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G E N E R A L A R T I C L E O N E
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Abstract

Mitochondrial disorders are the result of nuclear and mitochondrial DNA mutations that affect multiple organs, with the
central and peripheral nervous system often affected. Currently, there is no cure for mitochondrial disorders. Currently, gene
therapy offers a novel approach for treating monogenetic disorders, including nuclear genes associated with mitochondrial
disorders. We utilized a mouse model carrying a knockout of the mitochondrial fusion–fission-related gene solute carrier
family 25 member 46 (Slc25a46) and treated them with neurotrophic AAV–PHP.B vector carrying the mouse Slc25a46 coding
sequence. Thereafter, we used immunofluorescence staining and western blot to test the transduction efficiency of this
vector. Toluidine blue staining and electronic microscopy were utilized to assess the morphology of optic and sciatic nerves
following treatment, and the morphology and respiratory chain activity of mitochondria within these tissues were
determined as well. The adeno-associated virus (AAV) vector effectively transduced in the cerebrum, cerebellum, heart, liver
and sciatic nerves. AAV–Slc25a46 treatment was able to rescue the premature death in the mutant mice (Slc25a46−/−). The
treatment-improved electronic conductivity of the peripheral nerves increased mobility and restored mitochondrial
complex activities. Most notably, mitochondrial morphology inside the tissues of both the central and peripheral nervous
systems was normalized, and the neurodegeneration, chronic neuroinflammation and loss of Purkinje cell dendrites
observed within the mutant mice were alleviated. Overall, our study shows that AAV–PHP.B’s neurotrophic properties are
plausible for treating conditions where the central nervous system is affected, such as many mitochondrial diseases, and
that AAV–Slc25a46 could be a novel approach for treating SLC25A46-related mitochondrial disorders.

https://academic.oup.com/
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Introduction
Mitochondrial defects can affect multiple organ systems, with
often irreversible consequences. Unfortunately, there is no cure
for most mitochondrial diseases because of their complexity
and heterogeneity. Mitochondrial disorders are often hereditary
in nature, as mitochondrial structure and function require over
1500 proteins encoded by the nuclear genome (1,2). Since the
majority of nuclear genome-related mitochondrial diseases are
caused by autosomal recessive mutations in a single gene (1),
gene therapy could be a plausible approach to treat this group of
disorders.

Adeno-associated virus (AAV) is a 25 nm diameter virus of the
Parvoviridae family, comprised of a non-enveloped icosahedral
capsid with a linear, single-stranded DNA genome of 4.7 kb
(3). AAV has low immunogenicity and is not associated with
any human diseases (4). The excellent safety profile and the
high transduction efficiency of AAV make it one of the best
options for gene therapy if the disease-causing gene is relatively
small. In the genome of recombinant AAV vectors used for gene
therapy, the two inverted terminal repeats are retained, while the
other viral sequences are modified with the desired exogenous
transgenic DNA of choice. The capacity of the DNA cargo inside
the AAV genome is approximately 5 kb (5), but after the inclusion
of promoters, reporters and selection markers, the maximum
size available for packaging rescue genes into AAV vectors is
generally limited to <2.4 kb.

Solute carrier family 25 member 46 (SLC25A46) is a pro-
tein encoded by the nuclear genome that is integrated into the
outer membrane of mitochondria. Previously, our own work,
as well as the work of other groups, has demonstrated the
role of this protein in mitochondrial fusion–fission dynamics
(6–8). Loss of function of this protein results in hyperfilamentous
mitochondria and mitochondrial hyper-fusion, which impairs
mitochondrial function and cellular respiration and eventually
leads to ataxia, visual and developmental defects and premature
death in both humans and mice (7,9–14). The coding sequence of
mouse Slc25a46 is about 1.25 kb, which makes it a suitable size
for AAV gene therapy. Because of the global expression of this
protein (15), genetic defects of this gene cannot be treated via
local administration (16–20). The gene expression vector must
be systematically delivered in vivo. AAV–PHP.B, which was devel-
oped by Deverman et al. (21) using Cre-recombination-based AAV
targeted evolution technology, transfers genes throughout the
CNS (central nervous system) with an efficiency 40-fold higher
than AAV9. Therefore, it represents an appropriate candidate for
non-invasive gene delivery to the central and peripheral nervous
systems.

In this report, we systematically delivered an AAV–Slc25a46
rescue vector via face vein injection into Slc25a46−/− mutant
pups. As expected, mutants treated with the AAV–Slc25a46 vec-
tor showed significant rescue for the majority of phenotypic
and physiological abnormalities. These results demonstrate that
gene therapy could be a novel method for treating SLC25A46-
related mitochondrial genetic disorders in humans.

Results
AAV-PHP.B-eGFP transduces efficiently in multiple
organ systems through intravascular injection

To test the transduction efficiency of our AAV-based expression
system, we utilized an AAV2–PHP.B vector carrying an integrated
enhanced green fluorescent protein (eGFP) reporter. We admin-

istered 1 × 1011 genome copies (GC)/g to Slc25a46−/− mutants at
postnatal day 2 (P2) and then sacrificed the mice 2 or 4 weeks
after injection. The targeted organs brain, heart, liver, sciatic
nerve and eye tissues were harvested, and eGFP levels were
assessed as a measure of transduction efficiency. After 2 weeks,
confocal microscopy revealed widespread eGFP expression in
the cerebellum, cerebral cortex, heart, liver and sciatic nerve
(Fig. 1A and B) and a weaker signal in the hippocampus (Fig. 1B).
Four weeks after injection, we found sparse signal visible in the
heart tissue (Fig. 1C) and minimal expression detectable else-
where. Therefore, in an attempt to create longer-lasting trans-
duction, we injected the second cohort of mice with a higher
dose of the vector (2 × 1011 GC/g), which yielded a measurable
level of eGFP in the cerebellum, cerebral cortex, heart and sciatic
nerve at 4 weeks after injection (Fig. 1D). To further confirm
the expression of Slc25a46 protein in the central nervous sys-
tem after AAV vector administration, we conducted a western
blot (WB) analysis on cerebral tissue from treated Slc25a46−/−
mutants at 4 and 8 weeks after AAV administration, respectively.
WB analysis verified that the Slc25a46 protein had been success-
fully expressed in the central nervous system of AAV–Slc25a46-
treated Slc25a46−/− mutants (Supplementary Material, Fig. S2).

AAV–Slc25a46 improves lifespan and bodyweight of
Slc25a46−/− mice in a dose-dependent manner

Since Slc25a46 mutant mice suffer from severe ataxia (10), they
often have difficulty feeding. To avoid this, both injected and
uninjected animals were fed with DietGel after weaning age.
After 51 days, the Slc25a46−/−mutants that received 1 × 1011

GC/g AAV–Slc25a46 vector had a 45% survival rate (n = 8), while
the untreated Slc25a46−/− mutants (n = 16) had only a 22.2%
survival rate (Fig. 2A). There was no significant difference in
body weight between the groups (Fig. 2B). Mutants that received
2 × 1011 GC/g (n = 15) showed a significantly longer life-span in
contrast to untreated Slc25a46−/− mutants (P = 0.0144) (Fig. 2C).
The body weights of these ‘double-dose’ treated mutants were
also significantly higher than the untreated Slc25a46−/− mutants
as well as the mutants treated with low dose 1 × 1011 GC/g
(P = 0.0018 and 0.0070, respectively, with n = 6 for each group)
(Fig. 2B), suggesting a dosage-dependent effect of AAV–Slc25a46.

AAV–Slc25a46 vector attenuates central nervous system
defects and ataxia in Slc25a46−/− mice

Slc25a46−/− mutants injected with either dose of AAV–Slc25a46
vector showed better coordination and better hind limb strength
than untreated mutants (Supplementary Materials, Movies 1
and 2). The AAV-treated mice were able to maintain an upright
posture and did not demonstrate the characteristic ‘flopping’
observed in mutant mice., suggesting that AAV–Slc25a46 is able
to rescue movement defects in the mutant mice.

To assess the extent of neuropathy after vector treatment,
we performed hexaribonucleotide binding protein-3 (NeuN), glial
fibrillary acidic protein (GFAP) and Fluoro-Jade C staining of
the cerebellum at P40 from wild-type (WT) mice, untreated
Slc25a46−/−mice and Slc25a46−/− mice treated with 2 × 1011 GC/g
AAV–Slc25a46 vector. The thickness of granule cells as stained
by anti-NeuN was similar across all groups (Fig. 3A). However,
the number of astrocytes and microglia stained by GFAP was sig-
nificantly reduced in the treated as in contrast to the untreated
mutants (Fig. 3B and C). Similarly, the number of degenerating
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Figure 1. The efficiency of the delivery of AAV–PHP.B-eGFP vector at different dosages and different time points after administration via face vein injection. (A and

B) Distribution of the eGFP reporter in peripheral tissues (A) and the central nervous system (B) 2 weeks after face vein injection of the AAV–PHP.B-eGFP vector into

neonatal mice. Upper panel, uninjected control; lower panel, mice injected with 1 × 1011 GC/g AAV–PHP.B-eGFP. (C and D) Distribution of eGFP reporter expression in

peripheral tissues and the central nervous system 4 weeks after administration of 1 × 1011 GC/g (C) and 2 × 1011 GC/g (D) AAV–PHP.B-eGFP vector via face vein injection.

neurons (as indicated by Fluro-Jade C staining in the axons,
dendrites and somata of Purkinje cells) was notably decreased in
the mutants after vector treatment (Fig. 3D). This result demon-
strated that AAV–Slc25a46 is able to prevent cerebellar neuropa-
thy in Slc25a46−/−mice.

To determine whether or not Purkinje cell loss is affected
by the vector treatment, we used the specific marker calbindin
(Swant, Switzerland) to label Purkinje cells in the cerebellum
of P40 mice. Golgi staining was also performed to visualize the
dendritic spreading of Purkinje cells. The AAV–Slc25a46 vector
reduced the Purkinje cell loss in Slc25a46−/− mutants in contrast
to untreated mutants (Fig. 4A). Similarly, Golgi staining indicated
both wider Purkinje cell distribution and denser Purkinje cell
dendrites in the vector-treated group (Fig. 4B and C). To investi-
gate the microstructure of mitochondria inside cerebellar cells,
we used electron microscopy (EM) to show that the mitochon-
drial dysmorphology, enlargement and disorganization charac-
teristic of untreated Slc25a46−/− mutants were not observed in
the vector-treated group (Fig. 4D and E), suggesting that AAV–
Slc25a46 mitigates the loss of Purkinje cells and dendrites in
Slc25a46−/− mice.

AAV–Slc25a46 attenuates optic atrophy and dysmorphic
mitochondria

To investigate whether optic atrophy was reduced in Slc25a46−/−
mutants following vector treatment, we performed H&E
staining on the retinal ganglion cell (RGC) layer, as well

as immunofluorescence (IF) staining using the RGC-specific
marker brain-specific homeobox protein 3A (Brn3a). H&E
staining indicated that the cell count in the RGC layer of
AAV-treated mice was significantly higher than those of
the untreated mutants (P = 0.0332) (Fig. 5A and E). IF staining
revealed that the number of Brn3a-positive cells in the ganglion
cell layer was markedly higher in vector-treated in contrast
to untreated mutants (P = 0.0012) (Fig. 5B and F). Meanwhile,
toluidine blue staining revealed that the diameter of optic
nerve axons from Slc25a46−/− mutants treated with the
AAV–Slc25a46 vector was considerably more significant than
the diameter observed in untreated mutants (Fig. 5C). After
examining the axons at higher magnification under an electron
microscope (Fig. 5D), we found that the presence of ring-
shaped mitochondria and ‘pushed aside’ cristae was reduced
in treated mutants. In summary, these data indicate that AAV–
Slc25a46 attenuates optic nerve atrophy in Slc25a46−/− mutant
mice.

AAV–Slc25a46 vector mitigates dysmorphic
mitochondria in sciatic nerves

Our next step was to investigate the morphological and phys-
iological state of the sciatic nerve, which plays a vital role in
conducting the signals that control hind limb movement. Tolui-
dine blue staining showed no apparent differences in the sciatic
nerves of WT, AAV vector-treated and untreated Slc25a46−/−
mutant animals (Fig. 6A). However, a more in-depth examination
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Figure 2. Behavioral manifestations after varying dosages of AAV-Slc25a46 vector treatment in Slc25a46−/− mutants. (A) A Kaplan–Meier survival curve of injected

versus uninjected mice shows that the majority of untreated Slc25a46−/− mutants died prematurely. In contrast to untreated mutants, mutants treated with 1 × 1011

GC/g AAV–Slc25a46 vector gained a longer lifespan, but not at a statistically significant level (P = 0.1425). However, the mutants treated with 2 × 1011 GC/g AAV–Slc25a46

vector did show a significantly extended life-span (P = 0.0144) (WT, n = 16; Slc25a46−/− mutants, n = 16; mutants treated with 1 × 1011 GC/g, n = 8; mutants treated

with 2 × 1011 GC/g, n = 15.) (B) Bodyweight monitoring starting at P10. The bodyweights of 2 × 1011 GC/g AAV-Slc25a46 vector-treated male mutants were notably and

significantly increased relative to untreated Slc25a46−/− male mutants and the male mutants treated with 1 × 1011 GC/g (P = 0.0018 and 0.0070, respectively, with n = 6

for each group). (C) The growth defect was alleviated after treatment with a 2 × 1011 GC/g dose of the AAV–Slc25a46 vector, and the body size of the 2 × 1011 GC/g

AAV-Slc25a46 treated mutants was distinctly larger than untreated mutants.

using EM revealed hyper-fused mitochondria with disorganized,
vesicular-like cristae in the axons of the mutants, which is
consistent with our previous studies (10) (Fig. 6B). Moreover,
some axons within the sciatic nerve of the Slc25a46−/− mutant
appeared to be undergoing demyelination (Fig. 6B). Vector treat-
ment yielded axonal mitochondria that more closely resembled
those of WT mice: they exhibited natural shape, were distributed
evenly and showed cristae with normal morphology (Fig. 6B).
To further evaluate the neuronal function, we conducted elec-
tromyography on P50 mice from the three different groups.
Mutants treated with 2 × 1011 GC/g vector showed reduced com-
pound muscle action potential (CMAP) and conduction velocities
(CVs) that were significantly different from those of untreated
mutants (P = 0.0018 and P < 0.0001, respectively) (Fig. 6C–E).

AAV–Slc25a46 vector partially restores mitochondrial
complex activity in various tissues

To test the function of electron transport chain components
of WT mice as in contrast to untreated and vector-treated
Slc25a46−/− mutants, we isolated mitochondria from tissues
with high-energy consumption, including the brain, heart, liver
and muscle. These isolated mitochondrial samples were then

used to perform activity assays on mitochondrial complexes I
through IV. We found that the activities of complex I, II, III and
IV were all restored to varying extents (Fig. 7). In contrast to
untreated mutants, mutants treated with AAV vector showed
significant restoration of complex I activity in heart and muscle
tissue (P = 0.0104 and P = 0.0110, respectively). Furthermore, the
complex II + III activity levels showed substantial recovery in
brain tissues after vector treatment (P = 0.0110). Additionally,
the complex IV activity of heart and muscle tissues was restored
significantly as well after the AAV vector treatment (P = 0.0163
and P < 0.0001, respectively).

Discussion
Currently, mitochondrial diseases have no cure, with only
treatments that may alleviate the clinical symptoms available
(22). The ‘mitochondrial cocktail’ is a combination of vitamins
and supplements—often including L-carnitine, coenzyme Q10,
riboflavin, thiamine, vitamin C, vitamin E and idebenone—
that has been used in mitochondrial disease treatment. These
cocktails have shown modest improvements in some clinical
trials (23,24), but none has had a decisive effect on improving
the most critical clinical outcomes (25). Therefore, gene therapy
could offer a more optimistic option for treating mitochondrial
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Figure 3. AAV–Slc25a46 treatment relieved chronic neuronal inflammation in the cerebellum of Slc25a46−/− mutants. (A) NeuN staining of the GL in the cerebellum

of WT mice, Slc25a46−/− mutants and mutants treated with the AAV–Slc25a46 vector. (B) Immunohistochemical staining of GFAP in the cerebellum of the different

mouse groups. (C) IF staining of GFAP in the cerebellum of the different mouse groups. (D) Fluoro-Jade C staining in the cerebellum of the different mouse groups. Green

signals indicate neurons are undergoing degeneration. WML, white matter layer; PCL, Purkinje cell layer; GL, granule cell layer. ML, molecular layer. Scale bars: 100 μm.
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Figure 4. Treatment with AAV–Slc25a46 reduced Purkinje cell loss and enhanced dendrite branching in Slc25a46−/− mutants. (A) IF staining with calbindin in mouse

cerebellum. White arrows indicate Purkinje cell deficiency. (B) Golgi staining of the P50 mice cerebellum. Red arrows indicate the distribution of Purkinje dendrites in the

cerebellum. Scale bars: 80 μm. (C) Enlarged Golgi staining images show the dendritic branching of Purkinje cells in the cerebellum. Slc25a46−/− mutants demonstrated

a remarkable sparseness in the dendrite branching of Purkinje cells, while vector-treated mutants acquired significantly denser dendrites. Scale bars: 40 μm. (D)

EMimages of Purkinje cell soma and dendrites. Upper panel: red arrows indicate mitochondria within Purkinje cell soma. Lower panel: red boxes indicate mitochondria

inside Purkinje cell dendrites. Note the aggregated and fused mitochondria inside the dendrites of the neurons from untreated mutants. Scale bar: 1 μm. (E) EM images

of individual mitochondria inside the mouse cerebellum. Red arrows indicate individual mitochondria. Scale bar: 600 nm. (F) Quantitation for calbindin staining of P50

mice. (∗P < 0.05, ∗∗P < 0.01, six sections were measured from three mice for each group).

disorders caused by mitochondrial-related nuclear gene muta-
tions.
AAV vectors have been widely utilized in the field of gene
therapy (26), and many preclinical and clinical trials have shown
remarkable success up to this point (27). However, only a few
studies have been published for mitochondrial defects treated by
AAV (28–30). Meo and colleagues utilized AAV2/AAV9–Hndufs4 by
both intravenous and intracerebroventricular delivery, with the
latter representing a relatively invasive procedure (28). There-
fore, an AAV serotype which is capable of robust transduction
in the central nervous system and peripheral organs would
be a better option. AAV–PHP.B was created by Deverman and
colleagues (31,32) and has proven to have a unique property in
contexts requiring penetration of the blood–brain barrier while
also maintaining the capacity to spread throughout the whole
body. Therefore, we generated an AAV–PHP.B vector carrying
the mouse WT Slc25a46 coding sequence and delivered it intra-
venously to Slc25a46−/− mutants.

In the central nervous system, AAV–PHP.B is reported to
transduce the majority of cortical neurons and cerebellar Purk-
inje cells (33). This neuronal cell tropism was confirmed in our
study. eGFP reporter expression in IF images demonstrated a par-
ticularly strong tropism for Purkinje cells (Fig. 1). Moreover, the
appearance of Slc25a46 protein in the central nervous system has
been proven by western blotting (Supplementary Material, Fig.
S2A). Given the particularly strong association between Purkinje
cell degeneration and ataxia (34) and the fact that the cerebellum
is one of the most compromised organs in these mutants (10),

neurotropism may explain the relatively stable behavioral rescue
by our AAV–Slc25a46 vector.

One crucial issue revealed by this study is the dose-
dependency of AAV–Slc25a46 treatment. Our results showed
that while an injection titer of 1 × 1011 GC/g produced a modest
rescue effect on Slc25a46−/− mutants, this effect was not nearly
as robust as a 2 × 1011 GC/g dose (Fig. 2). Accordingly, the low
dose did not produce any detectable change in the bodyweight of
the mutants, although it did elongate the lifespan. In contrast to
other studies involving gene therapy-based rescue (31,35,36), this
dose requirement is relatively high, likely because the Slc25a46
gene is globally expressed in vivo (15). As a result, it is expected
that different genetic mitochondrial defects will require
different doses of rescue vector to show improvement because
of the unique expression level of each gene. Nevertheless, as
the 2 × 1011 GC/g dose does not exhibit significant rescue of
the phenotype of Slc25a46−/− mutants, further exploration of
the dosing issue is likely warranted if we intend to translate
this approach to a clinical trial in the future. For instance,
according to the results from immunoblotting, the expression
of our desired Slc25a46 protein after AAV administration was
still far from the natural expression levels observed in WT
animals. This may be the main reason that the phenotype of
the mutant is not fully rescued after AAV vector treatment.
However, to achieve an amount equal to WT animals, it might
require more than 10 times the presenting dose (Supplementary
Material, Fig. S2B) or repeat administrations, which will result
in a massive increase in the cost of vector production. This is
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Figure 5. Optic atrophy reduced following AAV–Slc25a46 treatment in Slc25a46−/− mutants. (A) H&E staining of eyes from P50 mouse retinas. Scale bar: 150 μm. Red

arrows indicate cell loss in the RGC layer of Slc25a46−/− mutants. (B) Brn3a IF staining of P50 mouse retinas. Scale bar: 100 μm. (C) Toluidine blue staining of semi-thin

cross sections of mouse optic nerves. Scale bar: 10 μm. (D) EM images of cross sections of mouse P50 optic nerves. Red arrows specify individual mitochondria inside the

axons of optic nerves. Scale bar: upper panel, 1 μm; lower panel, 600 nm. (E) Cell counts in the RGC layer. (WT in contrast to Slc25a46−/− mutant, P = 0.0018; Slc25a46−/−
mutant in contrast to AAV–Slc25a46-treated mutant, P = 0.0332.) (F) Quantification of Brn3a–positive RGCs in retinas of P50 mice (WT in contrast to Slc25a46−/− mutant,

P = 0.0019; Slc25a46−/− mutant in contrast to AAV–Slc25a46-treated mutant, P = 0.0012). Brn3a–positive RGCs were quantified from six retinal sections of P50 mice.

(∗P < 0.05, ∗∗P < 0.01, six sections were measured from three mice for each group).
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Figure 6. Peripheral neuropathy in Slc25a46−/− mice eased by AAV–Slc25a46 treatment. (A) Toluidine blue staining of semi-thin cross sections of sciatic nerves. Scale

bars: upper panel, 10 μm; lower panel, 10 μm. (B) EM images of sciatic nerves. Top panel: red arrows indicate axons that are undergoing demyelination. Bottom panel:

red arrows indicate mitochondria inside the sciatic nerves. Scale bar: top panel, 2 μm; bottom panel, 1 μm. (C) Electromyograph wave chart of P55 mice. The unit of

scale is volts. (D and E) The CV (D) and CMAP (E) of P55 mice were compared between untreated mutants and mutants treated with AAV–Slc25a46. The mutants treated

with AAV–Slc25a46 maintained substantially higher CV as well as CMAP in contrast to untreated mutants (P < 0.0001 and P = 0.0018, respectively). (∗P < 0.05, ∗∗P < 0.01,
∗∗∗∗P < 0.0001, n = 3 for each group).
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Figure 7. Dysfunction of mitochondrial complexes in Slc25a46−/− mice miti-

gated by AAV–Slc25a46 vector treatment. (A) Complex I activities in the brain,

heart, liver and muscle of P50 mice. AAV–Slc25a46-treated mutants showed

a significantly improved function of complex I in heart and muscle tissues

(P = 0.0104 and 0.0110, respectively). (B) Complex II + III activities in the brain,

heart, liver and muscle of P50 mice. AAV–Slc25a46-treated mutants showed a

restored function of complex II + III in brain tissue (P = 0.0110). (C) Complex IV

not a trivial consideration, as the manufacturing of AAV at a
clinical scale remains a challenging process (37). An alternative
production pathway using insect baculovirus-sf9 cell might
be one viable alternative in the future, as this approach was
reported to increase production 10–100-fold in contrast to the
human embryonic kidney 293 cells (HEK293) cell manufacturing
system currently favored by the field (38). On the other hand,
it may be worth considering what dose threshold is likely to be
effective for the subject undergoing treatment and to use this
to establish a dosage that maximizes the relief of symptoms
while simultaneously balancing the economic costs of vector
production.

Another consideration is how to sustain prolonged expres-
sion of the transduced gene. In this study, the signal of the
eGFP reporter was significantly reduced after 6 weeks post AAV
injection. The diminishing of eGFP in vivo after administration
has been previously reported and is believed to be related to
neutralizing antibodies generated by the hosts (39). However,
the movement ability of treated animals was still noticeably
improved. Concurrently, the expression of Slc25a46 also main-
tained a significant level in the central nervous system. These
results might suggest that because of the 2A self-cleaving pep-
tides (P2A) cleavage site, the two transgenes (Slc25a46 and eGFP)
can be translated independently (Supplementary Material, Fig.
S1). Therefore, as an intact protein, Slc25a46 may not be elimi-
nated by the host. Thus, long-term expression of the therapeutic
transgene carried by the AAV vector could be expected. Nonethe-
less, some reports have claimed that AAV vector-mediated trans-
gene expression can continue for up to 1-year postinjection in
mice (40) and perhaps as long as 15 years in the postmortem
brain of a cynomolgus macaque (41). However, this point requires
further study and corroboration.

Collectively, this study shows that AAV–Slc25a46 is a plausible
vector for gene therapy of a mitochondrial disease affecting the
central nervous system, as well as multiple other organ systems
in our mouse model. Thus, this preclinical study suggests that
gene therapy with AAV may represent a formidable approach
to the treatment of Slc25a46-related and other mitochondrial
disorders.

Materials and Methods
Animal handling and mouse strains

Slc25a46−/− mice were generated on a cross between C57BL/6J
(B6) female × DBA/2J (D2) male mice (B6D2) background by
the transgenic core of Cincinnati Children’s Hospital Medical
Center (CCHMC) and raised in-house, as previously described
(10). Animals were housed in a 12 h light/dark cycle inside the
animal barrier at CCHMC, and all Slc25a46−/− mice were fed with

DietGel
®

(76A, Clear H2O) mixed with regular chewing food after
weaning age. All animal procedures were performed in accor-
dance with the Institutional Animal Care and Use Committee-
approved protocol of CCHMC.

activities in various tissues. Upper right panel: the activity of complex IV in the

heart of AAV-treated mutants was significantly higher than the activity levels

observed in untreated mutants (P = 0.016). As expected, WT mice also showed

significantly higher activity than untreated mutants (P = 0.0040). Lower right

panel: both AAV–Slc25a46-treated mutants and WT mice showed significantly

higher complex IV activity in muscle tissue than the activity levels observed in

mutants (P < 0.0001 for both comparisons). The dataset of mitochondrial activity

assays was generated from three mice of each group. (∗P < 0.05, ∗∗P < 0.01,
∗∗∗∗P < 0.0001).
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AAV vector production

An AAV vector carrying the Slc25a46 coding sequence (Mouse
Genome Informatics: 1914703) was designed and shown in (Sup-
plementary Material, Fig. S1). The Slc25a46 coding sequence was
obtained from a plasmid carrying the full-length Slc25a46 cDNA
(Clone ID: 3990909, purchased from Dharmacon, Lafayette, Col-
orado, USA). The Slc25a46 coding sequence was then subcloned
into the AAV vector with ampicillin selection, cytomegalovirus
(CMV) promoter, and FLAG and His tags (Vigene Biosciences,
Rockville, Maryland, USA) upstream of an in-frame FLAG tag and
under the control of a CMV promoter. The vector also contains
an eGFP reporter downstream of the FLAG tag and separated
by a P2A self-cleaving peptide. The resulting AAV viral vec-
tor containing Slc25a46 cDNA was cross-packaged as serotype
PHP.B (i.e. with a serotype PHP.B capsid) to facilitate transduc-
tion in the CNS. Packaging, purification and titration of the
recombinant viral vector were carried out by Vigene Biosciences
(Rockville, Maryland, USA). Purified vectors were stored in 1× PBS
(phosphate-buffered saline) containing 350 mm NaCl and 5% D-
sorbitol. AAV–PHP.B-eGFP virus was utilized as a negative control
for untreated Slc25a46−/− mutants.

AAV vector delivery

To deliver the AAV vector to the mice systemically, aliquots of
the vector were injected into the facial vein of pups, based on
a previously described protocol (42). First, P1 to P2 mice were
immobilized with freezing anesthesia for 30–60 s. An aliquot of
the viral vector to be injected was thawed out at the same time, at
doses of 1 × 1011 or 2 × 1011 GC/g, diluted in 20 μl PBS. The pups
were determined to be under deep anesthesia as soon as they
showed a state of decreased activity while still maintaining a
smooth rate of breathing. Once under deep anesthesia, the pups
were placed under an anatomical microscope. A syringe contain-
ing the aliquot of AAV vector was attached to a 31 gauge insulin
needle (BD, USA) and inserted obliquely into the temporal vein.
The contents of the syringe were injected into the vein slowly,
and the lower facial vein was monitored during the process for
signs of whitening. After injection, the needle was retracted,
and the injection site was pressed with a cotton stick until the
bleeding stopped. Pups were warmed with a heat pack to recover
from anesthesia and then placed back with the mother.

Golgi staining

Eight-week-old mice were deeply anesthetized by CO2, followed
by euthanasia via cervical dislocation as previously described
(10). The cerebellum was then removed and prepared for Golgi
staining using the FD Rapid Golgi Stain Kit (FD NeuroTechnolo-
gies, MD) according to the manufacturer’s protocol (43). After
staining, the cerebellum was embedded in 4% agarose and cut
into 150 nm sagittal sections by vibratome (LEICA VT1000 S).
The sections were then mounted on gelatin-coated slides, dehy-
drated with gradient ethanol and cleared with xylene and then

coverslipped with Permount
®

(Fisher Scientific, NH). Images
were acquired with Zeiss Axioskop.

IF staining

Frozen tissue sections were processed as described previously
(44). Briefly, mice were perfused transcardially with PBS followed
by fresh 4% paraformaldehyde (PFA) in PBS. After overnight
postfixation in 4% PFA at 4◦C, tissues were dehydrated in 30%

sucrose for at least 24 h. Tissue sections 10 μm in thickness
were cut on a cryostat (Leica CM1850) and processed for IF. Sec-
tions were labeled with the following primary antibodies: rabbit
anti-green fluorescent protein, mouse anti-NeuN (1:2000, Mil-
lipore, MA), rabbit anti-calbindin D28k (1:1000, Swant, Switzer-
land), mouse anti-GFAP (1:1000, Millipore, MA) and mouse anti-
Brn3a (1:250, Santa Cruz, TX). Secondary antibodies used were
as follows: Alexa Fluor-488 (1:500, Jackson ImmunoResearch).
Processed sections were mounted onto SuperFrost microscope
slides (Fisher Scientific, NH) using a mounting medium includ-
ing 4′,6-diamidino-2-phenylindole (Vector, CA) and then imaged
with either a Zeiss Axiovert 200M or a Nikon C2 confocal micro-
scope.

Fluoro-Jade C staining

Sections were mounted on gelatin-coated slides, air-dried and
subjected to Fluoro-Jade C staining. Slides were first immersed
for 5 min in a solution containing 1% NaOH diluted in 80%
ethanol, then rinsed in 70% ethanol for 2 min and in distilled
water for 2 min and finally incubated for 10 min in a solution
of 0.06% potassium permanganate. Following a 2 min rinse in
distilled water, slides were transferred to a solution of 0.0001%
Fluoro-Jade C stain dissolved in 0.1% acetic acid and incubated
for 10 min. After washing three times with water, slides were
air-dried on a slide warmer at 50◦C for 30 min, then cleared in
xylene and coverslipped with DPX mounting medium (Sigma-
Aldrich, MO). Signals were visualized using a Zeiss Axiovert
200 M microscope.

EM and toluidine blue staining

P56 mice were anesthetized using CO2 and perfused with 0.9%
saline, followed by EM fixative (4% PFA, 2.5% glutaraldehyde, PBS,
pH 7.4–7.6). Tissues were postfixed in EM fixative, washed in
0.1 M Na cacodylate buffer (EMS, Hatfield, PA) and finally post-
fixed in 1% osmium tetroxide (EMS) for 1 h at 4◦C. Samples were
washed in 0.1 M Na cacodylate buffer and dehydrated through
a graded ethanol series. Samples were then embedded in LX-
112 (Ladd Research Industries, Williston, VT). Tissue blocks were
sectioned to a thickness of 0.5 μm and stained with toluidine
blue for examination under a light microscope. For EM, tissue
blocks were cut and trimmed with an ultramicrotome (Leica EM
UC7, Buffalo Grove, IL) to a thickness of 90 nm. Sections were
counterstained with uranyl acetate 2% (EMS) and lead citrate.
All images were taken with an 80-kV transmission electron
microscope (Hitachi, H-7650, V01.07, Tokyo, Japan).

Western blotting

Cell lysates from mouse tissues were harvested and then
homogenized after euthanasia. Briefly, 120 μg of protein from
each mouse tissue was mixed with 2× RIPA lysis and extraction
buffer (Thermo Fisher Scientific, NH). Then, the mixed samples
were heated for 5 min at 95◦C for denaturing before separating on
a NuPAGE 4–12% Bis–Tris gel (Invitrogen, Carlsbad, CA). The gel
was then transferred using an iBlot semidry transferring system
onto a polyvinylidene fluoride (PVDF) membrane (Invitrogen,
Carlsbad, CA). Afterward, the PVDF membrane was blocked
in InterceptTM Blocking Buffer (LI-COR Biosciences, Lincoln,
NE) for 45 min and then incubated overnight with primary
antibodies diluted in blocking buffer with 0.1% Tween 20
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and rabbit anti-SLC25A46 (Abcam, Cambridge, MA) at 1:1000
dilution. After overnight incubation, the membrane was washed
three times to removed unbound primary antibody and then
incubated for 90 min with IRDye 800CW Goat anti-Rabbit IgG
secondary antibodies (LI-COR Biosciences, Lincoln, NE). Bands
were visualized using the LI-COR Odyssey CLx Imaging System
(LI-COR Biosciences, Lincoln, NE). As a loading control, anti-
glyceraldehyde 3-phosphate dehydrogenase (Ambion, Foster
City, CA) was used at 1:2000 dilution.

Complex activity assays

Activity levels of respiratory chain complexes were determined
as described previously (45). Briefly, complex I activity was
assessed by measuring the decrease of NADH absorbance
at 340 nm, using decylubiquinone as an electron acceptor.
Complex II and III activity levels were determined by the
increased absorbance of reduced cytochrome C at 550 nm, with
potassium cyanide added into the reaction medium to inhibit
subsequent oxidation. Complex IV activity was demonstrated
using Complex IV Rodent Enzyme Activity Microplate Assay
Kit (Abcam, United Kingdom). The activity of Complex IV
is determined colorimetrically by following the oxidation of
reduced cytochrome c by the absorbance change at 550 nm. All
absorbance values were measured on a Synergy H1 microplate
reader (BioTek Instruments, VT). Activity levels were calculated
as nmol/min/mg protein and normalized to those of WT mice.

Electromyograph recording

Electromyography was performed as previously described (10).
P55 mice were anesthetized with isoflurane and then intraperi-
toneally injected with 50 mg/kg sodium phenobarbital. The lat-
eral gastrocnemius muscle is then exposed from the knee to
approximately 4 mm above the ankle. The sciatic nerve is then
exposed near the biceps femoris. A polyester film-coated steel
recording line (California thin line) was implanted outside the
gastrocnemius muscle, and a reference line was inserted under
the skin near the bottom of the tail. A concentric bipolar stim-
ulation electrode was placed on the sciatic nerve for electrical
activation.

The composite muscle action potential was amplified,
acquired using a Micro 1401 data acquisition unit and analyzed
offline using the Spike5 software (Cambridge Electronic Design,
Cambridge, UK). The sciatic nerve adjacent to the tibia and fibula
was subjected to 2–4 MA electrical stimulation by a stimulation
isolator (World Precision Instruments) attached to the micro
1401. After recording, the sciatic nerve axons were removed. The
proximal sciatic never was stimulated to ensure that CMAP is
produced by direct nerve stimulation. CMAP, CV was calculated
from each stimulation pattern. The average stimulation of the
sciatic nerve in each mode was obtained and averaged in the
animals.

Statistical analysis

P values of the survival curve were generated using the Log-rank
(Mantel-Cox) test. The rest of the comparisons between groups
were using the student’s t-test. Graphical illustrations and
significance were obtained with GraphPad Prism 7 (GraphPad).
P < 0.05 was considered statistically significant (∗P < 0.05;
∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001).
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