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Abstract
Mitochondrial dysfunction plays an important role in mediating ischemic brain damage. Immp2l is
an inner mitochondrial membrane peptidase that processes mitochondrial proteins cytochrome c1
(Cyc1). Homozygous mutation of Immp2l (Immp2lTg(Tyr)979Ove or Immp2l−/−) elevates
mitochondrial membrane potential, increases superoxide (•O2

−) production in the brain and
impairs fertility. The objectives of this study are to explore the effects of heterozygous mutation of
lmmp2l (Immp2l+/−) on ischemic outcome and to determine the influence of Immp2l deficiency
on brain mitochondria after stroke. Male Immp2l+/− and wild-type (WT) mice were subjected to 1-
h focal cerebral ischemia. Their brains were harvested after 5 and 24-h of reperfusion. The results
showed that infarct volume and DNA oxidative damage significantly increased in the Immp2l+/−

mice. There were no obvious cerebral vasculature abnormalities between the two types of mice
viewed by Indian ink perfusion. The increased damage in Immp2l+/− mice was associated with
early increase in •O2

− production. Mitochondrial respiratory rate, total mitochondrial respiratory
capacity and mitochondrial respiratory complex activities were decreased at 5-h of recirculation in
Immp2l+/− mice compared to WT mice. Our results suggest that lmmp2l deficiency increases
ischemic brain damage by enhancing •O2

− production and damaging mitochondrial functional
performance.
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Introduction
Mitochondrial inner membrane peptidase (Imp) is a signal peptidase complex responsible
for proteolytic processing of certain precursor or intermediate polypeptides that are exported
from matrix. In yeast, the peptidase is comprised by two catalytic (Imp1 and Imp2) and one
non-catalytic (Som1) subunits. Homologues of Imp in the mammalian genome are Imp1
inner mitochondrial membrane peptidase-like (Immp1l) and Imp2 inner mitochondrial
membrane peptidase-like (Immp2l). The substrate for Imp2 is Cyc1 and mitochondrial
glycerol phosphate dehydrogenase 2 (GPD2) and those for Imp1 include GPD2, cytochrome
b2, cytochrome c oxidase subunit II, and NADH-cytochrome b5 reductase (Behrens et al.,
1991; Nunnari et al., 1993; Esser et al., 2004). While deletion of Imp1 in yeast is lethal,
deletion of Imp2 affects the processing of Cyc1 signal peptide. Cyc1 need to be processed
through two steps in order to exert proper function in mitochondrial electron transport.
Incomplete processing of Cyc1 may hamper electron transport. Functions of Immp1l remain
unknown at this time. Mutation of Immp2l gene has been linked to Gilles de la Tourette
syndrome, a neurological disorder characterized by multiple involuntary motor and vocal
tics (Petek et al., 2001). In two recent studies, it was observed that homozygous mutation of
human lmmp2l gene in mouse results in impaired gametogenesis and erectile dysfunction in
males, infertility in females, and bladder dysfunction in both (Lu et al., 2008; Soler et al.,
2010). These manifestations are likely associated with impairment of signal peptide
sequence processing of Cyc1, hyperpolarization of mitochondrial membrane potential,
increased production of •O2

−, and insufficient availability of nitric oxide (Lu et al., 2008).

Mitochondrial plays a central role in pathophysiology of many neurodegenerative diseases,
including stroke. Increased free radical production from mitochondria triggers formation of
a mitochondrial permeability transition pore (mPTP), which leads to release of pro-apoptotic
proteins such as cytochorome c and apoptosis-inducing factor (AIF). The consequence is
activation of cell death pathways and eventually cell death (Chen et al, 1998; Crompton et
al, 2002; Di Lisa et al, 2003; Halestrap 2006; Yu et al, 2009; Martin et al, 2010). Studying
the mitochondrial proteins under normal and pathological conditions will assist us to acquire
critical knowledge toward our understanding to mitochondria and mitochondria-associated
diseases. Since deletion Immp2l causes incomplete cleavage of Cyc1 that leads to increased
ROS and the brain is a lipid-rich organ that is extremely sensitive to ROS, we hypothesize
that deficiency in lmmp2l gene may exacerbate mitochondrial dysfunction and increase
brain damage after middle cerebral artery occlusion (MCAO). To test this hypothesis, we
induced 1-h of MCAO in WT and Immp2l+/− mice and collected their brains at 5- and 24-h
of recirculation. Our results demonstrated that deficiency in Immp2l gene increased cerebral
infarct volume and oxidative DNA damage after MCAO. The enhanced brain damage in
Immp2l+/− mice was associated with elevation of ROS production and suppression of
mitochondrial respiration control ratio (RCR) and electron transport chain complexes II+III,
and IV activities in early reperfusion stage after transient focal ischemia.

Materials and Methods
Experimental Animals

Seventy-five male mice, 39 WT Friend Virus B NIH Jackson (FVB/N) and 36 Immp2l+/−

mice, weighing 18 to 20 g, were used in this study. All animal procedures were performed in
accordance with the NIH Guide for Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee at North Carolina Central University.
Breeding pairs of Immp2l+/− mice were obtained from Dr. Lu’s laboratory at Wake Forest
University School of Medicine and their off-springs were genotyped. Heterozygous Immp2l
mutant mice were used in the present studies based on the consideration that homozygous
Immp2l mutation mice have been shown to exhibit increased ROS production and
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mitochondrial dysfunction at basal level (Lu et al 2008) and to accelerate aging (George et al
2011). It is therefore predictable that the Immp2l−/− animals are going to be vulnerable to
ischemic injury. Studying the Immp2l+/− mice, who showed no altered ROS levels under
physiological condition, challenged by ischemia and reperfusion injury may help to better
understand the importance of this mitochondrial peptidase in health and disease conditions.

The Immp2l+/− mice have been maintained for at least 18 months by the time of the current
manuscript submission. These mice gain the same weight as the wildtype and no other gross
abnormality. The only phenotypical character that has been observed in this colony is
change in hair color to light grey or dusty white. The lmmp2l+/− and WT littermates were
used in this study. Animals were divided into sham-operated controls, ischemia plus 5- and
24-h of reperfusion. Numbers of animals used in the various experimental groups are given
in figure legends.

Mouse model of focal cerebral ischemia
Prior to the induction of ischemia, mice were fasted overnight with free access to water.
Animal fasting blood glucose levels were between 4 and 6 mM. Anesthesia was induced by
inhalation of 3.5% isoflurane in a mixture of N2O:O2 (70:30) and maintained at 1–1.5%
isoflurane with a facial mask during surgical procedures. Body temperature was maintained
to 37±0.5°C by a combination of a heating lamp and a heating blanket (T/Pump, TP650,
Gaymar Industries, Inc, Orchard Park, NY, USA). Transient MCAO was induced by the
intraluminal filament technique as previously described (Koizumi et al., 1986; Haines et al.,
2010). For reperfusion, mice were re-anesthetized and the filament was removed after 1-h of
MCAO to restore blood flow. After MCAO, neurologic behaviors were examined, and only
animals with neurological signs of diminished resistance to lateral push, walking to the left
after being pulled backwards by the tail, or with spontaneous contralateral circling were
included in the study. Five mice were excluded due to surgical failure. Upon predetermined
end points (5- and 24-h of reperfusion), animals were either perfusion-fixed with 4%
paraformaldehyde or euthanized. Brain samples used for immunohistochemistry were
sectioned on a vibrating microtome (VT1000S, Leica Microsystems, Wetzlar, Germany) and
those for mitochondrial function measurements were processed immediately for
mitochondria isolation.

Measurement of infarct volume
At 24-h of reperfusion, animals (10 WT and 7 Immp2l+/−) were deeply anesthetized with
5% isoflurane and transcardially perfused with ice-cold PBS. Brains were sectioned in
mouse brain matrix (Harvard Apparatus, Holliston, MA, USA) at a thickness of 1 mm.
Seven coronal sections were obtained between Bregma 3.7 mm and −6.04 mm and
incubated with 2% of 2,3,5-triphenyltetrazolium chloride (TTC) for 15 minutes at room
temperature. Brain slices were then fixed in 4% paraformaldehyde and electronically
scanned for acquisition and image processing. Infarct areas on each brain sections were
measured using NIH Image J software (rsb.info.nih.gov/nih-image) and infarct volumes
were calculated from all sections with corrections of intersection distance.

Anatomy of the MCA and Circle of Willis
Naïve mice (n=3 in each type of mouse) were deeply anesthetized and transcardially
perfused with 0.1M phosphate buffer (pH 7.4) to flush out the blood. Mouse was then
injected with Indian ink (25%) made in 6% gelatin and 0.1M Phosphate buffer. Temperature
during perfusion was maintained at 37°C. After perfusion brain was cooled to allow gelatin
solidification and fixed with 4% paraformaldehyde. Brain images were captured using a
Nikon digital camera.
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In situ detection of •O2− production
Animals were injected with 200 μl (1 mg/kg) of dihydroethidine (DHE, Molecular Probes
In. Eugene, OR, USA) intravenously 20–30 minutes before MCAO through a tail vein to
view superoxide formation (Zhao et al., 2003). Brains were briefly perfusion-fixed with 4%
paraformaldehyde at 5-h of reperfusion. The brains were removed and sectioned coronally at
30 μm thickness in ice-cold phosphate-buffered saline bath with a vibrating microtome
(VT1000S). Four coronal brain sections from Bregma 1.70 to −4.20 mm were selected and
mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA)
containing DAPI to view nuclear morphology. Three pre-selected microscopic fields at
400X magnification from the cortical and striatal regions of ipsilateral hemisphere of each
mouse were captured with a Nikon confocal laser-scanning microscope (ECLIPSE Ti-U,
Nikon Instruments Inc. Melville, NY). Fluorescence intensity of the oxidized DHE was
measured using NIS Elements software (Nikon Instruments Inc. Melville, NY, USA).

Oxidative DNA Damage
At 5- and 24-h of reperfusion, animals (n=4 per group) were perfusion-fixed with 4%
paraformaldehyde. The brains were post-fixed in the same solution, and sectioned at 30 μm
thicknesses using a vibrating microtome (VT1000S, Leica). After being washed with Tris-
buffered saline containing 0.1% triton X-100 and blocked with 3% BSA, the sections were
incubated overnight with primary mouse monoclonal antibody (1:1000 dilution, clone 15A3,
Abcam Cambridge, MA, USA) for 8-hydroxy-2-deoxyguanosine (8-OHdG), a marker for
DNA oxidative damage. The sections were then incubated with Alexa Fluor 488 conjugated
secondary antibody (1:500; InVitrogen, Eugene, Oregon, USA) for 2-h at room temperature.
The sections were mounted on glass slides using Vectashield mounting medium (Vector
Laboratories, Burlingame, CA, USA) containing propidium iodide. Three pre-selected
anatomical spots in the ipsilateral striatum and cortex were selected for image capture.
Images were captured using a Nikon laser-scanning confocal microscope (ECLIPSE Ti-U,
Nikon Instruments) at a 400X magnification. The number of 8-OHdG-positive stained cells
were counted using NIH Image J software (rsb.info.nih.gov/nih-image).

Measurements of mitochondrial respiration and complex activities
The cerebral cortical and striatal areas of the control and ischemic mice with 5-h recovery
were rapidly dissected and homogenized in 10 volumes of the 1x Extraction Buffer
(MITOSIO1, Sigma) containing isotonic solution of mM HEPES, pH 7.5, 200 mM
mannitol, 70 mM sucrose, 1 mM EGTA and 2 mg/ml dilapidated BSA. The homogenate
was centrifuged at 600g for 5 min, the supernatant was removed, and the pellet was
resuspended with 1x Extraction Buffer. The resuspended pellet was centrifuged again at
11,000g for 10 min. The final pellet was resuspended in 1x Extraction Buffer (~40 ml/100
mg tissue). Protein concentrations were determined with a Bio-Rad protein assay (Bio-Rad)
and 0.2 mg of protein was used for respiration studies. Mitochondrial respirations at
different complexes were assessed in a peltier temperature-controlled two chamber high-
resolution respirometer (O2K, Oroboros Instruments, Austria) at 37°C. To avoid any
potential oxygen limitation, all experiments were conducted after hyperoxygenation
(approximately 400 nmol O2/ml). Briefly, isolated mitochondria were incubated in
mitochondrial respiration medium MiR05 (110 mM sucrose, 0.5 mM EGTA, 3.0 mM
MgCl2, 80 mM KCl, 60 mM K-lactobionate, 10 mM KH2PO4, 20 mM Taurine, 20 mM
HEPES, 1.0 g/l BSA, pH 7.1) and respiration was initiated using saturating amounts of ADP
(5 mM) following the addition of glutamate (10 mM) and malate (5 mM) for complex I,
succinate (10 mM) and rotenone (0.5 μM) for complex II+III, and TMPD/ascorbate (0.5/2
mM) and antimycin A (2.5 μM) for complex IV. RCR was calculated as the ratio of
respiration induced in the presence of ADP (state 3 respiration) to the respiration when ADP
is completely utilized (state 4 respiration). Oligomycin was added to eliminate the
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contribution of ATP cycling hydrolysis by contaminating ATPases and resynthesis by the
mitochondrial ATP synthase to state 4 respiration. Total mitochondrial respiratory capacity
(MRC) of isolated mitochondria in WT and Immp2l+/− mice was subsequently measured by
titration with 5 nM carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP).

Statistics
All data are presented as means ± s.d. Student’s t-test was used to analyze the difference in
infarct volume between the two animal species. One-way ANOVA followed by Tukey’s test
was used to analyze the data for •O2

−, DNA oxidative damage, and mitochondrial functions.
A p value <0.05 was considered as significant.

Results
Enlargement of Infarct Volume

Focal ischemia of 1-h duration induced brain infarct in the striatum, slightly reaching to
overlaying cortex, in WT mice at 24-h of reperfusion. The infarct volume was significantly
enlarged in lmmp2l+/− mice compared with the WT mice, covering both the striatum and the
cortex (Fig. 1A). As a result, the infarct volume increased from 12.1±9.0 percent hemisphere
in the WT mice to 30.9±14.1 percent in Immp2l+/− mice (Fig. 1B). Brain edema was also
calculated by comparing the volume of ipsilateral to that of contralateral hemisphere. There
is no significant difference between the two groups albeit there is trend that Immp2l+/− mice
tend to have bigger increase in edema.

Cerebral Vasculature
To evaluate whether Immp2l deficiency causes phenotypic changes in the cerebral
vasculature, we transcardially injected Indian black ink and imaged the cerebral blood
vessels (Fig. 2). Both WT and Immp2l+/− mice showed intact and correct alignment of the
Circle of Willis, anterior, middle, and posterior cerebral arteries with no remarkable
difference.

Enhanced •O2− Production
Superoxide production was detected in situ using DHE fluorescent probe. DHE specifically
reacts with intracellular •O2

− and forms precipitates that emit red fluorescence under
excitation and emission wave length of 480 nm and 567 nm, respectively (Zhao et al, 2003).
Quantification of red fluorescence intensity revealed that a small amount of •O2

− was
produced in animals at the baseline without being subjected to ischemia. Ischemia of 1-h
duration resulted in a significant production of •O2

− at 5-h of recovery in the ischemic
cortex and striatum of the WT mice compared to non-ischemic control animals (p<0.001).
Superoxide production in lmmp2l+/− mice further increased at 5-h of recirculation in the
cortex and striatum when compared to control animals, as well as to WT mice at 5-h of
reperfusion. Fig. 3A and 3B are microphotogram showing DHE staining obtained from the
cortex and striatum of the WT and Immp2l+/− mice, respectively. Summarized data are
given in Fig. 3C and 3D.

DNA damage
DNA oxidation results, as determined by anti-8-OHdG antibody staining on sections
obtained from WT and Immp2l+/− mice, showed no 8-OHdG-positive staining in non-
ischemic control animals in both WT and Immp2l+/− mice (Fig. 4, left column). The total
number of 8-OHdG-positive cells increased in both cortical and striatal structures at 5-h of
recovery with no significant difference between Immp2l+/− and WT animals (Fig. 4, middle
column). The number of 8-OHdG-positive neurons further increased at 24-h of recovery in
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both cortex and striatum with a more significant increase in Immp2l+/− than in WT animals
(Fig. 4, right column).

Mitochondrial functional performance
To verify if lmmp2l deficiency affectes mitochondrial functional performance, we measured
oxygen consumption at state 3 and state 4 in order to determine respiratory control ratio
(state 3/4) and then measured FCCP induced maximum increase in oxygen consumption for
mitochondrial respiratory capacity (MRC) using NADH-(glutamate and malate) and
FADH2-linked (succinate) substrates. As summarized in Table 1, RCR, which reflects the
coupling of respiration to phosphorylation, is ~15 and 10 % higher on complex I and II
dependant substrates, respectively, in Immp2l+/− as compared to WT control mice at
baseline. In contrast, RCR decreased significantly following ischemia/reperfusion in both
sets of animals with a more profound decrease being observed in Immp2l+/− mice.
Therefore, RCR decreased about 35 and 5 % for complex I and II, respectively, in WT mice,
whereas the decreases were around 55% and 18 % (complex I and II) in Immp2l+/− mice
when compared with their non-ischemic controls.

The MRC that reflects the FCCP-induced maximum respiration was higher (18 and 17 %)
with complex I and II dependant substrate in non-ischemic Immp2l+/− as compared to WT
animals. In contrast, cerebral ischemia significantly reduced the capacity in Immp2l+/− as
compared to WT. Thus 26 and 30% of reduction in MRC was observed in Immp2l+/− mice
as compared to 0 and 20% decrease in WT animals (Table 1).

Mitochondrial respiratory chain complex activities
Measurement of mitochondrial complex I, II+III, and IV activities using specific substrate-
inhibitors (Fig 5A and 5B) revealed that the activity of each complex was slightly higher in
Immp2l+/− animals than in WT mice without being subjected to ischemia (p<0.05).
Transient MCAO significantly suppressed the activity of complex I in WT mice (43% of
control value). The activities of complex II+III and IV were also decreased to 65% and 54%
of the control levels but did not reach statistical significance. Compared to WT animals,
Immp2l+/− mice induced a much pronounced pan-inhibition to the activities of complex I, II
+III and IV. Therefore the activities were reduced to 28%, 43% and 44% of the control
values for complex I, II+III and IV, respectively at 5-h of reflow in Immp2l+/− mice.

Discussion
Our results provide the first in vivo study demonstrating that Immp2l+/− significantly
enlarges infarct volume and increases DNA oxidative damage after transient MCAO. This
damage was not due to vasculature abnormalities, as no major differences in the major
cerebral vasculature were found between wild-type and Immp2l +/− mice. At present stage
we could not rule out the contribution of blood circulation since reduced nitric oxide
availability has been reported in homozygous Immp2l mice (Lu et al., 2008). We are
conducting microvascular patency studies using these mice to further clarify the contribution
of blood circulation to the damage. The detrimental effects of Immp2l deficiency to
ischemic brain are most likely due to loss of activity of Immp2l, resulting in increased ROS
production. As shown in Fig. 3, •O2

− productions were significantly increased after only 5-h
reperfusion in both the cortex and striatum of Immp2l+/− mice compared to WT mice at an
identical reperfusion stage. Consequently, enhanced DNA oxidative damage was evident in
Immp2l+/− mice at 24-h reperfusion (Fig. 3). Increased •O2

− production in brain, sperm and
testis has been observed in unchallenged homozygous Immp2l−/− mice that exhibited
hyperpolarization of mitochondrial inner membrane potential and incomplete processing of
Cyc1 (Lu et al., 2008). In addition, the higher production of ROS in Immp2l deleted mice
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may be associated with increased vulnerability to brain damage following cerebral ischemia
since Immp2l mutation increase the early onset of aging process (George et al., 2011) and
age is an important attributor of stroke. Immp2l uses GPD2 and Cyc1 as substrates (Esser et
al., 2004; Lu et al., 2008). The cytosolic GPD2 transports electrons from cytosolic NADH to
mitochondria via malate-aspartate shuttle. The mitochondrial GPD2 oxidizes FAD+ to
FADH2. Therefore, GPD2 plays an important role in energy metabolism and oxidation in the
mitochondria (Alfadda et al., 2004). Previous studies in Drosophila mitochondria have
shown that GPD produces •O2

− (Miwa and Brand, 2004). In the study published by Lu and
colleagues, GPD2 was incompletely processed in both homo- and hetero-zygous Immp2l
mutant mice (Figure 2C, Lu et al 2008). Incomplete process of GPD2 may lead to metabolic
and mitochondrial abnormalities that need to be further characterized.

Cyc1 is a major component in mitochondrial complex III. Cyc1 is processed in a two-step
reaction, where the second processing step required for the maturation of Cyc1 is mediated
by Immp2l. The incomplete processing of Cyc1 could disturb mitochondrial electron
transport, resulting in increased production of •O2

−. Increased ROS production has been
reported to promote formation of a mitochondrial permeability transition pore that permits
release of mitochondrial proteins and thereby activation of cell death pathways (Kroemer et
al., 2007; Zhu et al. 2007; Leung and Halestrap, 2008; Ryu et al., 2010). Our parallel study
using the same animal protocol has revealed that cleaved caspase-3 and AIF protein levels in
the nuclear fractions of the Immp2l+/− mice increased significantly at 5-h of reperfusion
(Ma et al unpublished date). These data suggest Immp2l plays an important role in
maintaining normal mitochondrial function and in mediating cell death after ischemic
stroke.

Our results demonstrated that Immp2l+/− impaired mitochondrial functional performance
after transient MCAO. Mitochondria are vital for both cell survival and death. Dysfunctional
mitochondria limit energy production by inhibition of ADP phosphorylation and causing
ATP depletion. In addition, failure to restore the normal mitochondrial function during
reperfusion after ischemia is associated with energy collapse and further deterioration of
mitochondrial function (Rehncrona et al., 1979). We observed that RCR decreased more
markedly at 5-h of reperfusion following 1-h MCAO in Immp2l+/− mice, suggesting that
Immp2l+/− mice were more vulnerable to ischemia and reperfusion injury, probably due to
defects at the ETC level (Rehncrona et al., 1979). The exacerbated mitochondrial
dysfunction observed in Immp2l+/− mice probably accounts for the enlargement of infarct
volume. In addition, the present study revealed the increased impairment of mitochondrial
respiratory capacity in Immp2l+/− mice while mitochondrial respiratory capacity remained
only partially affected (complex II substrate) or unaffected (complex I substrate) in WT
mice. Since the maximal rate of uncoupled respiration was used to measure MCR, our
results also suggest that Immp2l+/− affected mitochondrial capacity more prominently after
stroke as compared to WT animals.

Our results showed that the enzymatic activities of mitochondrial respiratory complexes
were slightly higher in Immp2l+/− than in WT mice. This is consistent with the reported
evidence of higher complex I activity in homozygous mutant (Lu et al 2008). It is not clear
whether the increased activity observed in the present study is a phenotype of Immp2l+/−

mice at cellular level, or hyperactive mitochondria due to incomplete processing of Immp2l
substrate GPD2. It has been reported that deletion of GPD2 gene in mouse leads to high
ratio of NADH to NAD (Alfadda et al., 2004). This could be a potential explanation for our
observation. Among the detected complexes, only complex I activity was reduced after
ischemia in WT mice. In contrast, the activities of all detected mitochondrial complexes (I,
II+III and IV) were significantly suppressed in the Immp2l+/− mice, implying that
dysfunction of Immp2l caused additional inhibition to the mitochondrial complexes. The
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mitochondrial complexes are very sensitive to oxidative stress and partially inhibited
complex I leads to enhanced ROS production (Robinson, 1998; Kudin et al., 2004). Since
both complex I and complex III are important sources of ROS production, particularly in the
brain mitochondria (Kushnareva et al., 2002), it is reasonable to hypothesize that pan-
suppression of mitochondrial complexes in Immp2l+/− mice may be related to greater
production of ROS, and thereby increased brain damage following cerebral ischemia.

In summary, heterozygous Immp2l mutation enlarged infarct volume at 24-h of recovery
following a transient MCAO of 1-h duration compared to WT animals. This is probably due
to increased •O2

− production and corresponding DNA oxidative damage. Mitochondrial
experiments indicate that mitochondrial respiratory function and complex activities were
impaired in early reperfusion phase of the Immp2l+/− mice. Deficiency in Immp2l increases
the susceptibility of brain cells to ischemia and reperfusion injury. These data suggest that
mitochondrial Immp2l plays an important role in cells’ ability to cope with and recover from
stress.
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Abbreviations

CCA common carotid artery

Cyc1 cytochrome c1

DHE dihydroethidine

ETC electron transport chain

GPD2 glycerol phosphate dehydrogenase 2

GPXs glutathione peroxidases

Imp mitochoncdrial inner membrane peptidase

Immp2l Imp1 inner mitochondrial membrane peptidase- like

Immp2l−/− homozygous Immp2l mutant

Immp2l+/− heterozygous Immp2l mutant

MCAO middle cerebral artery occlusion

MRC mitochondrial respiratory capacity

mPTP mitochondrial permeability transition pore

8-OHdG 8-hydroxy-2-deoxyguanosine

RCR respiratory control ratio

ROS reactive oxygen species

SOD superoxide dismutase

TTC 2,3,5-triphenyltetrazolium chloride

WT wild-type
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Highlights

• Immp2l deficiency increases infarct volume after focal cerebral ischemic stroke.

• cerebral vasculature is normal in Immp2l deficient mice.

• Enlarged infarct volume in Immp2l deficient mice is associated with enhanced
production of superoxide.

• Defect in Immp2l suppresses mitochondrial respiration and respiratory complex
activities after stroke.
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Fig. 1.
Brain infarct volume. A, Representative TTC stained brain sections showing infarct volume
(white color) at 24-h of reperfusion following 1-h of MCAO in WT and Immp2l+/− mice. B,
Bar graph summarizes the mean values of cerebral infarction in WT (n=10) and Immp2l+/−

mice (n=7). Infarct volume enlarged significantly in Immp2l+/− mice. **p<0.01.
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Fig. 2.
Cerebral vasculature. Mice (n=3 each group) were perfused with Indian black ink to
determine whether there were vascular abnormalities in the Immp2+/− mice. The Circle of
Willis, anterior cerebral arteries, middle cerebral arteries, and posterior arteries all appear
normal as compared with those in WT (FVB) controls.
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Fig. 3.
Superoxide production detected by DHE. Panels A and B are representative
photomicrograms showing •O2

− production in WT and Immp2l+/− mice. Animals were
injected with DHE 30-min prior to being subjected to control or 1-h MCAO with 5-h
reperfusion. Sections were collected from the cortex (A) and striatum (B). Nuclei were
labeled with DAPI. Magnification, 400X. Scale bar = 50 μm. Panels C and D are
summarized DHE fluorescent intensity in the cortex (C) and striatum (D). Data are
presented as means ± s.d. (n = 4 per time point). †††P < 0.001 vs. sham-operated control in
same type of animals, and *P < 0.05, ***P < 0.001 vs. WT at an identical time point.
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Fig. 4.
DNA oxidative damage detected by 8-OHdG immunohistochemistry. Fluorescent stainned
brain sections show DNA oxidative damage in the cortex and striatum of the WT and
Immp2l+/− mice. Animals were subjected to sham-operation (Control), or 1-h MCAO with
5- or 24-h of reperfusion (n=4 each group). Nuclei were labeled with propidium iodide (PI).
Magnification, 400X. Scale bar = 50 μm. Bar graphs show the number of 8-OHdG positive
cells per section in the cortex and striatum. Data are presented as means ± s.d. †P < 0.05, ††P
< 0.01, †††P < 0.001 vs. sham-operated control in same type of animals, and **P < 0.01,
***P < 0.001 vs. WT at an identical time point.
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Fig. 5.
Mitochondrial respiratory rate at different complexes. A, Upper panel shows Oxygen
consumption in control and 1-h MCAO plus 5-h reperfusion (1/5h) in FVB and Immp2l+/−

mice brain mitochondria (n=3 each group). Lower panel shows the respiratory rate following
addition of substrates. The respiration rate, hence oxygen utilization, was initiated by the
addition of glutamate and malate (G-M) for complex I, succinate (S) and rotenone (rot) for
complex II+III, and TMPD/ascorbate (T-As) and antimycin A (AA) for complex IV. The
activity of each complex was calculated from the difference in reduction in oxygen content
in the presence of specific substrate and specific inhibitor. B, Summarized data show
activity of each complex in control (Ctr) and ischemia plus 5-h reperfusion (5h). Data are
presented as means ± s.d. (n = 4 per time point). *P<0.05, **p<0.001 and ***p<0.001.
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