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Abstract

To achieve a long lifespan, animals must be resistant to various injuries as well as be able to avoid
or delay lethality from age-dependent diseases. Here we show that long-lived Mc/kZ*/~ mutants
have enhanced resistance to neurological damage following global cerebral ischemia/reperfusion
(/R) injury induced by transient bilateral common carotid artery occlusion (BCCAQ). Both young
(~100 days old) and relatively aged (~450 days old) mutants display increased resistance as
indicated by a significant decrease in the amount of degenerating cells observed in forebrain cortex
and in hippocampal areas after ischemia and reperfusion. Furthermore, less oxidative damage
resulting from the procedure was measured in the brain of young Mc/k1*/~ animals. The finding
that both young and old mutants are protected indicates that this is a basic phenotype of these
mutants and not a secondary consequence of their slow rate of aging. Thus, the partial resistance to
I/R injury by enhancing recovery from age-dependent vascular accidents is likely part of what
allows for the increased lifespan of Mc/k2*/~ mutants. By relating this neuroprotective effect to
previously reported characteristics of the Mc/k1*/~ phenotype, including altered mitochondrial
metabolism and increased HIF-1a expression, this study establishes these mutants as useful
models to analyze the mechanisms underlying tolerance to ischemia, particularly those associated
with ischemic preconditioning, as well as to clarify the relation between aging and age-dependent
diseases.
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Introduction

CLK-1/MCLK1 is a mitochondrial hydroxylase that is necessary for the biosynthesis of
ubiquinone (coenzyme Q or UQ), the essential electron transporter of the mitochondrial
respiratory chain that is also known for its crucial antioxidant properties (Levavasseur, et al.,
2001). We have previously reported that inactivation of ¢/k-1in Caenorhabditis elegans
(Wong, et al., 1995), and partial inactivation of its orthologue in Mc/k2*/~ mice (Liu, et al.,
2005), resulted in a significantly prolonged lifespan. By studying various aspects of the
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mitochondrial and metabolic phenotype of the long-lived Mc/k1*/~ mutants, we have found
that mitochondria of young MclkI*'~ mice display slow electron transport, contain low
levels of ATP and sustain high oxidative stress (Lapointe and Hekimi, 2008). Despite the
early mitochondrial dysfunction, the function of Mc/k1*/~ mitochondria declines less rapidly
with age than that of the wild type and there is a slower accumulation of global oxidative
biomarkers of aging in these mutants (Lapointe, et al., 2009). Furthermore, we succeeded in
demonstrating a causal link between the altered mitochondrial function of young mutants
and the improved age-dependent phenotypes of aged mutants, by showing that the Mclk1*~
condition fully prevents the accelerated deterioration of mitochondrial function and the
increased mitochondrial oxidative stress observed in Sod2%~ mutants (Lapointe, et al.,
2009). Recently, we reported that the altered mitochondrial phenotype of Mc/k2*'~ mutants
modulates the immune response by enhancing basal and stimulated expression of HIF-1a in
liver and macrophages, in association with elevated expression of inflammatory cytokines
(Wang and Hekimi, 2009).

To increase lifespan, it is generally assumed that a genetic manipulation such as the
reduction of Mc/k1 expression must be able to reduce the prevalence or severity of diseases
that normally limit lifespan (Hekimi, 2006). This could be achieved by slowing down the
development of the cellular dysfunctions that result from the aging process (e.g. loss of
mitochondrial function, increased oxidative stress, or chronic inflammation), and that
typically exacerbate a number of diseases including endothelial dysfunction and stroke.
These kinds of diseases are frequently called age-dependent or age-associated diseases. A
prolongation of lifespan could also be observed if the mutants were simply resistant to an
age-dependent pathology without necessarily having induced a change in the age-
dependency of the pathology. To address these questions in the Mc/kZ*/~ mutant context, we
have tested here whether both young and old animals showed some degree of tolerance to
cerebral ischemic-reperfusion (I/R) injury, which is linked to severe diseases connected to
aging, mitochondrial function, oxidative stress and immune function.

When blood flow to a tissue is interrupted or severely reduced as occurs during ischemia, the
essential oxygen supply needed to maintain cellular homeostasis becomes insufficient. This
can arise in a variety of situations, in particular as a consequence of obstruction of arteries,
with the heart and the brain have been found to be the most commonly affected (Doyle, et
al., 2008, Lesnefsky and Hoppel, 2003). If tissue ischemia occurs for a prolonged period,
cell death is the main consequence, but, even when the ischemic episode is relatively brief,
the reestablishment of blood flow at the time of reperfusion and the resulting oxygen
delivery is known to induce a highly harmful process that leads to cellular damage and cell
death (Warner, et al., 2004). Indeed, I/R brain injury is similar to the pathophysiology of
stroke and brain trauma, which are among the leading causes of death and disability in
people (Rosamond, et al., 2007). The vascular obstructions at the origin of ischemic insults
are typically the consequence of age-dependent processes such as atherosclerosis and heart
arrhythmias, and are also strongly favored by endothelial dysfunctions and general vascular
deterioration that are hallmarks of aging (Matsumoto, et al., 2007, Park, et al., 2007,
Schaller, 2007, Westrick, et al., 2007). Thus, the prevalence of I/R injury as well as its
outcome have been shown to be profoundly influenced by age (Yager, et al., 2005). It is not
yet well understood how exactly I/R episodes act to damage cells. However, it has been
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demonstrated that it involves mitochondria and particularly the toxic properties of the
mitochondrial reactive oxygen species (ROS) (Fiskum, et al., 2004, Friberg, et al., 2002,
Lesnefsky, et al., 2001).

To test whether the long life of Mc/k2™'~ mutants involved a resistance to the damaging
processes underlying I/R injury we used a surgical procedure, transient bilateral common
carotid occlusion (BCCAQ), to induce cerebral I/R in young and old animals and scored the
resultant neuronal damage. We find that the mutants have an enhanced resistance to I/R at all
ages as revealed by decreased levels of degenerating cells and less oxidative damage after
the procedure. This indicates that the resistance is due to the basic changes in physiology
induced by the reduction in MCLK1 levels, but not to the fact that MclkI*/~and Mclk1**
animals age at different rates (Lapointe, et al., 2009). Thus our study suggests that a loss-of-
function phenotype can contribute to the longer survival by increasing the intrinsic
resistance to injurious age-related physiological processes.

Materials and methods

Animals

Heterozygous MclkI mutant mice (Mclk1*/~)and their wild type littermates (Mclk1*/*)
were produced as previous reported (Levavasseur, et al., 2001, Liu, et al., 2005), and were
maintained in the C57BL/6J and Balb/c backgrounds by inbreeding. A total of 62 male mice
in the C57BL/6J background (young animals) and 56 female mice in the Balb/c background
(aged animals) were used. Experimental groups with their corresponding sample sizes are
listed in Table 1. All procedures were approved by McGill’s Animal Care and Ethics
committees.

Global cerebral ischemia protocol

Experimental animals were subjected to transient global ischemia by bilateral common
carotid artery occlusion (BCCAO), a well-defined I/R procedure for mimicking
cerebrovascular accidents, including in transgenic mice models (Cho, et al., 2007, Kelly, et
al., 2001). Before the operation, mice were anesthetized with a specific ketamine cocktail
containing 50% ketamine, 25% xylazine, 10% acepromazine and 15 % saline by
intraperitoneal injection using 1l per mg body weight. Body temperature was strictly kept
at 37 £ 0.5°C by a feedback homeothermic blanket with a rectal probe (Harvard Apparatus,
South Natick, MA). A midline skin incision on the ventral surface of the neck was made.
The salivary glands were moved laterally, and the carotid sheath exposed bilaterally. The
common carotid arteries were then carefully separated from adjacent vagus and sympathetic
nerves with a microdissector and forceps. Microvascular clips (B-2, Fine Science Tools)
were applied to both isolated common carotid arteries in order to block brain blood flow for
the desired time: 10 minutes for young mice, 5 minutes for aged mice. After the operation,
the animals were kept on the heating blanket until they awoke from anesthesia, and then
transferred to their home cage at room temperature. Control animals (sham operated)
underwent the same operation procedures but were not subjected to the carotid occlusion.
Aged animals were treated with only 5 minutes of ischemia as it was found that longer
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treatment resulted in inacceptable number of deaths before 24 hours of reperfusion. Animals
that died within less than 24 hours after the beginning of reperfusion were excluded.

Cerebral blood flow determination

Cerebral blood flow changes were monitored by a Doppler flow meter (BLF21, Transonic
Systems Inc, Ithaca, NY). The flow meter was connected to a data acquisition systems
(MP150, BIOPAC Systems Inc, Goleta, CA), which is itself connected to a computer and
operated by the Acknowledge 3.8 software. A needle probe was connected to the flow meter
and held by a micromanipulator. In order to measure brain blood flow, the anesthetized
mouse was put in a prone position. A 0.5 cm crossline incision was then made and the skull
was exposed. The calibrated flow meter was warmed up for 10 minutes and the probe was
put on the skull surface at the middle right hemisphere. Brain blood flow was measured for
10 seconds at 3 time points: before ischemia, after 5 minutes arteries occlusion (young mice)
or 3 minutes (aged mice), and 5 minutes post-ischemia, to record normal blood flow, blood
flow reduction during occlusion, and brain blood flow resumption after ischemia,
respectively. Cerebral blood flow was reported as ml/mg/min. Mean blood flow during the
10 seconds recording was used for each measurement.

Histopathology

After 24 hours reperfusion, animals were anesthetized by using the previously described
ketamine cocktail and sacrificed by neck dislocation. Brain was washed by transcardiac
infusion of saline, then carefully extracted from the skull and cut into two halves through the
midline. The left hemisphere was snap frozen in liquid nitrogen and stored at —80 °C for
further biochemical studies. The right hemisphere was fixed in 4% paraformaldehyde
overnight, and then cut coronally into 4 blocks at preselected levels which are located at
+1.5 mm from bregma (layer 1), bregma (layer 2), =1.5 mm from bregma (layer 3) and -3
mm bregma (layer 4), before being embedded in paraffin. Coronal sections of 4 pm
thicknesses were then generated and subsequently stained with hematoxylin/eosin (HE).

For estimating brain pathological changes following I/R, we have used 4 HE stained sections
per preselected level. To quantify brain damage, degenerated cells were counted using a
computer assisted image analysis system (ImagePro). Degenerated neuronal cells were
identified according to their pyknotic and irregular nuclei using color segmentation and size
thresholding. Manual editing was performed when necessary to ensure precise cell selection.
Total neuronal cells and degenerating cells were counted in fields of 1492.7um?2. Twelve
non-adjacent fields were selected: 8 fields from the forehead cortex, 2 fields from the CA3
region of the hippocampus; and another 2 fields from region CA1.

Isolation of mitochondria

Non-synaptic brain mitochondria were isolated according to published methods (Lai and
Clark, 1979). Briefly, the frozen cerebral tissue (about 80 mg) was homogenized in 10
volumes of homogenization buffer using an overhead electric homogenizer. The
homogenization buffer contained 10 mM Hepes pH 7.4, 250 mM sucrose, 1 mM EDTA, 225
mM mannitol and 0.1% BSA. All buffers were kept at 4°C. The homogenate was
centrifuged at 600 xg for 10 minutes at 4°C. The supernatant was collected, transferred to
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another tube and centrifuged at 13,000 xg for 10 minutes at 4°C. This supernatant was
collected as cytosol. The crude mitochondria pellet was resuspended in 1 ml of 3% dialyzed
Ficoll 400 (Sigma), and carefully laid on top of the 4 ml 6% Ficoll before being centrifuged
at 11,500 xg for 30 minutes at 4 °C. After discarding the supernatant, the mitochondria
pellet was resuspended in 1 ml of 10 mM K,HPO, buffer pH 7.4, and centrifuged at 13,000
xg for 10 minutes at 4°C. The non-synaptic mitochondria pellet was then resuspended in an
appropriate KoHPO,4 buffer to adjust the final protein concentration to 2-3 mg/ml.

Enzymatic activities

Alpha-Ketoglutarate dehydrogenase (a.-KGDH) activity was assayed spectrophotometrically
by measuring the rate of increase of absorbance at 340 nm due to NADH formation from
NAD. The assay mixture contained 5.0 mM MgCL,, 40 uM rotenone, 5 MM a-
ketoglutarate, 0.2 mM thymine pyrophosphate (TPP), 1.0 mM nicotinamide adenine
dinucleotide (NAD), and 0.3 mM dithiothreitol (DTT) in 30 mM Ky,HPO,4 buffer pH 7.4.
Frozen-thawed mitochondria (50ug protein/ml) or cytosol (100ug protein/ml) were used in
the measurements. The reaction was started by addition of 0.1 mM CoA. The initial rate
corresponding to the first 3 minutes was measured. The enzyme activity was defined as the
formation of NADPH from NAD in 1 mg protein for 1 minute. Aconitase activity from
mitochondrial and cytosolic extracts was determined by using a standard method (Gardner,
2002) with some modifications. Prior to the analysis, 1 mM sodium citrate and 1 mM
succinate were added to mitochondria and cytosol pools to protect the sensitive aconitase
from inactivation. Thus, specific activity was measured by monitoring absorbance at 340 nm
in a freshly prepared reaction mix containing 0.2 mM NADP*, 5 mM sodium citrate, 2 U/ml
isocitrate dehydrogenase and 0.6 mM MnCl; in 50 mM Tris-HCI pH 7.4. The assay was
started by the addition of freshly thawed aliquots of mitochondria (50ug protein/ ml) or
cytosol (100ug protein/ml) to the reaction mix which was previously equilibrated at 25 °C.
Absorbance at 340 nm was recorded every 30 seconds for 10 minutes, and aconitase activity
was calculated from the linear increase in absorbance at 340 nm. One unit of enzyme
activity was defined as the amount of enzyme catalyzing the production of 1 nmole of
NADH per mg protein.

The TBARS assay

Results

Brain tissue TBARS was measured using the Oxltek TBARS assay kit (ZeptoMetrix,
Buffalo, NY). The brain tissue (75-80 mg) was homogenized in 0.4 ml homogenizing
buffer, and was then centrifuged at 1000 xg for 10 minutes. Protein concentration of the
supernatant was measured and TBARS amount in the supernatant was assayed according to
the manufacturer’s instructions.

Physiological and hemodynamic effects of BCCAO and reperfusion

To assess whether reduced MCLK1 expression exerts protective effects against ischemia/
reperfusion injury, global ischemia was induced by bilateral common carotid artery
occlusion (BCCAO) for either 10 minutes (young animals) or 5 minutes (old animals) by
temporary occlusion of both vessels by microvascular clips. A sham BCCAO control group
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consisted of mice treated identically except for not being subjected to the carotid occlusion
(see Materials and Methods). Most animals recovered well by 24 hours after brain ischemia
and subsequent reperfusion, exhibiting normal respiration, normal movement and normal
reaction to stimulation. In the experimental groups containing young animals, we have
observed that a few of them were in a critical condition, exhibiting slow respiration,
unsteady walking and dull reaction to stimulation. Five such critical mice were observed
among the 20 Mc/k1*/* mice, but none among the 20 Mc/kI*/~ mice. This difference was
found to be significant (p<0.05).

In the groups of young animals, the average brain blood flow was reduced to around 5% of
normal after 5 minutes of BCCAOQ, and returned to normal or near normal levels after 5
minutes reperfusion. The brain blood flow reduction after occlusion and reperfusion was not
significantly different between Mclk1** and Mclk1*/~ mice (Table 2). In aged mice, the
blood flow was reduced to about 10% of normal level after 3 minutes BCCAOQ, and resumed
to about 95% of normal at 5 minutes after reperfusion, with again no significant differences
between genotypes (Table 2).

Edema could increase the weight of the brains after the procedure. To check whether
differences in brain edema could be a factor in any other difference observed between the
experimental groups, brain weight changes after I/R were determined by weighing whole
brains including cerebrum and cerebellum. The average brain/body weight ratios were
similar among all groups in young and aged mice, with the average brain weight slightly
above 1.6% of total body weight (not shown). Thus brain weight neither increased after
ischemia injury nor differed between MclkZ*~ mutants and Mclk1*/* controls siblings.

genotype alleviates neuronal damage after I/R insults in several brain areas

Sham operated Mclk1*/* and Mclk1*~ control animals were subjected to histological
analysis of the different areas of the hippocampus, principally the CA1 and the CA3 regions,
and the forebrain cortex following the same experimental procedure as for BCCAO but
without coronary occlusion. These analyses of sham operated mice have not revealed any
differences at the morphological level as well as in terms of neurological damage between
genotypes in 3 or 15 months old mice (Fig. 1-4). However, both young and old animals of
these control groups showed some degenerating cells in one or several areas analyzed. These
cells were mostly isolated single cells scattered throughout the different brain regions (Fig.
1; Fig. 3). In contrast, after ischemia and 24 hours reperfusion (I/R), hematoxylin/eosin
staining reveals many of these degenerating neurons, characterized by their irregular cell
contours, acidophilic cytoplasm as well as by shrunken and triangularly shaped (pyknotic)
nuclei (Fig.1; Fig. 3). As expected (Hsu, et al., 1994), we observed that the most severely
affected areas were the forebrain cortex and the hippocampus, including areas CA1 and
CA3, which were thus further characterized in details. In the cortex, degenerating cells were
most frequently observed in layer Il, IV and V cortex neuronal cells either in a scattered
manner or in patches (Fig. 1-J, L; Fig. 3-J, L). Small cortex infarctions were occasionally
encountered in the most severely affected animals and necrotic neuronal cells could be seen
in the infarcted areas. Cells from the striatum region were normal in most animals (not
shown). Marked degeneration of the sensitive pyramidal neurons of the CA1 and the CA3
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regions of the hippocampus was observed in young (males in the C57BL/6 background)
(Fig. 1) and old (females in the Balb/c background) animals from both genotypes after
BCCAO and reperfusion episodes (Fig. 3).

We have thus quantified the damage in the forebrain cortex and in hippocampal CA1 and
CAZ3 regions by counting the number of degenerating cells based on nuclear color and
morphology as described in the Materials and Methods. No significant differences were
found between the genotypes in sham operated animals (Fig. 2; Fig. 4). For both genotypes
and ages, the I/R procedure has resulted in significant increases in degenerating cells when
compared to controls (Fig. 2; Fig. 4). There was a somewhat lower level of damage in old
animals, presumably because our experimental protocol with these animals involved only 5
instead of 10 minutes of ischemia to reduce animal loss because of their age (see Materials
and Methods). In the cortex and CA3 areas of young MclkZ*/* mice the I/R insult resulted in
significantly higher levels of cell death than in the equivalent Mc/kZ*/~ mutant mice (Fig.
2B-C). Interestingly, this protective effect which seems to be conferred by reduced MCLK1
levels, is conserved in old animals where less damage is also observed in the cortex and the
CA3 region of the hippocampus of the mutants (Fig. 3B-C). Despite the fact that the
difference in the percentage of neurodegeneration did not reach significance between
genotypes, the same trend was also observed in the CA1 area of the hippocampus at both
ages (Fig. 2A; Fig. 4A). Regional differences in the severity of damage after BCCAQ or the
level of protection conferred by particular treatments are a common observation (Cho, et al.,
2007, Jeffs, et al., 2008). It is also well known that neurons from the CA1 region of the
dorsal hippocampus are highly vulnerable to I/R insult while the neurons in the
neighbouring CA3 region are relatively spared (Hsu, et al., 1994). We observed here that
significant pyramidal cell death indeed occurred after I/R in these areas of the hippocampus
from both Mclk1?* and Mclk1*~, but our results rather revealed that the neurons from the
CA3 region are the mostly affected at all ages (Fig. 2; Fig. 4).

Reduced mitochondrial oxidative stress following \R in Mclk1*/~ mutants

Ischemia/reperfusion injury to cells does not necessarily result only in cellular mortality but
might transiently or permanently damage cells without leading to their death. MCLK1 is a
mitochondrial protein (Jiang, et al., 2001, Levavasseur, et al., 2001) and reduction in its
levels profoundly affects mitochondrial function and oxidative stress (Lapointe and Hekimi,
2008). We therefore tested a number of parameters linked to oxidative stress in the brain
after the I/R procedure. Due to the limited amount of material available, we decided to
primarily evaluate recognized oxidative stress markers: the enzymatic activities of
cytoplasmic and mitochondrial aconitase, mitochondrial a-ketoglutarate dehydrogenase (a.-
KGDH), and the level of thiobarbituric acid reactive substances (TBARS). The activity of
aconitase is considered a particularly sensitive measure of oxidative stress (Gardner, 2002).
a-KGDH also is susceptible to oxidative stress and compensatory increases in its activity
can result from oxidative stress (Tretter and Adam-Vizi, 2005). TBARS are a reliable
measure of lipid oxidation products (Del Rio, et al., 2005). In young Mclk1*/* animals, the
enzymatic activities of both aconitases (cytoplasmic and mitochondrial) and of a-KGDH
were reduced whereas TBARS levels were found to be increased after the I/R episode, thus
indicating that the I/R protocol resulted in significant level of oxidative stress, presumably in
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surviving cells (Table 3). The Mc/k1*/~ genotype however appeared to lessen or abolish
these deleterious changes in young animals (Table 3). In old animals, I/R had an identical
effect on both genotypes (Table 3). Based on these data, the differences between the
observations in the two age groups suggest that any increased resistance to oxidative stress is
not the basis of the mutant’s increased resistance to cerebral I/R. Additional measures will
however be needed to confirm this hypothesis.

Discussion

The incidence and the severity of a large number of important human diseases are known to
increase sharply with age (Yager, et al., 2005). These diseases include many
neurodegenerative pathologies and cerebral vascular accidents such as stroke and brain
trauma. Thus the physiological changes that accompany aging are risk factors for these
diseases. For example, aging is accompanied by mitochondrial dysfunction and an increase
in oxidative stress that are believed to strongly participate in the development of
neurodegenerative (Lin and Beal, 2006) and cerebrovascular diseases (Fiskum, et al., 2004,
Soane, et al., 2007, Warner, et al., 2004). However, an alternative view of the relation
between aging and age-dependent diseases is possible. In this view, every disease develops
independently, and aging is but the collection of all age-dependent diseases and their
interactions. This later interpretation would mean that biomarkers of aging, such as oxidative
stress damage, might only exist because oxidative stress is a kind of imbalance that is
common to several age-dependent diseases. Thus, increased oxidative stress would only be
part of what characterizes these diseases, and would not result from aging independently of
diseases. It is fair to say that the question of which view provides a more useful paradigm for
understanding aging and age-dependent diseases is unresolved (Hekimi, 2006). The same
questions arise for long-lived genetic mutants or animals that are long-lived thanks to a
particular treatment or diet: does the mutation or the intervention slow down the rate of
aging, thus delaying the appearance of age-dependent diseases and consequently increasing
lifespan, or does the mutation or intervention protect from one, or a subset, of diseases that
reduce survival at any age and prolong lifespan in this way. For example, it was shown that
caloric restriction, which is well known to increased lifespan in many species, delays the
onset of a variety of age-associated diseases and mortality in rodents and primates (Colman,
et al., 2009). In fact, if a mutation in a particular gene or a treatment were to protect from all
or most known causes of death it might make the second view, the idea that aging is but a
collection of independent age-dependent diseases, rather unlikely, as we could define aging
as the process affected by the mutation or the treatment. On the other hand, the finding that a
mutation protects from one, or a few related, causes of death is not incompatible with either
view. It is particularly true if the mutation protects young as well as old animals from similar
injury, as we have found here for Mc/k1*/~ mutants subjected to I/R.

The level of neuronal degeneration in response to I/R has been shown to be influenced by
age, sex and background. Lesser susceptibility to post-ischemic and post-traumatic brain
injury in females has been observed in experimental models (Roof and Hall, 2000).
Backgrounds can also be different quantitatively in their sensitivity to I/R including BCCAO
(Kelly, et al., 2001, Majid, et al., 2000). We have shown here that the partial resistance to I/R
induced by the MclkI*'~ genotype is quite broad as it protects both young and aged, male
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and females, and is independent of genetic background, at least for the two backgrounds
tested (C57BL6 and Balb/c). Because the length of the ischemic period was different in the
two groups (5 minutes for old animals but 10 minutes for the young ones) we cannot
interpret our findings in an exact quantitative manner beyond the observation that all
conditions are at least partially protected.

Significantly reduced levels of degenerating cells were observed in the cortex and in the
CAZ3 region of the hippocampus of the Mc/kZ*/~ mice while the reduction that was also
observed in the CA1 region did not reach the significance level. Pyramidal neurons of the
CAL region are among the cells most vulnerable to loss of blood supply, but death frequently
occurs days after the initial ischemic insult (Kirino, 1982). This phenomenon is termed
delayed neuronal death and could explain why no difference between genotype was
observed with our experimental protocol, as all the animals were sacrificed 24 hours after
reperfusion.

The observation that reduced levels of MCLK1 protect against I/R injuries at different ages
is relevant as to the link that exist between mitochondria and cerebral damage following
ischemia as well as on the phenomenon of ischemic tolerance. It is indeed now well
recognized that mitochondria are the principal targets, and effectors, of the progression of
the neurodegenerative process that occurs in the brain with aging as well as after I/R injury
(Bertoni-Freddari, et al., 2004, Friberg, et al., 2002, Lesnefsky, et al., 2001). The occurrence
of many mitochondrial alterations after I/R but prior to neuronal death have been reported /in
vivo, including decrease respiration, impairment of the electron transport chain, decrease
ATP synthesis, increase ROS production and associated oxidative damage, altered calcium
homeostasis, opening of the permeability transition pore and release of proapoptotic factors
(Chan, 2001, Nakka, et al., 2008, Rouslin, et al., 1990). Therefore, the majority of the
neuroprotective mechanisms that have been studied to enhance brain resistance against I/R
actually have been attempts to regulate and protect mitochondrial function. So far, drug
therapies that have been elaborated to counteract the deleterious effects of I/R insult have
only been modestly effective and the only experimental treatment that truly protects against
this kind of injury and induces ischemic tolerance is brain preconditioning (Schaller, 2007).
The concept of preconditioning is based on the observation that repeated sublethal ischemic
insults are accompanied by the upregulation of protective mechanisms and the concomitant
downregulation of pro-degenerative pathways that ultimately confer a partial resistance to
ischemic episodes (Schurr, et al., 1986). Of course, this phenomenon will likely never be of
clinical use, but it provides insight into the cellular and molecular events implicated in brain
protection and is intensely studied with the objective of developing more efficient therapies.
In fact, mitochondria were quickly identified as important effectors of preconditioning
(Christophe and Nicolas, 2006, Dirnagl and Meisel, 2008). Thus, it seems that repeated short
ischemic episodes induce a specific mitochondrial state that contribute to neuroprotection by
inducing beneficial cellular mechanisms. Strikingly, the mitochondrial dysfunction
phenotype which is normally induced by I/R is highly similar to the one that has been
observed in many tissues of the long-lived Mc/k2*/~ mutant mice, which are also
characterized by decreased respiration rate, low ATP levels, and increased oxidative stress
(Lapointe and Hekimi, 2008). Interestingly, it has been proposed that blockage of the
electron transport chain and the production of ROS are essential to obtain an efficient
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preconditioning response in experimental models (Lesnefsky, et al., 2004, Ravati, et al.,
2001). The mitochondrial dysfunction phenotype observed in many tissues of Mclk1~
mutants that have been analyzed has not yet been observed in the brain (Lapointe and
Hekimi, 2008), which could suggest that it is different or much milder in this organ. Indeed,
in contrast to other organs, the brain’s mitochondrial function and oxidative status in
Meclk1*'~ animals has not been explored in depth, and, to date, only a small, non-significant,
decrease in mitochondrial oxygen consumption was reported (Lapointe and Hekimi, 2008,
Lapointe, et al., 2009). The evaluation of additional markers, expecially those related to
oxidative stress, will be needed to confirm the notion of a milder phenotype. A chronic
phenotype as induced by a mutation might have to be mild for it to function as
preconditioning and still be favorable. Another way to explore this question will be to study
the response to I/R in tissues that are more severely affected in the mutants, such as the
heart.

The hypothesis that a cerebral preconditioning-like effect is involved in the resistance of the
MeclkI*~ mice against I/R insult is strengthen by our previous observation of the
upregulation of several protective mechanisms in these animals. Indeed, the liver
mitochondria of Mc/k2*/~ mice exhibit higher GPx and SOD?2 activities, which are the main
mitochondrial enzymatic antioxidants. The raise in SOD2 activity is particularly relevant
because it was reported that a decrease in SOD2 activity is associated to I/R injury and that
SOD2 deficiency exacerbates cerebral infarction and worsens neurological deficits after I/R
in Sod2*/~ mice (Jung, et al., 2009, Kim, et al., 2002). In contrast, mice overexpressing the
same enzyme developed smaller infarcts in response to cerebral artery occlusion (Keller, et
al., 1998). Moreover, SOD2 expression is enhanced by preconditioning treatment in rodents
(Kato, et al., 1995). Taken together, all these data concerning the principal mitochondrial
defence against superoxide suggested that elevated SOD2 expression in Mc/kI*/~ mutants
could contribute to their neuroprotection and might consequently contribute to increase their
lifespan. Recently, we have also demonstrated that the Mc/kZ*/~ condition prevents the
deterioration of mitochondrial function and the associated increase of global oxidative stress
that is normally observed in Sod2"/~ mutants (Lapointe, et al., 2009).

After reperfusion, blood supply is not immediately fully recovered and brain cells are still
under hypoxia because many microvessels are damaged during ischemia. Under these
conditions, the affected brain initiates physiological responses such as induction of
protective and angiogenic factors to ensure cellular adaptation to lower oxygen. Several
genes encoding such factors have been shown to be induced at the transcriptional level in
response to cerebral hypoxia (Kim, et al., 2009). It is now well recognized that the key
regulator of this response is the hypoxia-inducible factor-1 (HIF-1a)) (Chandel and
Budinger, 2007, Huang, et al., 1998, Schumacker, 2005). Indeed, during hypoxia, HIF-1a
regulates the expression of many genes notably involved in oxygen transport, energy
metabolism, apoptosis, cell proliferation, and other processes that are directly related to cell
survival (Hu, et al., 2003, Semenza, 2000). Interestingly, we have recently reported that
Meclk1*/~ mice display increased basal and induced expression of HIF-1a. in liver and
macrophages (Wang and Hekimi, 2009). It is therefore possible that the ischemic tolerance
of Mclk1 mutants is mediated by increased HIF-1a expresssion. Notably, it was suggested
that since low levels of HIF-1a remain active even under normoxic conditions, basal HIF-1a
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activity can affect cellular resistance to acute stresses that do not permit sufficient time to
establish a de novo transcription—translation response (Loor and Schumacker, 2008). If this
assumption is correct, the increased basal levels of HIF-1a that was observed in tissues and
macrophages of Mc/k1*/~ mice could likely contributed to neuroprotection. Moreover,
ischemic episodes are also generally associated with an inflammatory response mainly
triggered by HIF-1a and in which several inflammatory cytokines, such as tumor necrosis
factor-a. (TNF-a) and interleukin-6 (IL-6), are released or activated in order to promote
infiltration of leukocytes and activation of resident microglial and astroglial cells. In fact
these two cytokines were shown to be up-regulated in the Mc/k2*/~ mice (Wang and Hekimi,
2009). These molecules are also implicated in brain preconditioning and neuroprotection
against various toxic insults such as I/R (Saha, et al., 2009, Wang, et al., 2000, Westberg, et
al., 2007).

In summary, despite the fact that is difficult to evaluate by how much cerebral accidents
really contribute to death in Mc/kI*/~ mutants, we surmise that the ischemic tolerance
phenotype revealed in the present study is likely implicated in their increased lifespan.
Moreover, previously characterized aspects of the Mc/k1*/~ phenotype, such as reduced
mitochondrial function, increased HIF-1a expression, and an enhanced inflammatory
response, could be linked to this neuroprotective effect.
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YOUNG ANIMALS
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Figurel.
Comparison of BCCAO-induced neuronal damage in hippocampus and cerebral cortex of

young Mclk1*/* and MclkI*/~ mice. The panels shown for both groups are representative
hematoxylin/eosin-stained slides of the CAL (A-D) and the CA3 (E-H) regions of the
hippocampus and of a portion of the cerebral cortex (I-L). Sections of control (sham
operated) and ischemia-reperfused animals were presented for each analyzed region (scale
bar, 50 um).
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Figure2.
Quantification of neurodegeneration in hippocampus and cerebral cortex of young Mclk1**

and Mclk2*~ mice. Neurological damage was determined in CA1 (A), CA3 (B) as well as in
the cortex region (C) of control (sham operated) and ischemia-reperfused (I/R) animals of
both groups. Data are means + SEM of 11-20 animals. * denotes statistical significance of
the differences between Mc/k1*/* and Mclk1*/~ animals following BCCAO, P < 0.05.
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OLD ANIMALS
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Figure 3.
Comparison of BCCAO-induced neuronal damage in the hippocampus and cerebral cortex

of old Mclk1*”* and Mclki*/~ mice. The panels shown for both groups are representative
hematoxylin/eosin-stained slides of the CA1 (A-D) and the CA3 (E-H) regions of the
hippocampus and of a portion of the cerebral cortex (I-L). Sections of controls (sham
operated) and ischemia-reperfused animals are presented for each region analyzed (scale bar,
50 um).

Exp Neurol. Author manuscript; available in PMC 2014 June 11.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHIO

1duasnuel Joymny YHID

Zheng et al.

OLD ANIMALS

Hippocampus (CA1)

i

++  +H+UR 4 +-IR

Hippocampus (CA3)

*
1

—_ -

15
X
c
.2
=
S 101
Q
c
Q
o))
3
o 5
S
=
()
Z
0
20
X
s
= 15
o
Q
5 10
(o))
()
3
5 5
(]
z
0
30
X
5 =
S
£ 201
(]
S 15
[e))
5
S 104
S
2 s
z
0

++ H++UR  +-  +-1R

Cortex

T

Figure 4.

++ +/+I1/R  +/- +#-IR

Page 18

Quantification of neurodegeneration in hippocampus and cerebral cortex of old Mclk1*/*
and Mclk1?~ mice. Neurological damage was determined in CA1 (A), CA3 (B) as well as in
the cortex (C) of control (sham operated) and ischemia-reperfused (I/R) animals of both
groups. Data are means + SEM of 9-18 animals. * denotes statistical significance of the

differences between Mclk1*/* and Mclk1?/~ animals following BCCAO, P < 0.05.
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Table 2

Brain blood flow changes measured after ischemia (5 minutes for young animals and 3 minutes for old
animals) and after reperfusion (5 minutes).

After ischemia (% of pre-ischemialevel) After reperfusion (% of pre-ischemia level)

Moclk1 ™ 4717 93.6+17
Young animals

Mclk1 = 55+22 97.0+13

Meclk-1+* 9.7+6.2 935+ 14
Aged animals

Mclk-1+~ 9.1+56 95.4 + 11
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