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Abstract

Ischemic stroke represents the leading cause of death and
disability among elderly people. Most stroke survivors are
left with lifelong disability. With the exception of tissue-
type plasminogen activator (t-PA), no effective therapy ex-
ists for the management of acute stroke. Understanding the
role of various extrinsic and intrinsic pathogenic factors of
ischemic damage represents a prime objective of ongoing
stroke research. An important variable affecting stroke out-
come is the presence or absence of reperfusion (recanaliza-
tion of the occluded vessel) following an ischemic event. It
appears that early reperfusion after a stroke is beneficial and
capable of reversing the majority of ischemic dysfunctions.
However, in some instances, late reperfusion may contrarily
trigger deleterious processes and lead to more ischemic
damage. Examples of ischemia/reperfusion damage using
an experimental model of focal ischemia in rodents are pro-
vided, along with evidence that the brain-enriched +-iso-
form of protein kinase C may represent an important
mediator of reperfusion-induced brain injury in mutant mice.
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Reperfusion and Brain Damage After
Focal Ischemia in Rats

hen evaluating factors contributing to ischemic

neuronal damage, one cannot disregard the po-

tential implication of reperfusion-induced dam-
age. During ischemia, oxygen supply to the brain areas
distal to the occlusion site is significantly limited. The most
underperfused brain region, the ischemic core, displays ce-
rebral blood flow values that are often less than 10% of the
normal blood flow and most often undergoes irreversible
damage. It is very important to recognize the ischemic pen-
umbra, the tissue surrounding the ischemic core that repre-
sents a region of ischemia with intermediate cerebral blood
flow reduction, with chances for survival and a primary
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target for antistroke therapies. Within the ischemic core,
early death of selected neurons can be induced by even very
short durations of ischemia (Aronowski et al. 1999).

In general, durations of ischemia less than 30 min are
well tolerated, as documented in many experimental models
of focal ischemia (Aronowski et al. 1994, 1999; Kaplan et
al. 1991; Memezawa et al. 1992). However, such tolerance
to ischemic damage is dramatically lost once the ischemic
period reaches more than 30 to 60 min (Aronowski et al.
1994, 1997, 1999). When ischemia lasts more than 30 min,
damage to the brain cells (primarily neurons in the ischemic
core) is so advanced that even re-establishment of blood
flow to the ischemic brain cannot reverse the damage al-
ready done. In general, the longer the duration of ischemia,
the more ischemic brain tissue will be irreversibly damaged
(Aronowski et al. 1997, 1999). Many investigators have
demonstrated a positive correlation between increased du-
ration of ischemia and infarct volume (Aronowski et al.
1994, 1999; Buchan et al. 1992; Kaplan et al. 1991;
Memezawa et al. 1992). However, in some instances (e.g.,
ischemia of intermediate intensity), reperfusion may trigger
multiple adverse processes that can increase brain damage
beyond that produced by the permanent ischemia (no reper-
fusion) (Aronowski et al. 1997).

During ischemia, cessation of oxidative phosphorylation
leads to energy failures throughout the affected regions of
brain as a result of severe cerebral blood flow reduction.
Consequently, inability to sustain energy-dependent func-
tions leads to neuronal death and irreversible brain damage
following ischemia (Farber 1973). However, recent studies
indicate that ischemia-associated energy failure is not the
only factor contributing to the damage produced by focal
ischemia. It was originally recognized in small intestine and
later confirmed that in many other organs, including stom-
ach, pancreas, liver, heart, and kidney, reperfusion follow-
ing ischemia can contribute to additional damage (so-called
“reperfusion-injury”) (Bulkley 1987; Kloner et al. 1989).
Alteration in production of various cytotoxic substances
have been postulated to act as deleterious factors that aug-
ment brain damage during the reperfusion phase. These sub-
stances include free radicals (Dugan et al. 1995), excitatory
amino acids (Matsumoto et al. 1996), free fatty acids, pro-
inflammatory cytokines, and adhesion molecules (del
Zoppo et al. 2000; Yoshimoto et al. 1997), as well as sec-
ondary Ca®* influx (Uematsu et al. 1989) and changes in
activitation of protein kinases (Aronowski et al. 2000;
Saluja et al. 1997, 1999; Waxham et al. 1996). However,
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until recently, no direct evidence of the damaging effect of
reperfusion on ischemic brain has been provided.

Using Long-Evans rats, we compared the effect of tran-
sient ischemia (3 hr of ischemia followed by 21 hr of reper-
fusion) versus permanent ischemia (24 hr of permanent
focal ischemia) on infarct size using a tandem middle cere-
bral artery (MCA') and common carotid artery (CCA')
occlusion. We demonstrated that infarct volume follow-
ing reversible MCA/CCA occlusion was at least three-fold
larger than the infarct volume after permanent occlusion
(Aronowski et al. 1997). This experiment produced explicit
evidence that reperfusion after reversible focal ische-
mia may trigger biological responses leading to the aug-
mentation of cerebral damage established during ischemia
(occlusion).

The nature of this reperfusion-induced damage is not
entirely clear. In our study, reperfusion-augmented infarct
volume was amenable to treatment with a free radical scav-
enger (N-tert-butyl-alpha-phenylnitron) and protein synthe-
sis inhibitor (cycloheximide) (Aronowski et al. 1997),
suggesting that oxidative stress and reperfusion-induced
synthesis of potentially deleterious proteins may play an
important role in executing reperfusion damage. Suscepti-
bility to reperfusion injury in our study appeared to be
closely related to the intraischemic reduction of cerebral
perfusion and was evident only in animals with low to in-
termediate cerebral blood flow reduction (Aronowski et al.
1997). Animals with more profound reductions in cerebral
perfusion, due either to vascular pathology (as in the case of
spontaneously hypertensive rats) or to occlusion pattern (as
in the case of unilateral MCA plus bilateral CCA occlusion),
displayed large indistinguishable infarcts following both re-
versible and permanent ischemia, which indicated an ab-
sence of reperfusion damage (Aronowski et al. 1997).
Corroborating our model of reperfusion damage, Watson et
al. (2002) elegantly demonstrated that 120 min of reversible
MCA occlusion in rats (using photothrombotic model) fol-
lowed by 3 days of reperfusion resulted in a 2- to 2.5-fold
larger infarct volume than 3 days of permanent ischemia
with no reperfusion. Interestingly, in this model, the ische-
mia produced an intermediate reduction of cerebral perfu-
sion in the ischemic cortex, reinforcing the notion that in-
termediate, but not severe, cerebral blood flow reduction is
necessary to uncover reperfusion damage.

Focal Ischemia in Mice: Strain Differences
and Reperfusion Damage

Although evidence exists for the injurious role of reperfu-
sion in ischemia/reperfusion stroke rat models, no informa-
tion characterizing this phenomenon exists for mice. A

!'Abbreviations used in this article: CCA, common carotid artery; CP,
cerebral perfusion; MCA, middle cerebral artery; PKC, protein kinase C;
YPKC-KO, v isoform of protein kinase C.
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better understanding of the intrinsic mechanisms participat-
ing in brain damage after focal ischemia in mice is very
important. Use of mice to model ischemic stroke has in-
creased exponentially since the mid-1990s. Genetically en-
gineered mutant mice represent a very useful, and often the
only, tool to establish the causal relationship between vari-
ous gene products and susceptibility/resistance to ischemic
damage. Hundreds of experiments to date have utilized mice
with mutations of various enzymes, receptors, adhesion
molecules, structural proteins, and other molecules involved
in cell to cell signaling in the context of stroke research
(Crumrine et al. 1994; Ferriero et al. 1996; Guegan et al.
1998; Tadecola et al. 1997; Kamii et al. 1994; Kinouchi et al.
1991; Schneider et al. 1999; Soriano et al. 1996, 1999;
Wang et al. 1998; Waxham et al. 1996; Yang et al. 1997).

Despite the criticism that these animals exhibit devel-
opmental adaptations following embryonic mutation, which
may confound the real phenotypic picture, overall past ex-
perience has been positive. In general, it appears that phe-
notypic changes in response to stroke in mutant animals are
in agreement with the phenotypic changes seen after use of
specific pharmacological agents and mimic the effect of
genetic mutation. Apparently, the use of genetically altered
mice to investigate mechanisms of stroke-induced damage
represents a reliable experimental tool. For these reasons, it
is extremely important to better characterize and understand
the potential intrinsic and extrinsic factors affecting ische-
mic damage in mice models to study human stroke.

Of the many variables on a long list of ischemia-
affecting factors, two particularly important factors include
the background genetic heterogeneity and presence or ab-
sence of reperfusion in a model. In general, genetic hetero-
geneity originates from three sources: (1) The embryonic
stem cells used for “knocking out” the gene are generally
from 129/Sv (Gerlai 1996); (2) the founder mouse is typi-
cally C57BL/6; and (3) in many studies, the strain used for
generating mice for experimental analysis is of another
strain (e.g., BALB/c). When animals with multiple genetic
backgrounds are used (assuming that offspring from hetero-
zygotic animals are not used for cross-comparison), it is
difficult to eliminate the possibility that differences in ex-
perimental animals versus controls is due to heterogeneity
from either strain’s genetic carryover.

The results described above are particularly salient in
studies of focal ischemia in mice because genetic back-
ground has been shown to play a significant role in deter-
mining the extent of ischemic damage produced (Barone et
al. 1993; Hara et al. 1997; Majid et al. 2000). Colleagues
and we have recently established a database allowing for
cross-comparison among three of the most commonly used
strains of mice in their susceptibility to damage by both
reversible focal ischemia (Aronowski et al. 2000) and per-
manent ischemia (original data; Figure 1). We used 129/
Svl, C57BL/6J, and BALB/cJ mice for cross-comparison.
Focal ischemia was induced by a tandem unilateral distal
MCA/CCA occlusion either permanently for 24 hr (perma-
nent ischemia) or for 150 min followed by 21.5 hr of reper-
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Figure 1 Infarct volume determined with triphenyltetrazolium
chloride in 129/SvJ, BALB/cJ, and C57BL/6J mice after 150 min
of unilateral middle cerebral artery/common carotid artery occlu-
sion followed by 21.5 hr of reperfusion (white bars) or 24 hr of
permanent occlusion (black bars). N = number of mice per group.
* p < 0.05 from permanent ischemia in the same strain.

fusion (reversible ischemia) (Aronowski et al. 2000;
Waxham et al. 1996). The damage was demarcated using
2,3,5-triphenyltetrazolium chloride staining, and infarct vol-
ume was determined morphometrically using a computer-
based image analyzer operated by “Brain” software (Drexel
University, Philadelphia, PA), as previously described
(Aronowski et al. 2000). All animals were keptin a 12:12 hr
light:dark cycle with free access to food and water. All
procedures were in compliance with the Guide for the Care
and Use of Laboratory Animals (NRC 1996) and were ap-
proved by the institutional Animal Welfare Committee.
Our results are summarized in Figure 1. We initially
observed that there is no significant difference in the infarct
volume among the three strains of mice subjected to revers-
ible ischemia (Aronowski et al. 2000). The average infarct
volumes (mean * standard deviation) in the reperfusion
group were 16.7 = 6.6 mm?, 22.6 + 7.4 mm®, and 20.9 + 6.3
mm?> for 129/SvJ, BALB/cJ, and C57BL/6J mice, respec-
tively. In contrast to reversible ischemia, the amount of
damage was strikingly different among mice subjected to
permanent ischemia. The average infarct volumes were 10.4
+ 6.7 mm’, 38.3 + 8.6 mm’, and 22.3 = 5.3 mm’ for 129/
Sv], BALB/cJ, and C57BL/6J mice, respectively (Figure 1).
We are intrigued to observe how different strains of
mice responded differentially to permanent versus revers-
ible focal ischemia. BALB/cJ mice displayed progressive
development of damage in response to increasing ischemic
durations. Infarct volume after 150 min of reversible ische-
mia was approximately half the volume after permanent
ischemia. Interestingly, in C57BL/6] mice, no significant
difference in infarct volume was detected between perma-
nent and reversible ischemia. In contrast to BALB/cJ, 129/
SvJ mice displayed up to 60% more damage after reversible
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ischemia than 129/SvJ mice following permanent ischemia,
indicating that in this particular strain, reperfusion contrib-
utes to overall ischemic damage. This unique susceptibility
of 129/SvJ to reperfusion injury, compared with BALB/cJ
and C57BL/6J, most likely cannot be based solely on the
difference in cerebral blood flow reduction. All three strains
of mice have similar absolute blood flow (Majid et al. 2000).

Based on our cerebral perfusion (CP") measurement de-
termined within the ischemic core, using laser-Doppler
flowmetry, the CP reduction in all three strains were indis-
tinguishable and ranged between 5.8 and 6.9% of the base-
line perfusion values. These results of CP are in close
agreement with the values of hemodynamic changes in the
same strains of mice, previously reported by others (Majid
et al. 2000). However, to exclude cerebral blood flow con-
clusively as a factor underlying cross-strain stroke suscep-
tibility, we recommend comprehensive studies of CBF
throughout the penumbral tissue ischemia in all of the
strains. Nevertheless, at present, a role for some intrinsic
factor(s) contributing to the distinct vulnerability to ische-
mic reperfusion damage among mice can be hypothesized.

Role of y-Isoform of Protein Kinase C
(PKC") in Reperfusion Injury

Protein phosphorylations mediated by protein kinases rep-
resent essential steps in a variety of vital neuronal processes
that could affect susceptibility to ischemic stroke. PKC, a
member of the family of at least 12 serine-threonine kinases,
is one of the most important multifunctional protein kinases
in brain (Tanaka and Nishizuka 1994). It is implicated in
many vital aspects of central nervous system physiology,
including synaptic plasticity, excitability, growth, prolifera-
tion, gene expression, and apoptosis (Battaini 2001; Tanaka
and Nishizuka 1994). A great body of evidence proposes
that changes in PKC during ischemia are an important factor
regulating neuronal susceptibility to damage (Aronowski et
al. 1992; Cardell et al. 1990; Domanska-Janik and Zalewska
1992; Hara et al. 1990; Louis et al. 1988; Onodera et al.
1989; Wieloch et al. 1991). An important role of PKC in
ischemia/reperfusion injury in the heart was postulated for
many years (Meldrum et al. 1996; Numaguchi et al. 1996).
However, no information on the role of PKC in ischemia/
reperfusion in the brain is available to date. The amount and
activity of PKC in lung tissue varies significantly among
various mice strains (Dwyer-Nield et al. 2000). Therefore,
the existence of potentially similar differences in PKC in brain
tissue makes PKC a possible candidate for the regulation of
strain-dependent susceptibility to reperfusion damage.

To determine whether PKC in fact plays a causal role in
ischemia/reperfusion damage, we studied mice that were ge-
netically deficient in the y-isoform of PKC (yPKC-KO").
The yPKC represents the neuronal specific isoform of the
enzyme (Huang et al. 1988). The yPKC-KO animals used in
this study had been characterized previously by Abeliovich
et al. (1993) and our group (Aronowski et al. 2000). The

107



breeding stocks used in this study were back-crossed into
the BALB/cJ, as previously described (Aronowski et al.
2000). BALB/cJ wild-type mice obtained from the Jackson
Laboratory (Bar Harbor, ME) were used as the control.
Ischemia was produced by 150 min or permanent unilateral
MCA/CCA occlusion, and infarct volume was determined
with triphenyltetrazolium chloride, as described above. We
reported earlier that yPKC-deficient mice subjected to re-
versible ischemia developed significantly larger infarction
than wild-type (BALB/c) mice after the same duration of
ischemia (22.6 + 7.4 vs. 31.1 £ 4.2 mm®) (Aronowski et al.
2000). Data referring to reversible ischemia in Figure 2 is
adopted from Aronowski et al. 2000. We used these data to
conclude that yYPKC mediates neuroprotection. In this ar-
ticle, we provide additional evidence to illustrate that this
neuroprotective role of yPKC is mediated primarily through
reduction of the detrimental effects of reperfusion. Such
evidence is based on experimental data showing that yPKC-
KO mice subjected to permanent ischemia (with no reper-
fusion) developed significantly smaller infarct volume than
BALB/c (25.8 + 5.4 vs. 38.3 = 8.6 mm®). This result indi-
cates the predominantly deleterious role of yPKC during
permanent ischemia.

Conclusion

The combined results described above demonstrate that
vPKC may play a contrasting role in regulating the vulner-

p<0.05

50+ N=8
p<0.05

401

=
I

N=10
N=12 | 7

30- T T

20

10

Infarct Volume (mm3)

BALB/c
BALB/c

yPKC-KO
yPKC-KO

0

REVERSIBLE PERMANENT

Figure 2 Infarct volume after 150 min of unilateral middle cere-
bral artery/common carotid artery occlusion followed by 21.5 hr of
reperfusion (REVERSIBLE) or 24 hr of permanent occlusion
(PERMANENT) in the v isoform of protein kinase C (yPKC-KO)
and wild-type (BALB/cJ) mice. N = number of mice per group. p
< 0.05, difference between the indicated groups.
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ability of tissue to ischemia/reperfusion-induced damage. It
functions first, as a deleterious factor during evolution of
intraischemic neuronal damage, and second, as a neuropro-
tective factor during post ischemic reperfusion.

In addition to determining a potential role for yPKC in
reperfusion damage, at least two important general conclu-
sions can be reached from this study:

1. To avoid misleading conclusions about the role of gene
mutation on ischemic susceptibility, it is important that
we used both the reversible and permanent ischemia
models in all studies utilizing mutant animals.

2. Studies assaying both permanent and reversible ische-
mia may provide unique and useful guidance regarding
pharmacological approaches to optimize therapeutic ef-
fect (e.g., use of a yPKC inhibitor [once available] as a
treatment for stroke appears logical if applied during
ischemia, but not during reperfusion).

In summary, reperfusion injury following ischemic stroke
represents a true phenomenon that should be addressed in
all studies evaluating mechanisms of damage produced by
focal stroke. This phenomenon is especially applicable now
that appropriate models to study reperfusion-induced dam-
age are available.
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