with severe morbidity and mortality,
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and this risk may limit its use beyond three hours (Hacke, et al., 2004) (Khatri, et al., 2007).
Recently, mechanical recanalization was developed for stroke patients. This treatment, which
uses mechanical removal of the thrombus, promoted recanalization and produced favorable
outcome in the patients within 8 hours of the onset of stroke symptoms. However, symptomatic
intracranial hemorrhage was still a primary complication (6.7%–9.9%) (Smith, et al., 2005)
(Smith, 2006).

HT after mechanical recanalization is likely to be affected by two factors: ischemia and
reperfusion injury. In animal models, it has been shown that prolonged ischemia is important
in the development of HT. Specifically, in the rat suture MCAO model, no animals developed
HT following temporary MCAO of short duration (1 hour), and the probability of HT increased
from 25% to 50% and 75% after 1.5, 2.5 and 3.5 hours of ischemia (Fagan, et al., 2003). No
patients had HT among a small cohort of cardioembolic stroke patients with middle cerebral
artery occlusions and spontaneous recanalization within six hours, as measured by transcranial
Doppler (TCD). Among patients with ischemia for greater than six hours, the HT rate was
60%. All three patients with parenchymal hematoma (PH) type 2 showed recanalization
between 6 and 12 hours (Molina, et al., 2001). Previous studies showed that reperfusion
promoted reactive oxygen species (ROS) formation, inflammation, blood brain barrier injury,
neuronal apoptosis and brain infarction (Peters, et al., 1998) (Clark, et al., 1994)(Morita-
Fujimura, et al., 2001)(Yang and Betz, 1994) (Aronowski, et al., 1997). Reperfusion injury
may play an important role in the development of HT.

In the present study, we tested whether reperfusion, after prolonged cerebral ischemia, worsens
HT compared to no reperfusion in permanent ischemia. A rat suture middle cerebral artery
occlusion model (MCAO) was used to produce mechanical reperfusion and to precisely control
reperfusion time. The incidence and the amount of hemorrhage were assessed along with
neurological function and mortality at 24 hours after either 5 hour MCAO with 19 hours
reperfusion or 24 hours after permanent MCAO.

Methods and Materials
Rat Focal Cerebral Ischemia Model

Animal protocols were approved by the University of Cincinnati Animal Care Committee and
conform to the National Institutes of Health Guide for Care and Use of Laboratory Animals.
Male Sprague-Dawley rats weighing approximately 290–320 grams had unrestricted access to
food and water and were housed with a 12-hour light-dark cycle.

Focal ischemia was produced as described in our previous studies (Lu, et al., 2002). Briefly,
rats were anaesthetized with 3% isoflurane and maintained with 1.5% isoflurane in a mixture
of 70% N2 and 28.5% O2. Rectal temperature was monitored and maintained at 37 ± 0.5°C
with a feedback-controlled heating blanket. Blood pressure, blood gases (pO2, pCO2, and pH)
and blood glucose concentration were monitored by tail artery catheter and maintained in the
normal range. The left common carotid artery (CCA), external carotid artery (ECA), and
internal carotid artery (ICA) were isolated via a ventral midline incision. A 3/0 monofilament
nylon suture was used to occlude the MCA. The suture was inserted into the ECA and advanced
into the ICA until the tip occluded the junction of the MCA and anterior cerebral artery.
Cerebral blood flow (CBF) was measured using Laser Doppler (5 mm lateral and 2 mm
posterior to bregma) (Nito, et al., 2004). The wound was closed and the suture was kept in
place for 5 hours. Rats were re-anesthetized, and the filament was pulled back to achieve
reperfusion. After the operation, rats were transferred to a temperature-controlled incubator at
37°C for 30 minutes until animals completely woke up, and then to cages with the Delta Phase
Isothermal Pad (Braintree scientific, Inc) to prevent hypothermia. Two groups of animals were
studied (n = 11). (1) For the permanent ischemia group, the nylon suture was secured in place
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- in order to permanently occlude the MCA - and rats were sacrificed at 24 h after the onset of
ischemia. (2) For the ischemia-reperfusion group, reperfusion was performed at 5 h after
MCAO, and rats were sacrificed at 19 h after reperfusion (24 h after the onset of ischemia).
Total 3 animals were excluded from experiment due to unsuccessful MCAO.

Hemorrhage rates and volumes
A previously reported and verified visual method of estimating the cerebral hemorrhage was
used (Lapchak, et al., 2000) (Lapchak, et al., 2002). At 24 hours after ischemia, rats were
sacrificed. The brain was sliced into six 2-mm coronal sections (12 faces). The sections were
fixed in 4% paraformaldehyde for 15 minutes. Both sides of the section were scanned. The rate
of hemorrhage was first calculated as rats with hemorrhage/total rats in striatum or cortex in
each group. Following that, the surface numbers of sections showing hemorrhage in striatum
or cortex were counted for each rat in each group. Finally, the hemorrhage area on each
hemorrhage section face was measured with an MCID imaging system and hemorrhage scores
were calculated. The hemorrhage scores were defined as hemorrhage area seen on any section
in the cortex or basal ganglia of each rat (0: no hemorrhage; 1: < 0.8 mm2; 2: 0.8–3.1 mm2; 3:
3.1–7.1 mm2; 4: > 7.1 mm2). (Choudhri, et al., 1997). The hemorrhage surface number and
hemorrhage scores represent the hemorrhage volume. The types of hemorrhage were also
noted. Hemorrhagic transformation (HT) can be classified as either hemorrhagic infarction
(HI) in which blood is interspersed with intact brain elements, or as parenchymal hemorrhage
or haematoma (PH) in which a pool of blood destroys brain parenchyma (Petty and Wettstein,
2001). Four major types of HT were assessed: HI1 (small petechiae), HI2 (more confluent
petechiae), PH1 (<30% of the infarcted area with some mild space-occupying effect) and PH2
(>30% of the infarcted area with significant space-occupying effect) (Tambasco, et al.,
2002).

Determination of Infarct Volume, Brain Swelling and Neurological deficits
These were performed as described in our previous study (Lu, et al., 2002). After the slices
were scanned, they were frozen at −80 °C. Coronal sections (20 μm) were cut in a cryostat
(−20°C), collected at 1 mm intervals, and stained with Cresyl violet. The standard indirect
method was used for measuring the areas of infarction on each section and the volumes of
infarction using an MCID digital image analysis system (Imaging Research, Inc, St. Catherines,
Ontario, Canada). Brain edema (swelling) was calculated as follows: (volume of infarcted
hemisphere − volume of contralateral normal hemisphere)/volume of contralateral hemisphere
× 100%. Neurological examinations were also performed. The neurological findings were
scored on a 5-point scale: no neurological deficit = 0; forelimb flexion = 1; circling to right =
2; loss of walking = 3; animal death = 4. Average scores were calculated for each group.

Statistical analysis
The rates of hemorrhage and mortality were expressed as percentages. Statistical comparisons
for numbers in each group were conducted using a Chi-Square Test. Quantitative data were
expressed as mean + SEM. Statistical comparisons were conducted using ANOVA for group
comparisons. Differences with p < 0.05 were considered statistically significant.

Results
Physiological data

Table 1 summarized the physiological data including the mean arterial pressure (MABP), pH,
PO2, PCO2, glucose and body temperature. There were no significant differences in above
parameters between permanent ischemia group and ischemia-reperfusion group at measured
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time points, although both groups exhibited similar increase in body temperature at 5 h 10 min
after MCAO.

Hemorrhage rate and types
The total hemorrhage rate in the cortex was 81.8% in the ischemia-reperfusion group, which
was significantly higher compared to 18.2% in permanent ischemia group (Tables 2) (p<0.01).
There were no significant differences between the two groups in the hemorrhage rate of the
basal ganglia (Table 3). The hemorrhage types were HI1 and HI2 (Fig. 1). Some of the animals
had more than one type of hemorrhage present. Permanent MCAO resulted in hemorrhage
mainly in the basal ganglia. Reperfusion after 5 hours of ischemia resulted in hemorrhages in
both the basal ganglia and cortex, though there were no statistically significant differences
between the groups in the distribution of hemorrhage types.

Hemorrhage Volume
Fig. 2 shows hemorrhage surface number of sections in the cortex and the basal ganglia. In the
permanent ischemia group, there were 4.0 ± 0.0 surfaces of sections with hemorrhage in the
cortex (Fig. 2a) and 3.2 ± 1.03 surfaces of sections with hemorrhage in the basal ganglia (Fig.
2b). In the ischemia-reperfusion group 6.1 ± 1.9 surfaces in the cortex (Fig. 2a) and 5.5 ± 1.1
in the basal ganglia (Fig. 2b) showed hemorrhage. The ischemia reperfusion group had
statistically greater surface numbers with hemorrhage compared to permanent ischemia in both
the cortex and basal ganglia (p ≤ 0.01).

Fig. 3 shows hemorrhage scores. The hemorrhage scores were higher in the ischemia-
reperfusion group compared with the permanent ischemia group in the cortex and the basal
ganglia. They were 17.6 ± 11.5 vs 2.4 ± 5.3 in the cortex (p < 0.01) (Fig. 3a), and 20.4 ± 4.6
vs 9.7 ± 4.5 in the basal ganglia (p < 0.01) (Fig. 3b).

Infarct volume and brain swelling
Fig. 4 and Table 4 illustrates the areas and volume of infarction. There was no statistical
difference between the ischemia-reperfusion group and the permanent ischemia group in the
infarction areas and volume of cortex, basal ganglia and the combination of cortex and basal.

Table 5 illustrates brain swelling. Both the permanent ischemia group and the ischemia-
reperfusion group showed brain swelling in cortex and the basal ganglia. There was no
statistical difference between the two groups.

Behavior and mortality
The neurological scores were higher (indicating a greater deficit) in the ischemia-reperfusion
group compared with the permanent ischemia group (Fig. 5, p < 0.05). Permanent ischemia
caused 18.2% mortality. Ischemia-reperfusion increased mortality to 54.5% (p < 0.08, marginal
significance). The animals in the ischemia-reperfusion group died mainly between 3 and 6
hours after onset of reperfusion (8 to 11 hours after ischemia, Fig. 6). The animals that died in
ischemia-reperfusion group had evidence of HT in both cortex and basal ganglia.

Discussion
Even with mechanical removal of clots and recanalization, symptomatic intracranial
hemorrhage occurs in 6.7%–9.9% of patients (Smith et al., 2005; Smith, 2006). We performed
prolonged ischemia (5 h MCAO) followed by perfusion to produce a HT model in rats that
mimics the mechanical removal of clot in humans. This model resulted in more severe
intracerebral hemorrhage in the cortex and the basal ganglia compared with permanent
ischemia. Because this model is similar to mechanical recanalization, it could be used to test
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the effects of neuroprotective drugs on HT that results from mechanical reperfusion. In
addition, this model would allow for the comparison of mechanisms of tPA and mechanical
induced reperfusion injury and whether the same therapy can be used for both.

The current study provides direct evidence that reperfusion after prolonged cerebral ischemia,
in the absence of tPA, is associated with more severe HT compared to permanent ischemia.
The rate of hemorrhage in the cortex and the hemorrhage volume were both greater following
reperfusion compared to permanent MCAO. Previous studies have shown that reperfusion
exacerbates blood-brain barrier injury after ischemia in rats (Yang and Betz, 1994) (Aronowski,
et al., 1997). Neutrophil infiltration occurred sooner and to a greater extent in reperfused tissues
than in permanently occluded tissues (Clark, et al., 1994). Reperfusion also produced a burst
in ROS formation in rats (Peters, et al., 1998). Increased reactive oxygen species production
during reperfusion contributes to the induction of caspase-8, and exacerbates apoptosis in mice
(Morita-Fujimura, et al., 2001). These reports support the concept that reperfusion could
worsen HT. Although reperfusion after 5 hours of ischemia in our study produced similar
infarction volumes and brain edema compared to permanent ischemia at the end of experiment,
our previous study showed that the activation of MMP-2, -9 and neurovascular injury were
accelerated by reperfusion, which could contribute to hemorrhage exacerbation (Lu, et al.,
2008).

Both permanent and transient MCAO resulted in a high incidence of hemorrhage in the basal
ganglia. This may be caused by more rapid and severe ischemic injury in the basal ganglia.
Previous studies showed that focal ischemia produced a more severe injury in rat striatum (Lin
and Ginsberg, 2000). In a non-human primate MCAO model, HT is most often seen in the
corpus striatum where ischemic injury is also greatest (del Zoppo, et al., 1998).

This study also shows that reperfusion worsened neurological function and tended to increase
animal mortality. It seems likely that the poorer neurological function in the reperfusion group
related to the higher incidence of hemorrhagic transformation in cortex and greater
hemorrhagic volume in the reperfusion group compared to the permanent occlusion group.
Since 6 animals of 11 died in the reperfusion group, this could have some influence in statistic
of infarction volume and brain edema. Future study is needed to clarify whether the differences
in neurological function between two groups were due to differences in infarct volume or to
edema volumes although they were similar in current study.

In summary, we have shown that reperfusion is important for HT occurrence after prolonged
ischemia. Therefore, administration of a hemorrhage protection agent just prior to a reperfusion
could be effective on preventing post-ischemic HT, which should be studied in the future.
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Fig. 1.
Representative brain sections showing the types of hemorrhage that occurred in the ischemia-
reperfusion group. Left, HI1 (small petechiae, arrow). Right, HI2 (more confluent petechiae,
arrowhead).
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Fig. 2.
Effect of the reperfusion on hemorrhage surface number in the cortex (Fig. 2a) and the basal
ganglia (Fig. 2b). The number of surfaces that show macroscopically visible hemorrhage was
counted. The reperfusion after prolonged ischemia increased hemorrhage surface number. Per
Isch: Permanent ischemia group. Isch-reper: Ischemia-reperfusion group. **p < 0.01 compared
with permanent ischemia group.
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Fig. 3.
Effect of the reperfusion on hemorrhage score in the cortex (Fig. 3a) and the basal ganglia (Fig.
3b). The hemorrhage scores were calculated as hemorrhage area seen on any of sections in the
cortex or basal ganglia. Reperfusion after prolonged ischemia increased hemorrhage score. Per
Isch: Permanent ischemia group. Isch-reper: Ischemia-reperfusion group. **p < 0.01 compared
with permanent ischemia group.
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Fig. 4.
The infarct areas in cortex (Fig. 4a), basal ganglia (Fig. 4b), and the combination of cortex and
basal (Fig. 4c). Per Isch: Permanent ischemia group. Isch-reper: Ischemia-reperfusion group.
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Fig. 5.
Effect of the reperfusion on neurological score. Increasing neurological scores represent
decreased behavioral performance. Reperfusion after prolonged ischemia increased
neurological score. Per Isch: Permanent ischemia group. Isch-reper: Ischemia-reperfusion
group. *p < 0.05 compared with permanent ischemia group.
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Fig. 6.
Time course of animal death with reperfusion after 5 hours of ischemia. The animals died
mainly between 3 and 6 hours after reperfusion.
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Table 1
Physiological parameters

Parameter Group Before MCAO 10 min after MCAO 5 h 10 min after MCAO
(10 min after
reperfusion)

MABP (mmHg) Per Isch 110.0 ± 6.3 110.6 ± 5.8 108.6 ± 7.8

Isch-reper 113.5 ± 11.7 120.6 ± 14.2 111.9 ± 21.6

pH Per Isch 7.37 ± 0.04 7.38 ± 0.02 7.40 ± 0.03

Isch-reper 7.38 ± 0.02 7.38 ± 0.03 7.39 ± 0.03

PO2 (mmHg) Per Isch 129.2 ± 14.7 127.5 ± 12.6 132.5 ± 13.4

Isch-reper 130.8 ± 13.5 129.8 ± 7.8 127.8 ± 12.2

PCO2 (mmHg) Per Isch 45.6 ± 2.9 46.6 ± 4.0 44.5 ± 1.2

Isch-reper 45.1 ± 4.4 44.7 ± 3.9 45.5 ± 4.9

Glucose (mg/dL) Per Isch 109.4 ± 32.8 108.6 ± 30.4 105.0 ± 27.7

Isch-reper 100.3 ± 37.8 98.3 ± 35.1 105.5 ± 34.7

Temperature (°C) Per Isch 36.6 ± 0.3 36.7 ± 0.3 37.8 ± 0.7

Isch-reper 36.8 ± 0.3 36.9 ± 0.4 37.9 ± 0.3

Perm Isch: Permanent ischemia group. Isch-reper: Ischemia-reperfusion group.
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Table 4
Infarct volume

Groups Cortex (mm3) Basal ganglia (mm3) Total (mm3)

Per Isch 140.0 ± 28.6 130.4 ± 26.3 270.4 ± 46.3

Isch-reper 131.5 ± 24.7 127.2 ± 17.8 258.7 ± 41.7

Per Isch: Permanent ischemia group.

Isch-reper: Ischemia-reperfusion group.
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Table 5
Brain swelling

Groups Cortex (%) Basal ganglia (%) Total (%)

Per Isch 40.6 ± 8.7 24.3 ± 4.7 31.2 ± 5.9

Isch-reper 43.7 ± 9.7 28.4 ± 7.3 35.1 ± 7.8

Per Isch: Permanent ischemia group.

Isch-reper: Ischemia-reperfusion group.
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