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Introduction

Mitochondrial dynamics allow the adaptation of mitochondrial 
activities to varying physiological demands and ensure quality 
surveillance of mitochondrial function (Friedman and Nunnari, 
2014; Mishra and Chan, 2014; Roy et al., 2015). Whereas mi-
tochondrial fusion is considered to be a prosurvival mechanism 
(Tondera et al., 2009), fission is required for the autophagic re-
moval of damaged mitochondria and occurs early during cell 
death (Youle and van der Bliek, 2012). Various cellular signals 
are known to determine the shape of mitochondria (Merrill and 
Strack, 2014; Mishra et al., 2014; Patten et al., 2014). They 
modulate the activity of large GTPases of the dynamin super-
family that catalyze fusion and fission of mitochondrial mem-
branes. DRP1 mediates mitochondrial fission, whereas fusion 
is performed by the concerted action of mitofusins (MFN1 and 
MFN2) and optic atrophy 1 (OPA1) in the outer and inner mito-
chondrial membranes (OMM and IMM), respectively.

Acute stress and mitochondrial damage cause fragmenta-
tion of the mitochondrial network. This general stress response 
is often observed under pathologic conditions (Ong et al., 
2013; Burté et al., 2015) and involves regulatory steps at both 

mitochondrial membranes. Mitochondrial depolarization trig-
gers ubiquitin-dependent degradation of mitofusins as well as 
dephosphorylation and activation of DRP1 at the OMM (Cribbs 
and Strack, 2007; Cereghetti et al., 2008). At the same time, 
stress-induced proteolytic cleavage of OPA1 inhibits IMM fu-
sion (Ishihara et al., 2006; Griparic et al., 2007; Song et al., 
2007). OPA1 activity is emerging as a central regulatory hub for 
mitochondrial shape changes and cell survival. Loss of OPA1 
impairs mitochondrial fusion, disturbs cristae morphogenesis, 
and increases the apoptotic sensitivity of cells (Olichon et al., 
2003; Cipolat et al., 2004; Meeusen et al., 2006). On the other 
hand, overexpression of OPA1 protects against apoptotic and 
ischemic tissue damage and ameliorates phenotypes of mito-
chondrial disease mouse models (Cipolat et al., 2006; Civiletto 
et al., 2015; Varanita et al., 2015). OPA1 function is regulated 
by proteolytic cleavage at sites S1 and S2, which results in 
the balanced accumulation of noncleaved, long (L-OPA1) and 
cleaved, short (S-OPA1) OPA1 forms (Ishihara et al., 2006; 
Griparic et al., 2007). L-OPA1 is sufficient to promote mito-
chondrial fusion and maintain normal cristae in mouse embry-
onic fibroblasts (MEFs), whereas S-OPA1 appears to function 
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in mitochondrial fission (Anand et al., 2014). Two peptidases, 
OMA1 and the i-AAA protease YME1L, cleave OPA1 at S1 
and S2, respectively (Song et al., 2007; Ehses et al., 2009; 
Head et al., 2009; Stiburek et al., 2012; Anand et al., 2014). 
Whereas OPA1 processing by YME1L is under metabolic 
control (Mishra et al., 2014), OMA1 is activated upon various 
stress insults, resulting in the complete degradation of L-OPA1 
and mitochondrial fragmentation (Ehses et al., 2009; Baker 
et al., 2014; Zhang et al., 2014; Quirós et al., 2015). Oma1- 
deficient mice exhibit impaired thermogenesis and diet-induced 
obesity (Quirós et al., 2012). Moreover, loss of OMA1 in cul-
tured cells was found to protect against apoptosis (Head et al., 
2009; Quirós et al., 2012; Jiang et al., 2014; Xiao et al., 2014). 
However, the general in vivo relevance of stress-induced OPA1 
processing by OMA1, and in particular its importance for neu-
ronal survival, is not understood.

Prohibitin membrane scaffolds are required for L-OPA1 
stability and cell survival (Kasashima et al., 2008; Merkwirth 
et al., 2008). They form large ring complexes in the IMM, 
composed of multiple prohibitin 1 (PHB1) and PHB2 sub-
units (Tatsuta et al., 2005) constituting functional membrane 
domains with a defined complement of proteins and lipids 
(Osman et al., 2009, 2011; Richter-Dennerlein et al., 2014). 
Loss of PHB2 in MEFs destabilizes L-OPA1 and causes mi-
tochondrial fragmentation, disturbances in mitochondrial ultra-
structure, and increased apoptotic sensitivity (Merkwirth et al., 
2008). Re-expression of noncleavable L-OPA1 restores these 
deficiencies, indicating that they are caused by loss of L-OPA1 
(Merkwirth et al., 2008).

Forebrain neuron-specific Phb2-deficient (Phb2NKO) mice 
display progressive neurodegeneration, culminating in prema-
ture death (Merkwirth et al., 2012). Neuronal loss is accompa-
nied by the destabilization of L-OPA1, defects in mitochondrial 
ultrastructure, loss of mitochondrial DNA (mtDNA), and 
late-onset mitochondrial dysfunction (Merkwirth et al., 2012). 
Here, we demonstrate that ablation of Oma1 prevents loss of 
L-OPA1, delays neurodegeneration, and extends the lifespan 
of Phb2NKO mice. Thus, our results establish a crucial role for 
OMA1 in neuronal survival in vivo.

Results and discussion

Genetic loss of Oma1 extends survival of 
Phb2NKO mice
We deleted Oma1 in mice lacking Phb2 specifically in fore-
brain neurons (Phb2NKO; Merkwirth et al., 2012) by crossing 
Phb2NKO mice to Oma1ko/ko mice (Quirós et al., 2012). Deletion 
of Phb2 resulted in premature death starting at the age of 16 
wk, whereas control (Phb2fl/fl) and Oma1ko/ko mice showed nor-
mal lifespans (Fig. 1 A; Quirós et al., 2012). Notably, additional 
deletion of Oma1 significantly extended the median survival of 
Phb2NKO mice by 25% (Fig. 1 A), indicating that OMA1 limits 
neuronal survival in Phb2NKO mice.

We therefore analyzed brain morphology and brain weight 
in 18-wk-old Phb2NKO, Oma1ko/ko, and Phb2NKOOma1ko/ko mice 
(Fig. 1, B and C). Although Oma1ko/ko brains appeared morpho-
logically normal, extensive forebrain atrophy was evident in 
Phb2NKO mice (Fig. 1 B). In contrast, brains of Phb2NKOOma1ko/

ko mice were morphologically indistinguishable from those of 
controls (Fig.  1  B). Consistently, loss of Oma1 significantly 
restored brain weights of Phb2NKO mice (Fig.  1  C). Semithin 

sections of the hippocampal dentate gyrus (DG) from 14- and 
18-wk-old animals further revealed progressive neurodegener-
ation in Phb2NKO mice (Fig. 1, D and E). Notably, deletion of 
Oma1 fully suppressed neuronal loss in the hippocampus of 
14-wk-old Phb2NKO mice (Fig. 1 E); however, almost all neurons 
contained vacuolated structures (Fig. 1 E). Mild neuronal de-
generation became apparent only in 18-wk-old Phb2NKOOma1ko/

ko mice (Fig. 1, D and E). We therefore conclude that deletion of 
Oma1 delays the onset of neurodegeneration in Phb2NKO mice 
and increases their lifespan.

Oma1 deletion in Phb2NKO mice delays 
neuroinflammation
Neuroinflammation, characterized by the activation of mi-
croglia and astrocytes, is an early feature of neurodegenerative 
processes (Khandelwal et al., 2011). Neuronal loss in Phb2NKO 
mice is accompanied by up-regulation of glial fibrillary acidic 
protein (GFAP) in astrocytes, already apparent at 6 wk of age 
(Merkwirth et al., 2012). Immunohistochemical and immuno-
blot analyses of the hippocampus of 14-wk-old Phb2NKO mice 
revealed accumulation of GFAP and ionized calcium binding 
adaptor molecule 1 (IBA1), indicating astrogliosis and activated 
microglia, respectively (Fig. 2, A and B). In contrast, GFAP lev-
els in hippocampal lysates, as well as GFAP and IBA1 immuno-
reactivities in the hippocampus of age-matched Phb2NKOOma1ko/

ko mice, were similar to those of control mice (Fig. 2, A and B). 
GFAP protein levels and GFAP staining moderately increased 
in 18-wk-old Phb2NKOOma1ko/ko mice, suggesting that the neu-
roinflammatory response is retarded but not entirely suppressed 
(Fig. S1, B and C). Thus, loss of Oma1 prolongs neuronal sur-
vival and delays astrogliosis and the activation of microglia 
in the absence of PHB2.

To assess the expression of proinflammatory cytokines, 
we isolated total RNA from the hippocampus of 14-wk-old 
Phb2NKO, Oma1ko/ko, Phb2NKOOma1ko/ko, and control mice and 
analyzed mRNA levels by real-time PCR (Fig. 2 C). Whereas 
ablation of Oma1 did not affect cytokine expression, the relative 
expression of IL-1β, IL-6, and TNF was increased in Phb2NKO 
mice (Fig. 2 C). Remarkably, this response was completely ab-
rogated in Phb2NKOOma1ko/ko mice (Fig. 2 C). Together, these 
experiments reveal that OMA1 triggers neuronal loss and early 
inflammatory responses in the absence of PHB2.

Oma1 deletion protects Phb2-deficient 
cells against apoptosis
Loss of OMA1 protects cultured cells against apoptosis (Head 
et al., 2009; Quirós et al., 2012; Jiang et al., 2014; Xiao et al., 
2014). We have previously described that apoptosis contrib-
utes to neuronal loss in Phb2NKO mice, but have detected only a 
limited number of TUN EL-positive neurons (Merkwirth et al., 
2012). Consistently, immunoblot analysis did not provide evi-
dence of apoptotic or necrotic cell death or of altered autoph-
agy in hippocampal lysates (Fig. S1 D), which is likely caused 
by rapid loss of Phb2-deficient neurons. We therefore used 
Phb2-deficient MEFs, which exhibit increased apoptotic sen-
sitivity (Merkwirth et al., 2012), to investigate whether Oma1 
deletion restores their apoptotic resistance. We depleted PHB2 
from control (wild-type) and Oma1−/− MEFs and induced 
apoptosis by H2O2 treatment (Fig. 3, A and B). Poly(ADP ri-
bose) polymerase and caspase-3 cleavage was undetectable in 
Oma1−/− cells lacking prohibitins, whereas apoptotic marker 
proteins accumulated in Phb2-deficient control cells (Fig. 3 A). 
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Consistently, FACS analysis revealed that depletion of prohib-
itins did not affect the viability of H2O2-treated Oma1−/− cells, 
whereas we observed reduced viability of Phb2-deficient con-
trol MEFs upon H2O2-induced apoptosis (Fig.  3  B). Thus, 
Oma1 deletion in cells lacking prohibitins protects against 
apoptosis induced by H2O2. To further define its role in cell 
death pathways, we analyzed necroptotic sensitivity of MEFs 
lacking OMA1. Cells treated with TNF, cycloheximide, and 
Z-VAD-FMK undergo necroptosis, which can be inhibited by 
necrostatin 1 or deletion of Ripk3 (Polykratis et al., 2014). De-
letion of Oma1 did not improve cell viability upon induction 
of necroptosis, whereas Ripk3-deficient cells were fully viable 
(Figs. 3 C and S1 E). In contrast, loss of Oma1 conferred re-
sistance to apoptosis induced by TNF and cycloheximide only 
(Fig.  3  C). Thus, Oma1 deletion in cultured MEFs protects 
against apoptosis but not against necroptosis, suggesting that 
loss of Oma1 in Phb2NKO mice prevents apoptotic death, result-
ing in extended neuronal survival.

OMA1 cleaves neuronal L-OPA1 in 
Phb2NKO mice
We therefore turned our attention to the anti-apoptotic OMA1 
substrate OPA1 (Olichon et al., 2003; Frezza et al., 2006). OPA1 
splice variant 1, the predominantly expressed OPA1 isoform in 
the brain (Akepati et al., 2008), gives rise to L-OPA1, which is 
processed to S-OPA1 by OMA1. Neurons lacking prohibitins 
display selective loss of L-OPA1 and accumulation of S-OPA1, 
indicating OMA1 activation. Deletion of Oma1 in Phb2NKO mice 
resulted in L-OPA1 stabilization in hippocampal lysates from 14- 
and 18-wk-old mice (Fig. 4, A and B). Residual S-OPA1 likely 
resulted from YME1L-mediated OPA1 cleavage at S2. Another 
OMA1 substrate under stress conditions, C11orf83 (Desmurs et 
al., 2015), did not accumulate upon loss of OMA1 (Fig. S2 A). 
Hence, we conclude that neuronal ablation of Phb2 activates 
OMA1, triggering stress-induced processing of L-OPA1.

L-OPA1 is sufficient to mediate fusion and preserve cris-
tae morphogenesis, rendering cultured cells resistant against 

Figure 1. Oma1 deletion in Phb2NKO mice 
is neuroprotective. (A) Loss of OMA1 pro-
longs the lifespan of Phb2NKO mice. Kaplan–
Meier survival plot of Phb2NKO (n = 15), 
Phb2NKOOma1ko/ko (n = 28), and Phb2fl/fl an-
imals (n = 30). ****, P < 0.0001. (B) Dele-
tion of Oma1 in Phb2NKO mice prevents brain 
atrophy. Representative photographs of brains 
isolated from 18-wk-old mice. Bar, 2 mm.  
(C) Brain weights were monitored at 18 wk 
of age (Phb2fl/fl, n = 10; Phb2NKO, n = 7; 
Oma1ko/ko, n = 9; Phb2NKOOma1ko/ko, n = 14).  
***, P < 0.001. Error bars indicate SD. (D) 
Oma1 ablation in Phb2NKO mice improves 
neuronal survival. Number of DG neurons in 
14- and 18-wk-old mice of the indicated geno-
types (n = 3). **, P < 0.01; ***, P < 0.001. 
Error bars indicate SD. (E) Coronal semithin 
sections of the hippocampal DG from 14- and 
18-wk-old mice. Black vertical bars show the 
thickness of the neuronal layers. Bars, 50 µm.
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apoptosis (Anand et al., 2014). We therefore assessed the ultra-
structure of mitochondria in DG neurons of Phb2NKO, Oma1ko/

ko, and Phb2NKOOma1ko/ko mice by transmission electron micros-
copy (Fig.  4  C). The ultrastructure of neuronal mitochondria 
was grossly unaffected in the absence of OMA1 (Fig. 4 C). In 
contrast, we observed aberrant neuronal mitochondria lacking 
cristae in Phb2NKO mice already at 6 wk of age (Fig. 4 C). Sur-
prisingly, ablation of Oma1 in these mice did not restore cris-
tae, but mitochondria were considerably enlarged (Fig.  4  C). 
Quantification of mitochondrial surface area confirmed that 
Phb2NKOOma1ko/ko mice contained substantially larger mito-
chondria, whereas mitochondrial size was altered in neither 
Phb2NKO nor Oma1ko/ko mice (Fig. S2, B and C). In addition, 
we performed immunohistochemistry on hippocampal sections 
from 18-wk-old mice using TOMM20-specific antibodies to 
visualize mitochondrial morphology (Fig. S2 D). Mitochon-
dria appeared normal in Phb2NKO, Oma1ko/ko, and Phb2fl/fl mice 
but enlarged and swollen in Phb2NKOOma1ko/ko mice, remi-
niscent of mitochondrial morphological changes observed 
in Drp1-deficient hippocampal neurons (Shields et al., 2015; 
Oettinghaus et al., 2016).

OPA1 oligomerization contributes to the maintenance 
of cristae shape (Frezza et al., 2006; Patten et al., 2014). In 
accordance with the observed ultrastructural defects, anal-
ysis of OPA1 assembly by chemical cross-linking revealed 
significantly reduced OPA1 complex levels in hippocam-
pal mitochondria isolated from 18-wk-old Phb2NKO and 
Phb2NKOOma1ko/ko mice (Fig. 4 D).

Thus, L-OPA1 stabilization in OMA1-deficient Phb2NKO 
mice does not restore OPA1 oligomerization and mitochon-
drial ultrastructure. The prolonged survival of PHB2-deficient 

neurons upon ablation of Oma1 can therefore not be explained by 
effects of L-OPA1 on cristae morphogenesis. Rather, our results 
indicate that stabilization of L-OPA1 and mitochondrial fusion 
ensures neuronal survival in the absence of PHB2, demonstrat-
ing a crucial role of OMA1 in neuronal survival in vivo. In light 
of our observations, it is conceivable that the protective effect of 
OPA1 overexpression in various mitochondrial disease mouse 
models (Civiletto et al., 2015; Varanita et al., 2015) can be at-
tributed to L-OPA1 only, which drives fusion and can support 
cell survival independently of cristae morphogenesis.

Loss of Oma1 not only stabilizes L-OPA1 but also impairs 
the formation of S-OPA1. S-OPA1 was proposed to stimulate 
fission and induce mitochondrial fragmentation (Anand et al., 
2014). Thus, unopposed fusion events may explain the forma-
tion of giant mitochondria that were already observed in young 
OMA1-deficient Phb2NKO neurons. Notably, we also observed 
moderately reduced accumulation of some components of the 
mitochondrial fission machinery in hippocampal lysates of 
Phb2NKOOma1ko/ko mice (Fig. S2 E).

Ablation of Oma1 in Phb2NKO mice restores 
mtDNA levels but does not preserve 
respiratory function
Oma1 deletion in Phb2NKO mice prolongs neuronal survival 
and extends lifespan, but Phb2NKOOma1ko/ko mice still dis-
play reduced survival. We thus reasoned that L-OPA1–in-
dependent neuronal functions of PHB2 limit the lifespan of 
Phb2NKOOma1ko/ko mice. We have previously described respira-
tory defects in Phb2NKO mice at late stages (Merkwirth et al., 
2012). To examine whether OMA1 affects mitochondrial respi-
ratory function in prohibitin-deficient neurons, we monitored 

Figure 2. Oma1 deletion in Phb2NKO mice 
prevents neuroinflammation. (A) Reactive 
astrogliosis and activation of microglia in 
Phb2NKO mice is blocked by deletion of Oma1. 
Immunohistochemical staining of coronal sec-
tions across the hippocampal region from 
14-wk-old mice using GFAP- and IBA1-specific 
antibodies. Bars, 200 µm. (B) Immunoblot 
analysis of hippocampal lysates from 14-wk-
old mice. GAP DH was used as a loading 
control. (C) mRNA levels of proinflammatory 
cytokines in Phb2NKO mice are restored upon 
deletion of Oma1. Total RNA was isolated 
from the hippocampus of 14-wk-old mice and 
subjected to quantitative real-time PCR anal-
ysis (n = 3). Transcript levels were normal-
ized to Gapdh mRNA levels. **, P < 0.01. 
Error bars indicate SD.
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the assembly of respiratory chain complexes in hippocampal 
mitochondria isolated from 18-wk-old Phb2NKO, Oma1ko/ko, and 
Phb2NKOOma1ko/ko mice by blue native (BN)-PAGE (Fig. 5, A 
and B). Supercomplexes composed of complexes I, III, and 
IV; complexes I and III; and complexes III and IV were ob-
served in Oma1ko/ko and Phb2fl/fl control mice, which were pres-
ent at markedly reduced levels in hippocampal mitochondria 
of Phb2NKO mice (Fig. 5 A). Additional deletion of Oma1 did 

not restore the formation of these supercomplexes (Fig. 5 A). 
Consistently, enzymatic in-gel activity assays in hippocampal 
mitochondria revealed decreased complex I and IV activities in 
both Phb2NKO and Phb2NKOOma1ko/ko mice but not in Oma1ko/ko 
mice (Fig. 5 B). Therefore, deletion of Oma1 does not restore 
respiratory function in Phb2NKO mice.

Several scenarios, which are not mutually exclusive, 
can be envisioned to explain respiratory deficiencies in 
Phb2NKOOma1ko/ko mice: loss of PHB2 may affect mtDNA sta-
bility, synthesis of mitochondrial encoded respiratory chain 
subunits, or assembly of the respiratory chain, irrespective of 
the presence of OMA1. We therefore monitored mtDNA lev-
els in the hippocampus and striatum of 18-wk-old Phb2NKO, 
Oma1ko/ko, and Phb2NKOOma1ko/ko mice by quantitative real-time 
PCR (Figs. 5 C and S3 A). In agreement with our previous 
findings (Merkwirth et al., 2012), we observed a decrease of 
mtDNA levels to ∼40% in Phb2NKO mice (Figs. 5 C and S3 A). 
Conversely, mtDNA levels were slightly increased in Oma1ko/ko 
mice and completely restored in Phb2NKOOma1ko/ko mice (Figs. 
5 C and S3 A). Thus, mtDNA levels can be maintained in neu-
rons lacking PHB2 by stabilizing L-OPA1.

To explain respiratory deficiencies in Phb2NKOOma1ko/ko  
mice, we next assessed mitochondrial protein synthesis in the 
cerebral cortex of 14-wk-old mice (Fig. S3, B and C). As pre-
viously shown in prohibitin-depleted cells in vitro (He et al., 
2012), we observed reduced mitochondrial protein synthesis 
in Phb2NKO mice, which was not restored by deletion of Oma1  
(Fig. S3, B and C). However, impaired translation does not 
cause respiratory deficiencies in Phb2NKOOma1ko/ko mice, as 
respiratory chain complex subunits accumulated at similar 
steady-state levels in hippocampal mitochondria irrespective of 
the presence or absence of PHB2 and OMA1 (Fig. 5 D). These 
observations thus indicate that prohibitins affect the assembly 
of respiratory chain supercomplexes in a posttranslational man-
ner, resulting in respiratory defects in PHB2-deficient neurons.

We have previously observed decreased levels and changes 
in the acyl chain composition of cardiolipin (CL) in mitochon-
drial membranes lacking PHB2, suggesting a role of PHB 
membrane scaffolds in CL remodeling (Richter-Dennerlein et 
al., 2014). CL stabilizes respiratory chain supercomplexes and 
maintains cristae morphogenesis (Pfeiffer et al., 2003; Schlame, 
2013). An altered membrane lipid composition in the absence 
of PHB2 may thus affect mitochondrial cristae structure and 
the assembly of respiratory chain supercomplexes, irrespective 
of L-OPA1 stability and the presence of OMA1. Consistently, 
loss of DNA JC19, regulating CL metabolism and interacting 
with PHB complexes, disturbs the ultrastructure of mitochon-
dria, which is not restored upon additional ablation of Oma1 
(Richter-Dennerlein et al., 2014). However, to clarify the role of 
PHB membrane scaffolds for mitochondrial shape and function 
in neurons, it is necessary to define how loss of PHB2 affects 
the lipid composition of mitochondrial membranes specifically 
in affected neurons before other scenarios can be excluded. Re-
gardless, the analysis of OMA1-deficient Phb2NKO mice unravels 
essential, L-OPA1–independent functions of PHB membrane 
scaffolds in mitochondria. These functions likely limit the lifes-
pan of Phb2NKOOma1ko/ko mice and may explain the embryonic 
lethality of PHB2-deficient mice lacking OMA1 (Fig. S1 A).

Together, our results identified OMA1 as a critical reg-
ulator of neuronal survival in vivo and revealed critical roles 
of OMA1-mediated OPA1 processing in neurodegenera-
tion. We demonstrate that loss of PHB membrane scaffolds 

Figure 3. Oma1 deletion restores apoptotic resistance of Phb2-deficient 
cells but does not protect against TNF-induced necroptosis. (A and B) Oma1 
deletion protects Phb2-deficient MEFs against H2O2-induced apoptosis. 
siRNA-treated wild-type (WT) and Oma1−/− cells were exposed to 1 mM 
H2O2 for 7 h. (A) Analysis of the accumulation of apoptotic marker pro-
teins by immunoblotting. β-Actin was used as a loading control. (B) Flow 
cytometry analysis of viable cells (7-AAD–negative, Annexin V–negative; 
n = 3). **, P < 0.01. Error bars indicate SD. (C) Oma1 deletion does not 
confer necroptotic resistance. Cell viability of Oma1-deficient MEFs was 
analyzed upon induction of necroptosis. –, DMSO; C, cycloheximide; T, 
TNF; Z, Z-VAD-FMK; N, necrostatin-1. *, P < 0.05. Error bars indicate SD.
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activates OMA1, resulting in L-OPA1 degradation and neu-
ronal death. Ablation of Oma1 in PHB2-deficient neurons 
stabilizes fusion-active L-OPA1, which supports neuronal 
survival by preventing apoptosis, independent of its effects 
on cristae morphogenesis.

Materials and methods

Mice
Neuron-specific Phb2-deficient mice (Phb2NKO) on a C57BL/6N back-
ground were generated by crossing mice in which exons 3 and 4 of the 
Phb2 gene were flanked by loxP sites (Phb2fl/fl) with mice expressing 
Cre recombinase under control of the postnatally expressed CaMKIIα 

promoter, allowing recombination specifically in forebrain neurons 
(Merkwirth et al., 2012). Oma1−/− mice on a C57BL/6N background 
were generated by deleting exon 2 of the Oma1 gene (Quirós et al., 
2012). For the present study, Phb2NKO and Phb2NKOOma1ko/ko mice were 
obtained by crossing Phb2fl/fl Oma1ko/WT CaMKIIα-Cretg/WT and Phb2fl/

fl Oma1ko/WT mice. Care of all animals was within institutional animal 
care committee guidelines, and all procedures were approved by local 
government authorities (Bezirksregierung Köln) and were in accor-
dance with National Institutes of Health guidelines.

Neuropathology and ultrastructural analysis
Mice were anesthetized and perfused with 2% glutaraldehyde in PBS. 
Brains were removed and kept in 0.12 M phosphate buffer/2% glutaral-
dehyde. After treatment with osmium tetroxide, brains were embedded 

Figure 4. OMA1-mediated OPA1 processing in 
Phb2NKO mice and mitochondrial ultrastructure. 
(A and B) L-OPA1 is stabilized upon deletion of 
Oma1 in Phb2NKO mice. Hippocampal lysates 
isolated from 14-wk-old (A) or 18-wk-old (B) 
mice were analyzed by immunoblotting. SDHA 
was used as a loading control. (C) Hippocam-
pal DG neurons of Phb2NKOOma1ko/ko mice 
contain large, swollen mitochondria lacking 
cristae. Analysis of mitochondrial ultrastruc-
ture in DG neurons of 6-, 14-, and 18-wk-old 
mice by transmission electron microscopy. Bar, 
1.2 µm. (D) Impaired OPA1 oligomerization 
in Phb2NKO and Phb2NKOOma1ko/ko mitochon-
dria. OPA1 complex formation was analyzed 
in hippocampal mitochondria isolated from 
18-wk-old mice of the indicated genotypes 
cross-linked with 1  mM EDC. OPA1 oligomers 
were visualized by immunoblotting (left panel), 
and complex levels were quantified using Im-
ageJ (right panel; n = 4). HSPA9 was used as 
a loading control. O, oligomers; M, monomers.  
**, P ≤ 0.01; ***, P ≤ 0.001.
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in Epon. Semithin (1 µm) coronal sections were cut from hippocampus, 
mounted with Eukitt, and observed using an Axio-Imager M2 micro-
scope equipped with an AxioCamICc1 camera (Carl Zeiss). Images 
were acquired at 20× (Plan-Apochromat 20×/0.8) using AxioVision 
software (version 4.8.2.0; Carl Zeiss). The number of DG neurons was 
quantified by counting neuronal cell bodies in the whole DG area of 
the hippocampus. For EM analyses, ultrathin sections (70 nm) were 
cut and stained with uranium acetate and lead citrate (Almajan et al., 
2012). Images were acquired using a transmission electron microscope 
at 13,500× (CM10; Philips) and an acceleration voltage of 80 kV using 
a camera (Gatan). Mitochondrial surface area was calculated from mi-
tochondria imaged by transmission electron microscopy using ImageJ 
software (6 wk: Phb2fl/fl, n = 20; Phb2NKO, n = 31; Oma1ko/ko, n = 17; 
and Phb2NKOOma1ko/ko, n = 40; 14 wk: Phb2fl/fl, n = 20; Phb2NKO, n = 36; 
Oma1ko/ko, n = 26; and Phb2NKOOma1ko/ko, n = 43).

Immunohistochemistry
Animals were anesthetized and perfused intracardially with 4% parafor-
maldehyde. Brains were removed and conserved in 0.12 M phosphate 
buffer. Immunohistochemical analyses were performed on 30-µm-thick 
coronal free-floating sections. The following antibodies were used in this 
study: mouse anti-GFAP (1:350; MS-280-P0; Thermo Fisher Scientific), 

rabbit anti-IBA1 (1:3,000; 019-19741; Wako), and rabbit anti-TOMM20 
(1:1,000; sc-11415; Santa Cruz Biotechnology, Inc.). Coronal free- 
floating sections were incubated for 30 min in 4% sucrose/PBS and for 
another 30 min in methanol. Afterward, sections were permeabilized and 
blocked in 10% goat serum and 0.4% Triton X-100 for 1 h. Incubation 
with the primary antibodies was performed overnight in 5% goat serum 
and 0.4% Triton X-100. After rinsing with PBS, secondary antibodies 
(Alexa Fluor anti–mouse 488, anti–rabbit 488, and anti–rabbit 568; Invi-
trogen) diluted in 5% goat serum were applied for 2 h, and sections were 
mounted with Fluorsave. Images were acquired using an Axio-Imager 
M2 microscope equipped with an AxioCamICc1 camera (Carl Zeiss), 5× 
(EC Plan-Neofluar 5×/0.16 Ph 1), or 10× (EC Plan-Neofluar 10×/0.3 Ph 1)  
objective lenses and AxioVision software for GFAP and IBA1 stains as 
well as an UltraVIEW VoX spinning disc confocal microscope (Perkin-
Elmer) on a TiE microscope (Nikon) equipped with a 60× objective lens 
(Plan-Apo Tirf 60×/1.49 oil), a camera (AMC CD C9100-50; CamLink), 
and Volocity software (PerkinElmer) for TOMM20 immunohistochem-
istry. Analyses were performed on at least three mice per genotype.

Determination of cytokine mRNA levels by RT-PCR
Total RNA was isolated from brain tissues using the NucleoSpin 
RNA kit (Macherey-Nagel). cDNA was synthesized with the 

Figure 5. Stabilization of mtDNA in Phb2NKO 
mice upon Oma1 deletion. (A) Assembly of 
respiratory chain supercomplexes is impaired 
in Phb2NKO and Phb2NKOOma1ko/ko mice. Dig-
itonin-solubilized hippocampal mitochondria 
isolated from 18-wk-old mice were analyzed 
by BN-PAGE and immunoblotting using the in-
dicated antibodies. I, complex I; III, complex 
III; IV, complex IV; M, monomer. (B) Relative 
activities of complexes I and IV are decreased 
in Phb2NKO and Phb2NKOOma1ko/ko mice. Mi-
tochondria isolated from the hippocampus of 
18-wk-old mice were subjected to BN-PAGE, 
and gels were incubated in complex I (CI)- or 
complex IV (CIV)-specific substrate solutions. 
M, monomeric CIV. (C) Relative mtDNA levels 
in the hippocampus of 18-wk-old mice. Total 
DNA was isolated from the hippocampus of 
mice of the indicated genotype and analyzed 
by quantitative real-time PCR analysis using 
mtDNA- and nuclear DNA–specific primers (n 
= 3). *, P≤ 0.05; **, P < 0.01. Error bars 
indicate SD. (D) Steady-state levels of respira-
tory chain complex subunits in Phb2NKO and 
Phb2NKOOma1ko/ko mice. Immunoblot analysis 
of hippocampal mitochondria isolated from 
18-wk-old mice using the indicated antibodies.
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SuperScript III First-Strand Synthesis System kit (Invitrogen). Quan-
titative real-time PCR analysis was performed with the ABI PRI SM 
7000 sequence detection system using Power SYBR Green PCR 
Master Mix (Applied Biosystems). Transcript levels were normal-
ized to Gapdh expression.

Isolation of mitochondria
Mitochondria-enriched membrane fractions were isolated by differ-
ential centrifugation. Brain tissues were dissected from mice, cut 
into small pieces, and homogenized in an appropriate amount of iso-
lation buffer (20  mM Hepes, pH 7.4, 220  mM d-mannitol, 70  mM 
sucrose, 2  mM EGTA, and 0.1% BSA [wt/vol]) at 1,000 rpm in a 
motor-driven dounce homogenizer (Braun). The crude homogenate 
was centrifuged at 1,000 g for 10 min to pellet nuclei and unbroken 
cells, and the pellet obtained was homogenized again. Subsequently, 
mitochondria were collected by centrifugation of the supernatants 
(8,000  g for 10 min) and resuspended in freezing buffer (10  mM 
Hepes-KOH, pH 7.4, and 500  mM sucrose). Protein concentration 
was determined using Bradford protein assays, and mitochondria 
were kept frozen until further use.

Immunoblotting
Brain tissues were dissected and homogenized using a Polytron ho-
mogenizer (IKA Werke) in ice-cold lysis buffer (50  mM Hepes/
KOH, pH 7.4, 10 mM EDTA, 50 mM NaCl, 100 mM NaF, 1% Triton 
X-100, and 0.1% SDS supplemented with 20 µg/ml aprotinin, 2 mM 
benzamidine, 10  mM sodium orthovanadate, and complete protease 
inhibitor cocktail mix; Roche). Cells were harvested by scraping 
and lysed in lysis buffer (50  mM Tris-HCl, pH 7.4, 1  mM EDTA, 
150  mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxy-
cholate, and complete protease inhibitor cocktail mix). 50–100 µg 
total protein was separated by SDS-PAGE, transferred to nitrocellu-
lose membranes, and subjected to immunoblotting using the follow-
ing antibodies: mouse anti-OPA1 (612606; BD Biosciences), mouse 
anti-VDAC/Porin (529536; Calbiochem), rabbit anti-GFAP (Z0334; 
Dako), mouse anti-GAP DH (sc-32233; Santa Cruz Biotechnology, 
Inc.), mouse anti-SDHA (459200; Invitrogen), rabbit anti-HSPA9 
(14887-1-AP; ProteinTech), rabbit anti–poly(ADP ribose) polymerase 
(9542; Cell Signaling), rabbit anti–cleaved caspase-3 (9661; Cell Sig-
naling), rabbit anti-PHB2 (611802; BioLegend), rabbit anti-PHB1 
(603102; BioLegend), mouse anti–β-actin (A5441; Sigma-Aldrich), 
mouse anti-Spectrin (MAB1622; Merck Millipore), mouse anti-p62 
(H00008878-M01; Abnova), rabbit anti-LC3 (PM036; MBL), rab-
bit anti-RIPK3 (ADI-905-242; Enzo), rabbit anti-MFN2 (ab50838; 
Abcam), mouse anti-DRP1 (611112; BD Biosciences), rabbit anti–P-
DRP1 (S616; 3455; Cell Signaling), rabbit anti-MID49 (16413-1-AP; 
ProteinTech), rabbit anti-MID51 (20164-1-AP; ProteinTech), rabbit 
anti-FIS1 (10956-1-AP; ProteinTech), rabbit anti-MFF (17090-1-AP; 
ProteinTech), mouse anti-NDU FA9 (459100; Invitrogen), mouse an-
ti-UQC RC2 (459220; Invitrogen), mouse anti-MTCO1 (459600; In-
vitrogen), mouse anti-ATP5A (459240; Invitrogen), mouse anti-NDU 
FB6 (A21359; Invitrogen), mouse anti-COX5b (459110; Invitrogen), 
and mouse anti-C11orf83 (Ab-1342-YOM; Primm).

Cell culture
MEFs were cultured at 37°C (humidified, 5% CO2 [vol/vol]) in 
DMEM-GlutaMAX (Thermo Fisher Scientific) supplemented with 
10% (vol/vol) FBS, 1 mM sodium pyruvate, and nonessential amino 
acids. siRNA transfections using Lipofectamine RNAiMAX (Thermo 
Fisher Scientific) were performed according to the manufacturer’s pro-
tocol. Cells were grown for 72 h and used for further experiments. The 
efficiency of down-regulation was assessed by immunoblotting.

Cell death analysis
MEFs were treated with 1 mM H2O2 for 7 h to induce apoptosis. Apop-
totic cell death was assessed by Annexin V and 7-AAD staining, and 
cells were analyzed by flow cytometry (FACS Aria III; BD Biosci-
ences). The accumulation of apoptotic marker proteins was analyzed 
by immunoblotting. To induce necroptosis, MEFs were pretreated 
with 40 µM necrostatin 1 and/or 50 µM Z-VAD-FMK for 2 h and then 
treated with 20 ng/ml hTNFα, 10 µg/ml cycloheximide, 40 µM necro-
statin-1, and/or 50 µM Z-VAD-FMK for 8 h. Afterward, cell viabil-
ity was measured using CellTiter-Glo luminescent cell viability assay 
(Promega) according to the manufacturer’s instructions.

Analysis of OPA1 oligomerization
OPA1 oligomerization was analyzed by cross-linking (Patten et al., 
2014) and BN-PAGE. For cross-linking, isolated hippocampal mito-
chondria were suspended in freezing buffer (0.5 M sucrose and 10 mM 
Hepes, pH 7.4) at 0.5 µg mitochondrial protein/µl. 1 mM EDC (Thermo 
Fisher Scientific) was added for 30 min at RT, and the reaction was 
quenched with 0.1% β-mercaptoethanol for 15 min. Samples were an-
alyzed by immunoblotting.

BN-PAGE
Hippocampal mitochondria (100 µg) were solubilized in 50 mM NaCl, 
5 mM 6-aminohexanoic acid, 50 mM imidazole/HCl, pH 7, 10% (vol/
vol) glycerol, and 50 mM KPi-buffer, pH 7.4, supplemented with deter-
gent (8 g digitonin/g protein). After extraction for 30 min and a clari-
fying spin at 16,100 g for 30 min, samples were separated by 3%–13% 
BN-PAGE. For in-gel activity staining, native gels were incubated with 
substrates specific for complex I (2 mM Tris/HCl, pH 7.4, 0.1 mg/ml 
NADH, and 2.5 mg/ml Nitrotetrazolium blue) or complex IV (0.5 mg/
ml DAB, 50 mM phosphate buffer, pH 7.4, 20 µg/ml catalase, 1 mg/ml 
reduced cytochrome c, and 75 mg/ml sucrose) as described previously 
(Zerbetto et al., 1997).

Quantification of mtDNA
Total DNA was isolated from hippocampus and striatum. Real-time 
amplification was performed using SYBR Green PCR Master Mix 
(Applied Biosystem). mtDNA was detected with primers specific for 
the murine COI gene. Amplification of the nuclear-encoded murine 
RNaseP gene was used as a reference. Relative abundance of mtDNA 
was determined using a comparative method (2−ΔΔCt).

In organello translation
Mitochondria were isolated from freshly dissected cerebral cortex. 500 
µg mitochondria was resuspended in 500 µl translation buffer (100 mM 
mannitol, 10 mM sodium succinate, 80 mM KCl, 5 mM MgCl2, 25 mM 
Hepes-KOH, pH 7.4, 1 mM KPi, pH 7.4, 5 mM ATP, 20 µM GTP, and 
6 mM creatine phosphate) containing all amino acids (60 µg/ml) except 
methionine. Afterward, protein synthesis was performed for 1 h at 37°C 
in the presence of [35S]Met (0.05 mCi/ml). Mitochondria were pelleted, 
resuspended in Laemmli buffer, and separated by SDS-PAGE. Newly 
synthesized mitochondrial proteins were visualized by autoradiogra-
phy. The total radioactive signal was quantified using ImageJ.

Statistical analysis
For statistical analyses, at least three independent experiments were 
performed. Data are represented as mean ± SD. Statistical significance 
was determined by t test.

Online supplemental material
Fig. S1 shows the functional relationship of OMA1 with inflammatory 
and cell death pathways. Fig. S2 shows altered mitochondrial 



loss of mitochondrial omA1 is neuroprotective • Korwitz et al. 165

morphology in Phb2NKOOma1ko/ko mice. Fig. S3 shows stabilization 
of mtDNA in the striatum of Phb2NKOOma1ko/ko mice and impaired 
mitochondrial translation in Phb2NKO and Phb2NKOOma1ko/ko mice. 
Online supplemental material is available at http ://www .jcb .org /cgi /
content /full /jcb .201507022 /DC1.
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