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Neurobiology of Disease

Prohibitin Reduces Mitochondrial Free Radical Production
and Protects Brain Cells from Different Injury Modalities

Ping Zhou,'? Liping Qian,* Marilena D’Aurelio,> Sunghee Cho,"> Gang Wang,'? Giovanni Manfredi,? Virginia Pickel,'?
and Costantino Iadecola'?
'Division of Neurobiology, 2Department of Neurology and Neuroscience, Weill Cornell Medical College, New York, New York 10065

Prohibitin is an essential mitochondrial protein that has been implicated in a wide variety of functions in many cell types, but its role in
neurons remains unclear. In a proteomic screen of rat brains in which ischemic tolerance was induced by electrical stimulation of the
cerebellar fastigial nucleus, we found that prohibitin is upregulated in mitochondria. This observation prompted us to investigate the role
of prohibitin in neuronal death and survival. We found that prohibitin is upregulated also in the ischemic tolerance induced by transient
ischemia in vivo, or oxygen- glucose deprivation in neuronal cultures. Cell fractionation and electron-microscopic immunolabeling
studies demonstrated that prohibitin is localized to neuronal mitochondria. Upregulation of prohibitin in neuronal cultures or hip-
pocampal slices was markedly neuroprotective, whereas prohibitin gene silencing increased neuronal vulnerability, an effect associated
with loss of mitochondrial membrane potential and increased mitochondrial production of reactive oxygen species. Prohibitin upregu-
lation was associated with reduced production of reactive oxygen species in mitochondria exposed to the complex I inhibitor rotenone. In
addition, prohibitin protected complex I activity from the inhibitory effects of rotenone. These observations, collectively, establish
prohibitin as an endogenous neuroprotective protein involved in ischemic tolerance. Prohibitin exerts beneficial effects on neurons by
reducing mitochondrial free radical production. The data with complex I activity suggest that prohibitin may stabilize the function of
complex I. The protective effect of prohibitin has potential translational relevance in diseases of the nervous system associated with

mitochondrial dysfunction and oxidative stress.

Introduction
Mitochondrial failure is a key contributor to the pathobiology of
ischemic brain injury (Moskowitz et al., 2010). Mitochondria are
a major source of postischemic reactive oxygen species (ROS),
the production of which is triggered by excessive Ca>* accumu-
lation and electron transfer impairment (Fiskum et al., 2004).
Damaged mitochondria fail to produce ATP leading to bioener-
getic failure (Nicholls, 2008). In addition, mitochondrial Ca**
overload induces permeability transition (Halestrap et al., 2002;
Starkov et al., 2004; Chinopoulos and Adam-Vizi, 2006; Hal-
estrap, 2006), an event that causes the collapse of the mitochon-
drial membrane potential (Ays), failure of ATP synthesis, and
activation of cell death pathways (Chan, 2004; Danial and Kors-
meyer, 2004; Jemmerson et al., 2005).

Mitochondria are involved in the powerful neuroprotective
effect exerted by ischemic preconditioning (PC), a phenomenon
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in which ischemia not sufficient to produce extensive cell death
protects the brain from subsequent lethal ischemia (Gidday,
2006; Dirnagl et al., 2009; Iadecola and Anrather, 2011). In addi-
tion to hypoxia—ischemia, PC can be induced by a wide variety of
interventions including, anesthetics, toxins, and electrical stimu-
lation of the cerebellar fastigial nucleus (FN) (Reis et al., 1997;
Gidday, 2006). Several lines of evidence point to mitochondria as
key players in the mechanisms of ischemic tolerance (Chen etal.,
2007; Halestrap et al., 2007). Thus, PC preserves oxidative phos-
phorylation (Dave et al., 2001), improves mitochondrial resis-
tance to Ca®"-induced depolarization (Cho et al., 2005), and
improves the respiration of synaptic mitochondria (Dave et al.,
2008). However, the mitochondrial proteins that mediate this
protective effect have yet to be identified.

Prohibitin (PHB), a highly conserved protein, is involved
in multiple cellular processes including suppression of cell
growth, mitochondrial function, and protection from senes-
cence (Mishra et al., 2006, 2010; Artal-Sanz and Tavernarakis,
2009; Merkwirth and Langer, 2009). In human-derived cell lines,
PHB is associated with respiratory chain complex I in the inner
mitochondrial membrane and contributes its assembly and sta-
bility (Bourges et al., 2004). PHB is upregulated in the rat hip-
pocampus in exercise-induced neuroplasticity and in cardiac
cells after ischemic—hypoxic preconditioning (Ding et al., 2006;
Kim et al., 2006; Muraguchi et al., 2010). Furthermore, PHB
downregulation in endothelial cells increases mitochondrial ROS
production and promotes a senescent phenotype (Schleicher et
al., 2008). These observations raise the possibility that PHB is an
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endogenous protective protein, but its role in brain remains to be
established.

In a proteomic screening for proteins involved in the ischemic
tolerance induced by FN stimulation, we found that PHB is up-
regulated in mitochondria. This observation prompted us to in-
vestigate whether PHB is present in brain mitochondria and
protects neurons against injury. We found that PHB is localized
in neuronal mitochondria and, in addition to FN stimulation, is
also upregulated in a number of PC paradigms. Furthermore,
PHB expression reduced neuronal death in different injury mo-
dalities, whereas its downregulation increased neuronal suscep-
tibility to injury. The protective effect of PHB was associated with
suppression of mitochondrial ROS production and preservation
of complex I function. The findings identify PHB as a powerful
endogenous neuroprotective protein, which acts by supporting
mitochondrial function and may have translational potential in
several brain diseases.

Materials and Methods

Materials. Tissue culture reagents (medium, serum, and salt solutions),
antibody for cytochrome oxidase subunit IV (COX IV), and the indica-
tors MitoSOX Red, Mitotracker Red, dihydroethidium (DHE), and
DAPI were purchased from Invitrogen. Staurosporine, Percoll, and other
chemicals were from Sigma-Aldrich. Anti-PHB antibodies were from
NeoMarkers. Antibodies for histone H3 and calreticulin were from Cell
Signaling. The GAPDH antibody was from Millipore.

In vivo and in vitro PC models. Experimental procedures involving
animals were approved by the Institutional Animal Care and Use Com-
mittee. Surgical procedures for electrical stimulation of the FN in male
Sprague Dawley rats (body weight, 220-250 g) have been described in
detail previously (Reis et al., 1991; Zhou et al., 2001). Briefly, rats were
anesthetized with isoflurane (2—3% in 100% O,) and placed on a stereo-
taxic frame (Kopf). An electrode was placed in the FN (stereotaxic coor-
dinates: 5 mm rostral, 0.8 mm lateral, and 2 mm above the level of the
obex) and stimuli were delivered (100 wA; 50 Hz; 1 s on/1 s off) for 60
min (Reis et al., 1991). Stimulation of the dentate nucleus (DN) with the
same parameters, a procedure that does not induce preconditioning
(Reisetal.,, 1991), was used as a control. Three days later, a time when PC
is well established (Reis et al., 1998), brains were removed and processed
for mitochondrial isolation (see below). For ischemic PC, C57BL/6 male
mice were anesthetized with isoflurane (2-3%) and subjected to three
episodes of bilateral common carotid artery occlusion (BCCAO), each
lasting 1 min followed by 5 min reperfusion, a procedure that results in
induction of tolerance (Cho et al., 2005). Brains were harvested 24 h later
and processed for mitochondrial fractionation (see below).

For PC in vitro, medium in neuronal cultures (12 d in culture) was
replaced with buffered salt solution without glucose and subjected to
oxygen—glucose deprivation (OGD) for 60 min in a hypoxia chamber
(Billups-Rothenberg) by flushing the chamber with 95% N, and 5%
CO,, as previously described (Tauskela et al., 2003). This short OGD
protocol (PC-OGD) does not result in cell death, as assessed by morpho-
logical criteria, but induces tolerance to subsequent exposure to a lethal
OGD challenge of 4 h duration. Sham cultures were treated with buffer
containing glucose under normoxia and served as controls. Cells were
washed and lysed 24 h later for PHB protein level examination. In some
studies, preconditioned and sham-treated cultures were subjected to
OGD for 4 h to produce cell damage, and cell viability was assessed by
morphological criteria 24 h later as described previously (Zhou et al.,
2005a).

Mitochondria isolation and subcellular fractionation. Brains from
FN- or DN-stimulated rats were removed, and mitochondria were iso-
lated from cortex by differential centrifugation and purified by Percoll
gradient as described previously (Zhou et al., 2005b). Mitochondria from
PCI12 cells that were transfected with PHB and vector plasmids were
isolated with the same procedure, but without the gradient purification
step. Subcellular fractionation of mouse brain was performed using a
commercial kit (Calbiochem) following the manufacturer’s instructions.
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Proteins for the mitochondrial, nuclear, membrane, and cytosolic frac-
tions were loaded on to SDS gels in equal amounts, and the presence of
PHB was assessed by Western blot.

Two-dimensional gel electrophoresis. Two-dimensional (2-D) gel elec-
trophoresis of mitochondrial proteins isolated from FN- or DN-
stimulated rats was performed with a Bio-Rad Mini-Protean 2-D system.
Mitochondrial proteins (60 ug) were electrofocused in the first dimen-
sion based on difference in isoelectric points of proteins and separated on
second dimension (12% SDS-slab gel) based on difference in molecular
weight. After the second dimension separation, the protein spots in the
gel were visualized by staining with SYPRO Ruby Red (Invitrogen). Gel
images were captured and analyzed by a Kodak digital imaging station
2000R (Kodak). The stained protein spots were excised and submitted
for protein identification by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (performed by Biotechnology Core Fa-
cility of Cornell University, Ithaca, NY).

Western blot. After determination of protein concentration with DC
reagents (Bio-Rad), equal amount of proteins were gel-separated and
transferred to PVDF membranes. Membranes were incubated with spe-
cific antibodies in appropriate dilutions after blocking with 5% dry milk
in PBS for 1 h at room temperature. The membranes were washed three
times with PBST (PBS plus 0.1% Tween 20), incubated with appropriate
secondary antibodies for 1 h, washed, and developed by an enhanced
chemiluminescence system (ECL; GE Healthcare). Band intensity was
analyzed by using a Kodak Digital Imaging Station.

Plasmids construction. Two different human PHB expression plasmid
constructs were used in this study. The first contained the human PHB
mRNA coding sequence and was made by inserting a PCR amplified
human PHB sequence into pPCDNA-3 vector. The primer sequences used
in the PCR were as follows: forward primer, 5'-GCGGATCCGCCAC-
CatgGCTGCCAAAGTGTTTGAGTCC; reverse primer, 5'-GCGAA
TTCACTGGGGCAGCTGGAGGAGC. This construct was used to study
the effect of PHB expression in primary neurons. The second construct
contains a 10 aa c-Myc tag at the C terminus of PHB in the first construct.
The primer sequence for generating the Myc-tagged PHB is as follows:
5'-GCGAATTCACAGGTCTTCCTCACTGATCAGCTTCTGTTCCTG
GGGCAGCTGGAGGAGCACGGAC. All the constructs were checked
for sequence integrity and orientations by DNA sequencing on both
strands. The plasmids were purified using QIAGEN Kkits.

DNA and siRNA transfection into PC12 cells and primary neurons. PC12
cells were transfected with PHB and vector control constructs using the
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s in-
structions. Three days after transfection, transfected cells were selected
with G418 and the stable transfected cells were expanded for experi-
ments. To overexpress PHB in primary neurons, PHB plasmid was
cotransfected with the green fluorescent protein (GFP) plasmid by either
Lipofectamine 2000 reagent (Invitrogen) or by electroporation (Nucleo-
fector; Amaxa) with transfection efficiency of 3-5% for Lipofectamine
and up to 15% for Nucleofector. The primary neurons were prepared
from cortices of 15-16 d C57BL/6 mouse embryos. Five days after trans-
fection, the cultures were used for viability experiments after exposure to
staurosporine (STS) or xanthine/xanthine oxidase (X/XO) (see below).
siRNA was introduced into primary neurons by electroporation. Two
premade siRNAs specific for mouse PHB were purchased from Ambion.
The target sequences were as follows: GGGACUCAUUUCCUCAUCCtt
(siPHB-1); GGAGUUCACAGAGGCAGUALtt (siPHB-2). siRNAs that
do not have homolog to known mammalian sequence from both
Ambion and QIAGEN were used to serve as negative controls. After
electroporation-assisted transfection, primary neurons were plated
into 24-well plates and cultured for 5 or 13 d before being used for
experiments.

Neuronal cell death induction and analysis. Five days after transfection,
neuronal cultures were treated with STS (0.25 um) or X/XO (150 um/15
mU) for 1 h. The cells were washed, fixed (4% paraformaldehyde), and
stained with the nuclear dye DAPI (0.5 ug/ml) 24 h after treatment.
Cellular and nuclear morphology were viewed with an inverted fluores-
cence microscope (Nikon), and frames containing GFP+ cells were re-
corded through a CCD camera. For each GFP+ cell-containing frame,
three images were taken: one bright field, one for the GFP+ cells through
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Figure 1.

band intensity in B. *p << 0.05; n = 7/group. Error bars indicate SEM.

a green filter, and the third one for DAPI-stained nuclei through a blue
filter. To score dead and live cells that were GFP+, the green and blue
images were merged and the cell debris were excluded in comparison
with the bright-field images. The cells with fragmented and condensed
nuclei were scored as dead, while cells with normal nuclei were scored as
alive (Zhou et al., 2005a). For cells transfected with siRNA, the viability
was assayed either using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium (MTS) reagent
(Promega) or by trypan blue staining.

Organotypic hippocampal slice culture and OGD treatment. All procedures in-
volving newborn mice for hippocampal slices cultures were approved by the
Weill Cornell Medical College Institutional Animal Care and Use Committee.
Hippocampal slice cultures were prepared according to the procedure of Muller
etal. (2001) as previously described (Kawano et al., 2006; Kim et al., 2007; Yin et
al,, 2010). Slices were maintained in a humidified chamber and subjected to 45
min of OGD 14 d later. Procedures for OGD were identical with those used in
neuronal cultures and described above. Cell death in the CAl region of the
hippocampus was assessed by propidium iodide (PI) staining 24 h after OGD as
described previously (Kawano et al., 2006; Kim et al., 2007; Yin et al., 2010).

Mitochondrial membrane potential measurements. Changes in mitochondrial
membrane potential (Ay) in neurons were assessed using JC-1 as an indicator
(Reers et al., 1991). Neurons transfected with PHB siRNA were first treated with
X/XO. After 5 h, culture was incubated with JC-1 (3 um) for 30 min at 37°C. The
cells were washed and the intensity of red (emission, 590 nm) and green (emis-
sion, 530 nm) fluorescence was measured using a microplate reader (PerkinEl-
mer HTS 7000 Plus). The ratio of red to green was calculated and expressed as
percentage of controls (Reers et al., 1991).

ROS measurement in neurons. ROS production in neurons was as-
sessed with MitoSOX Red or DHE as an indicator. Primary neuronal
cultures cotransfected with PHB and GFP were incubated with MitoSOX
Red (4 um) or DHE (5 um) in the medium according to the manufactur-
er’s instructions. MitoSOX was washed out after 10 min, whereas DHE
was left in throughout the fluorescence measurement procedure. Identi-
cal cultures cotransfected with empty vector and GFP served as controls.
Using an inverted fluorescence microscope, baseline images of MitoSOX

Identification of PHB by 2-D gel electrophoresis and mass spectrometry. 4, Mitochondrial proteins from FN- and
DN-stimulated rat brain were separated on 2-D gels, and protein spots were visualized by Ruby Red staining. The open arrow
indicates the spot that corresponds to PHB with a probability of 100%. The closed arrow indicates a spot that corresponds to
annexin V binding protein with 60% probability. B, Western blot of mitochondrial proteins from FN- and DN-stimulated rat brain
confirming that PHB is upregulated in mitochondria of brains preconditioned with FN stimulation. The mitochondrial marker
cytochrome c oxidase (COX IV) was used to assure equal gel loading. Each lane contains 10 g of mitochondria. €, Quantification of

integrity of the viral vector construct was veri-
fied by DNA sequencing and restriction diges-
tion. rAAV virus vectors were produced by
University of lowa Gene Transfer Vector Core.
The empty vector without PHB sequence was
used as controls.

Mitochondrial complex I activity assay. All as-
says were performed at 30°C. Before analysis,
samples were freeze—thawed and gently shaken
three times to ensure mitochondrial lysis was
complete. Complex I activity was determined
as described previously (Birch-Machin and
Turnbull, 2001), following the oxidation of NADH at 340 nm using
ubiquinone-1 as the electron acceptor.

Electron-microscopic immunolabeling. Sprague Dawley rats (180—200
g; Charles River) were deeply anesthetized by intraperitoneal injection of
sodium pentobarbital (150 mg/kg) before fixation of their brain tissue by
vascular perfusion with a solution of 3.75% acrolein and 2% paraformal-
dehyde. The fixation procedure and electron-microscopic immunolabel-
ing have been described in detail previously (Chan et al., 1990). Briefly,
coronal sections (40 wm thick) of the aldehyde-fixed brain tissue were
cut through the somatosensory cortex using a Leica Vibratome (Leica
Microsystems). These sections were freeze-thawed to enhance penetra-
tion and placed in 1% sodium borohydride in 0.1 M PB to remove active
aldehyde before processing for immunoperoxidase labeling. For this, the
tissue sections were sequentially incubation at room temperature in
mouse anti-prohibitin (1 ug/ml; 24 h), biotinylated goat anti-mouse
(IgG; 1:200) (Jackson ImmunoResearch Laboratories), and Vectastain
ABC Elite kit (Vector Laboratories). All incubations were separated by
washes in 0.1 M PBS The product was visualized by reaction in DAB
(3,3'-diaminobenzadine) (Sigma-Aldrich) and hydrogen peroxide.
Controls consisted of processing the tissue for immunoperoxidase with
omission of the primary antibody. For electron-microscopic analysis, the
tissue was postfixed in 2% osmium tetroxide and embedded in plastic
using conventional methods. Images were collected with a digital camera
on a CM10 electron microscope (FEI).

Statistical analysis. Data are expressed as means = SEM. Two-group
differences were evaluated by the two-tailed paired or unpaired Student’s
t test, as appropriate.

FN

Results

PHB is upregulated in mitochondria by PC stimuli
Mitochondrial proteins from rats in which the FN was electrically
stimulated were resolved by 2-D gel electrophoresis. Rats in
which the DN was stimulated, a procedure that does not induce
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Figure 2.  PHB is upregulated in models of ischemic preconditioning in vivo and in vitro. A,
PHB is upregulated in mitochondria of brains preconditioned by BCCAO. B, Quantification of
band intensity in 4 (*p << 0.05; n = 7). (, PHB is upregulated in cell lysates from neuronal
cultures preconditioned with 0GD. D, Quantification of band intensity in € (*p < 0.05;n =
7/group). E, Neurons preconditioned with a nonlethal 0GD episode are more resistant to dam-
age produced by lethal 0GD. Cell viability was assessed by morphological criteria 24 h after
lethal 0GD (*p << 0.05; n = 4/group with >>1000 cells/group). Error bars indicate SEM.

ischemic tolerance (Reis et al., 1991), served as controls. Analysis
of the 2-D gel from mitochondria revealed two protein spots that
had consistently higher intensity in FN-stimulated brain (n = 6)
than in controls (n = 6) (Fig. 1A). One spot corresponded to a 30
kDa protein identified as murine PHB with 100% probability
(Fig. 1A). The other spot corresponded to a 26 kDa protein iden-
tified as annexin V binding protein with 60% probability (Fig.
1A). We focused subsequent analyses on PHB because of the
presumed cytoprotective properties of this protein (Mishra et al.,
2010). The upregulation of PHB was confirmed by Western blot-
ting of protein samples from mitochondria isolated from FN-
stimulated rat brain (Fig. 1B,C). Therefore, FN stimulation, a
potent PC stimulus, upregulates PHB in mitochondria. Next, we
sought to determine whether PHB is also upregulated by other
PC stimuli. Ischemic PC produced by episodes of transient
BCCAO in mice leads to substantial protection against focal ce-
rebral ischemic injury (Cho et al., 2005). BCCAO increased PHB
levels in brain mitochondria 24 h later (Fig. 2 A, B), a time frame
that coincides with neuroprotection in this model (Cho et al.,
2005). We also examined whether PHB is upregulated in an in
vitro PC model. Sublethal OGD rendered primary neuronal cul-
tures more resistant to lethal OGD administered 24 h later (Fig.
2E), an effect accompanied by an increase of PHB levels (Fig.
2C,D). Thus, PHB is upregulated in mitochondria by PC stimuli
both in vitro and in vivo.
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PHB localization in neuronal mitochondria

The cellular location of PHB depends on the species and cell type.
In yeast and plant, PHB has been localized to mitochondria (Ahn
et al., 2006), whereas in mammalian cells, in addition to mito-
chondria (Ikonen et al., 1995), PHB was also found in nuclei
(Wang et al., 2002), and cytoplasmic membrane (Terashima et
al., 1994). Therefore, we examined PHB localization in brain
tissue and neurons. As a first approach, we analyzed PHB cellular
distribution by subcellular fractionation of mouse brain. PHB
was found mainly in mitochondrial fractions but was not detect-
able in either nuclear or cytosol fractions (Fig. 3A). To further
study the localization of PHB in neurons, we used electron-
microscopic immunoperoxidase labeling in rat neocortex. In
favorably cut mitochondria, PHB immunoreactivity was distrib-
uted along inner membranes but was more commonly localized
to outer membranes having the greatest access to immunore-
agents (Fig. 3 B, C). The immunolabeled mitochondria were seen
in somatic as well as in dendritic and axonal compartments of
neurons as well as in glia. In addition, the PHB immunoreactivity
was often seen along membranes of smooth endoplasmic reticu-
lum and selective portions of both neuronal (Fig. 3B) and glial
membranes (Fig. 3C). Finally, we determined the localization of
PHB immunoreactivity in primary neuronal cultures. Neurons
were double-labeled with anti-PHB antibody and the mitochon-
drial marker Mitotracker Red (Poot et al., 1996). The staining
pattern for PHB matched well with that of Mitotracker Red (Fig.
3D), suggesting a mitochondrial localization of PHB. These ob-
servations, collectively, indicate that PHB is expressed in the rat
brain and cultured neuronal cells, where it localizes prevalently in
mitochondria.

Expression of PHB in neurons exerts a protective effect

Next, we sought to determine whether PHB protects neurons
from injurious stimuli. PHB cDNA and GFP were cotransfected
in primary neuronal cultures and the effect of PHB expression on
cell viability was assessed in different injury paradigm. Neurons
cotransfected with the vector and GFP were used as control. Be-
cause of the low transfection efficiency of primary neurons, we
first identified the GFP-positive cells in both PHB and vector
cotransfected cells, and then assessed cell viability based on nu-
clear morphology revealed by DAPI staining. In GFP-positive
neurons cotransfected with vector control plasmid, 1 h incuba-
tion with the apoptotic inducer STS led to substantial cell death
24 h later (Fig. 4A). GFP-positive neurons cotransfected with
PHB showed a significant improvement in viability (Fig. 4A4; p <
0.001 from vector). Similarly, exposure of the cultures to oxida-
tive stress produced by X/XO resulted in better survival in neu-
rons expressing PHB than control vector (p < 0.001; Fig. 4 B). To
provide further evidence for a protective role of PHB, we used
AAV-mediated gene transfer to investigate the effect of PHB ex-
pression in organotypic hippocampal slice cultures subjected to
OGD. PHB expression in hippocampal slices was robust and in-
volved all hippocampal sectors (Fig. 4C,D). The OGD-induced
hippocampal damage, assessed by PI staining, was less marked in
slices infected with PHB AAV than in slices infected with the
empty vector, indicating improved survival (Fig. 4E,F). There-
fore, PHB expression increases neuronal viability in cultures as
well as hippocampal slices.

siRNA-mediated PHB downregulation increases neuronal
vulnerability to cell death

To examine the role of endogenous PHB in neuronal injury, we
treated neuronal culture with PHB siRNA. Of the two PHB
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Neuronal localization of PHB. A, Subcellular fractionation of mouse neocortex. PHB is present mainly in the mitochondrial fraction and is not observed in the nuclear or

cytosolic fraction. COX IV, histone H3, GAPDH, and calreticulin were used as mitochondrial, nuclear, cytosolic, and membrane markers, respectively. Results shown are representative from
three separate experiments. B, C, Electron micrographs showing the immunoperoxidase localization of PHB in neuronal and glial profiles in the rat somatosensory cortex. B, PHB
immunoreactivity (ir) is associated with inner and outer membranes of a mitochondrion (Pm) in a dendrite (P-den), located near an intensely labeled plasma membrane (arrow)
contacted by an unlabeled terminal (U-te). Other neuronal processes within the neuropil contain unlabeled mitochondria (Um). C, PHB labeling is located on the plasmalemma (arrow)
of a glial process (P-g) that sheaths small neuronal process containing mitochondria, which are either PHB-labeled (P-m) or unlabeled (U-m). Scale bar, 500 nm. D, In neuronal cultures,

PHB immunoreactivity is colocalized with the mitochondrial marker MitoTracker Red.

siRNA sequences tested, si-PHB2 attenuated PHB protein level
by 75%, assessed by immunoblotting 5 d after transfection (Fig.
5A,B). The siRNA devoid of silencing activity (si-PHB1) was
used as one of the controls. STS treatment resulted in elevation of
caspase-3 activity in neurons transfected with control siRNA (si-
Ctrl and si-PHB1) (Fig. 5C). However, caspase-3 activity was
higher in neurons treated with si-PHB2, which had reduced en-
dogenous PHB (Fig. 5C). When cultures were treated with X/XO
to induce oxidative stress, si-PHB2-treated cultures exhibited re-
duced viability compared with those treated with control siRNA
(Fig. 5D; p < 0.005). Under basal conditions, si-PHB2-treated
neurons appeared to have lower mitochondrial potential than
controls, assessed by JC1 staining, but this effect did not reach
statistical significance (Fig. 5E). However, X/XO reduced mito-

chondrial membrane potential more in siPHB2-treated neurons
than in controls, reflecting increased mitochondrial vulnerability
(Fig. 5E). These data demonstrate that the loss of PHB increases
neuronal susceptibility to injury.

siRNA-mediated PHB downregulation increases
mitochondrial ROS production and neuronal susceptibility to
excitotoxicity

Next, we investigated whether reducing endogenous PHB levels
exacerbates the neurotoxicity of glutamate, a process that in-
volves oxidative stress (Wang et al., 2003). Neurons were trans-
fected with si-PHB2 or control siRNA and neurotoxicity to
glutamate was assessed 13 d later. At this time, the silencing effect
of si-PHB2 was still present and endogenous PHB protein was
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MitoSOX 5 h later. Neurons transfected
with si-PHB2 showed a marked increase
in ROS production compared with neu-
rons transfected with control vector (Fig.
6C,D). Furthermore, cell death, assessed
by the MTS assay 24 h after glutamate, was
enhanced in neurons transfected with si-
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PHB2 (Fig. 6C-E). These data suggest that 0
PHB downregulation enhances ROS pro-
duction and cell death following exposure
to glutamate.

PHB expression suppresses rotenone-
induced ROS production and preserves
complex I activity in mitochondria

In some cell lines, PHB is associated with
complex I (Bourges et al., 2004), raising
the possibility of a functional interaction
with this respiratory chain complex. There-
fore, we investigated whether PHB expres-
sion could modulate mitochondrial ROS
production induced by the complex I inhib-
itor rotenone (Li et al., 2003). Primary neu-
rons were cotransfected with PHB and GFP
and challenged with rotenone (5 um). Neu-
rons cotransfected with vector and GFP
served as controls. Neurons transfected with
PHB exhibited a reduction in rotenone-
induced mitochondrial ROS production,
assessed by MitoSOX (Fig. 7A) and DHE
(Fig. 7B), compared with controls. In con-
trast, PHB overexpression did not affect the
ROS increase induced by the complex III
inhibitor antimycin A (1 um) (Fig. 7C).
Next, we sought to determine whether PHB
expression has a direct effect on complex I
activity. Reliable biochemical measure-
ments of complex I activity require amounts
of mitochondria larger than those obtain-
able from primary neuronal cultures trans-
fected with PHB. Therefore, we used PC12
cells stably transfected with a human PHB
cDNA construct or empty vector control. We found that PHB ex-
pression did not alter baseline complex I activity (Fig. 7D). Rotenone
attenuated complex I activity in a dose-dependent manner in both
PHB- and vector-transfected cells (Fig. 7D). However, with increas-
ing concentration of rotenone complex I activity was better pre-
served in PHB-transfected cells than in controls (Fig. 7D), indicating
that PHB could partially counteract the inhibition of complex I in-
duced by rotenone.

Figure 4.

Discussion

We have demonstrated that PHB is upregulated in PC induced by
EN stimulation or cerebral ischemia in vivo, and by OGD in vitro.
PHB is present in neuronal mitochondria and its expression in-
creases the resistance of neuronal cultures to STS or oxidative
stress, and hippocampal slices to OGD. Conversely, downregula-
tion of endogenous PHB increases the susceptibility of neurons
to injury and increases the production of mitochondrial ROS in
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Expression of human PHB is neuroprotective. A, PHB expression improves viability of neurons exposed to STS (0.25
umfor 1h). Noncondensed nuclei identify viable neurons (*p << 0.05; n = 4/group, 250 cells/group). B, PHB expression improves
viability in neurons exposed to X/XO (X, 150 wm; X0, 15 mU for 1h) (¥p << 0.05; n = 4/group, 250 cells/ group). €, AAV mediated
PHB-myc-GFP expression in hippocampal slices. D, Myc-tagged PHB is expressed in high level in the slices infected with AAV-PHB-
myc but not control vector (AAV-ctrl). Anti-PHB antibody was used to detect the PHB-myc tag fusion protein. £, 0GD-induced cell
death assessed by Pl staining is lower in slices that expressed PHB than in controls. Slices infected with control (AAV-ctrl) and PHB
(AAV-PHB-myc) viruses were treated with 0GD and imaged. The same slices were then treated with high dose of NMDA to induce
maximum cell death (MAX) (see Materials and Methods for details). F, Measurement of Pl intensity in slices after 0GD (*p < 0.05;
n = 3/group, 15-20 slices/group). Error bars indicate SEM.

neurons exposed to toxic glutamate concentrations. PHB damp-
ens the mitochondrial ROS production evoked by the complex I
inhibitor rotenone and protects complex I activity from the effect
of this inhibitor. These findings provide the first evidence that
PHB is an endogenous protective protein expressed in neuronal
mitochondria, which exerts beneficial effect by preserving mito-
chondrial function.

Subcellular localization of PHB in neurons and its

functional implications

PHB is localized in different subcellular compartments in differ-
ent cell types, underlying its pleiotropic function. In lower organ-
isms, such as yeast, PHB is localized in the inner membrane of
mitochondria and acts as a regulator of mitochondrial metabo-
lism (Nijtmans et al., 2000; Tatsuta et al., 2005). In eukaryotic
cells, in addition to mitochondria, PHB is also present in the
nucleus and lipid rafts, and has been implicated in a wide variety
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Figure 5.  Downregulation of endogenous PHB by RNAi increases neuronal vulnerability. 4,

si-PHB-2 downregulates endogenous PHB expression, while si-control and si-PHB-1 have no
effect. B, si-PHB-2 decreases PHB protein band intensity by >75% (*p << 0.05;n = 4). (,
“Knockdown” of PHB by si-PHB-2 enhances the increase in caspase-3 activity induced by STS
compared with si-Ctrl and si-PHB-1 (*p << 0.05 from respective vehicle; *p << 0.05 from si-
PHB-1and si-Ctrl; n = 6/group). D, si-PHB-2 reduces the viability of neuronal cultures exposed
to X/X0, assessed by trypan blue exclusion (*p << 0.05 from si-PHB-1; n = 4/group, 2500
cells/group). E, si-PHB2 enhances the decrease in relative membrane potential (JC1 fluores-
cence ratio) induced by X/XO (*p << 0.05; n = 5). Error bars indicate SEM.

of biological processes including transcriptional regulation, cell
signaling, mitochondrial function, as well as development and
senescence (Wang et al., 2002; Chen et al., 2005; Mielenz et al.,
2005; Rajalingam and Rudel, 2005; Rajalingam et al., 2005). In
addition, PHB released into the circulation by adipocytes binds
the complement component C3 and may play a role in innate
immunity (Mishra et al., 2007). Although PHB was known to be
present in brain cells (http://mouse.brain-map.org/brain/Ph-
b.html) (Smalla et al., 2008), there was little available information
about its subcellular localization and function in the CNS. Our
results with cell fractionation and electron microscopic immuno-
labeling show that PHB is present in neuronal mitochondria.
However, in addition to mitochondria, the ultrastructural anal-
ysis revealed a striking plasmalemmal and endomembrane distri-
bution of PHB in selective postsynaptic dendrites and in glial
processes ensheathing small axons and axon terminals. These
findings are in agreement with a previous study in which PHB
was observed in rat forebrain preparations of postsynaptic den-
sities (Smalla et al., 2008). Therefore, in neurons as in other cells,
PHB could be involved not only in mitochondrial function but
also in synaptic transmission, a possibility to be explored in fu-
ture studies.
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PHB expression and ROS production

The effect of PHB on ROS production may be related to its ability
to maintain the function of complex I, a major source of ROS in
compromised mitochondria (Liu et al., 2002). In human cell
lines, PHB interacts with complex I and has been postulated to
play a role in assembly and degradation of the complex (Bourges
et al., 2004). Rotenone is a complex I inhibitor that binds to its
ND1 and ND4 subunits (Degli Esposti, 1998) and blocks the
electron transfer from NADH to ubiquinol and ubiquinone
(Schuler et al., 1999). The ROS production triggered by rotenone
has been shown to induce cell death in many model systems
(Hoglinger et al., 2005; Panov et al., 2005; Radad et al., 2006). We
found that PHB protects complex I from the inhibitory action of
rotenone and suppresses the associated ROS production, provid-
ing novel evidence of a functional link between PHB and complex
Iin neurons. PHB had no effect on ROS generated by complex I11,
suggesting that effect of PHB is restricted to complex I-derived
ROS. However, it is not clear how PHB dampens the ROS pro-
duction induced by rotenone. PHB could interact directly with
complex I and prevent the binding of rotenone by modifying the
conformation of the complex, but this possibility seems unlikely
because PHB attenuates ROS produced by agents other than ro-
tenone. Another possibility is that PHB influences the assembly
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NMDA receptor activation (Brennan et
al., 2009; Girouard et al., 2009). However,
it is not known whether PHB also attenu-
ates ROS produced by NADPH oxidase.
In neurons, NADPH oxidase is located in
close proximity to mitochondria (Gir-
ouard et al., 2009) and it is conceivable
that during exposure to glutamate NADPH
oxidase-derived ROS induce ROS produc-
tion in mitochondria (Kimura et al., 2005;
Wenzel et al,, 2008). Further studies in
which mitochondria- and NADPH oxidase-derived ROS are selec-
tively blocked are needed to address this issue.

Figure 7.

indicate SEM.

Endogenous neuroprotection and translational relevance

of PHB

Consistent with its protective role in models of neuronal injury,
we found that PHB is upregulated in mitochondria in several PC
paradigms. Ischemic PC renders the brain remarkably tolerant to
cerebral ischemia (Gidday, 2006; Dirnagl et al., 2009). The pow-
erful protective effect of PC results from the concerted action of
multiple mechanisms, which aim to maintain cerebral perfusion,
reduce the energy demands of the brain, counteract the patho-
genic factors of the ischemic cascade, and promote tissue resto-
ration. Multiple intracellular pathways activated by PC converge
on the mitochondria to maintain their integrity, thereby protect-
ing the brain from metabolic failure, oxidative stress, and pro-
apoptotic mediators (Dave et al., 2001, 2008; Cho et al., 2005;
Dirnagl and Meisel, 2008; Racay et al., 2009). Therefore, PC-
induced upregulation of PHB is likely to represent one of the
effector mechanisms by which preconditioned mitochondria
maintain neuronal viability. In addition, our findings with
siRNA-mediated downregulation indicate that the endogenous
level of PHB is an important determinant of neuronal viability. In
agreement with our studies in primary neurons, increased sus-
ceptibility to injury by PHB “knockdown” has also been reported
in endothelial cells and in a neuroblastoma cell line (Schleicher et
al., 2008; Park et al., 2010). Therefore, PHB is likely to represent
an endogenous neuroprotective protein that is part of the cellular
defense response to stress (Iadecola and Anrather, 2011). PHB is
increased in the brain of schizophrenic patients, in Parkinson’s

Antimycin A incubation time (min)

Rotenone (nM)

Expression of PHB in neurons suppresses ROS production induced by complex I, but not complex lll, inhibition and
preserves complex | activity. A, The increase in MitoSOX fluorescence induced by rotenone (5 wm) is attenuated in neurons
expressing PHB. n = 5 /group, 120 cells/group. B, Similar results were obtained when rotenone-induced ROS production was
assessed by DHE (5 um). n = 4 /group, 85 cells/group. C, PHB expression in neurons has no effect on the ROS production induced
by the complex Ill inhibitor antimycin A (1 um). n =5 /group, 95 cells/group. D, Effect of rotenone on complex | activity in
mitochondria isolated from PC12 cells transfected with PHB or control vector. Complex | activity is resistant to rotenone inhibition
in PHB-expressing cells (*p << 0.05; n = 4/group). The inset illustrates PHB upregulation in transfected PC12 cells. Error bars

disease, and in a rat model of white matter disease (Ferrer et al.,
2007; Smalla et al., 2008; Kuwamura et al., 2011), suggesting a
possible homeostatic role to counter the disease process, al-
though maladaptive effects of the upregulation have been postu-
lated in schizophrenia (Smalla et al., 2008) and in capsaicin-
induced apoptosis (Kuramori et al., 2009). However, reduced
levels of PHB have been implicated in the mechanisms of intes-
tinal epithelial cell death in Crohn’s disease and in the brain
dysfunction induced by the fetal alcohol syndrome (Theiss et al.,
2007; Sari et al., 2010), suggesting a pathogenic role of PHB defi-
ciency. These findings, collectively, point to a critical involve-
ment of PHB in cell survival and related adaptive responses.
Furthermore, the beneficial effects of PHB suggest a therapeutic
role for this protein in brain diseases caused by acute or chronic
neurodegeneration, in which mitochondrial dysfunction and ox-
idative stress play a prominent role (Adibhatla and Hatcher,
2003, 2010; Gibson et al., 2010). However, assessment of the
translational potential of modulating PHB levels will require a
deeper understanding of the role of PHB in neurons, including its
involvement in both mitochondrial function and synaptic
transmission.

Conclusions

PHB is an essential mitochondrial protein well described in many
cell types, but its function in neurons is not known. We found
that PHB is upregulated in brain mitochondria in several PC
paradigms well known to result in neuroprotection, including FN
stimulation and hypoxia—ischemia. In the normal brain, PHB
was observed in neuronal mitochondria as well as on selective,
postsynaptic dendrites and glial processes ensheathing axons. Ex-
pression of PHB increases the resistance to injury of neuronal
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culture and of brain slices, an effect associated with reduced ROS
production. Conversely, downregulation of endogenous PHB
renders neurons more vulnerable to injury and increases ROS
production. In addition, PHB attenuates the ROS production
associated with complex I inhibition by rotenone, and increases
the resistance of this complex to inhibition, suggesting stabiliza-
tion of its function. These observations identify PHB as an en-
dogenous neuroprotective protein that exerts its beneficial
actions by suppressing ROS production. The functional interac-
tion with complex I suggests a critical role of PHB in the activity
of this complex. Although the molecular mechanisms of its effect
on complex I and its potential role in synaptic function remain to
be defined, PHB emerges as a powerful endogenous neuropro-
tective protein that is linked to ischemic PC and may have trans-
lational relevance in brain diseases associated with oxidative
stress and mitochondrial dysfunction.
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