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Charcot–Marie–Tooth (CMT) disease type 2A is a progressive, neurodegenerative disorder affecting long
peripheral motor and sensory nerves. The most common clinical sign is weakness in the lower legs and
feet, associated with muscle atrophy and gait defects. The axonopathy in CMT2A is caused by mutations
in Mitofusin 2 (Mfn2), a mitochondrial GTPase necessary for the fusion of mitochondria. Most Mfn2 disease
alleles dominantly aggregate mitochondria upon expression in cultured fibroblasts and neurons. To deter-
mine whether this property is related to neuronal pathogenesis, we used the HB9 promoter to drive
expression of a pathogenic allele, Mfn2T105M, in the motor neurons of transgenic mice. Transgenic mice
develop key clinical signs of CMT2A disease in a dosage-dependent manner. They have a severe gait
defect due to an inability to dorsi-flex the hindpaws. Consequently, affected animals drag their hindpaws
while walking and support themselves on the hind knuckles, rather than the soles. This distal muscle weak-
ness is associated with reduced numbers of motor axons in the motor roots and severe reduction of the
anterior calf muscles. Many motor neurons from affected animals show improper mitochondrial distribution,
characterized by tight clusters of mitochondria within axons. This transgenic line recapitulates key motor fea-
tures of CMT2A and provides a system to dissect the function of mitochondria in the axons of mammalian
motor neurons.

INTRODUCTION

Charcot–Marie–Tooth disease (CMT) is a group of commonly
inherited neuropathies characterized by loss of motor and
sensory function in the longest peripheral nerves (1,2). Most
CMT patients present clinically with lower leg weakness
that is associated with loss of muscle mass and gait impair-
ment. There are two main classifications of CMT based on
the cell type affected. Demyelinating forms of CMT are the
most common and are caused primarily by mutation of struc-
tural myelin proteins. In contrast, axonal forms of CMT
directly disrupt the axons of peripheral nerves. CMT2A, an
autosomal dominant disease, is the most common axonal
CMT and is caused by mutations in Mitofusin 2 (Mfn2) (3).
Mitofusins are mitochondrial outer membrane GTPases

required for mitochondrial fusion from yeast to mammals

(4–6). Mammals have two mitofusins (Mfn1 and Mfn2) that
have partially redundant functions. Disruption of either Mfn1
or Mfn2 greatly reduces mitochondrial fusion, and loss of
both abolishes all fusion. Over forty mutations in Mfn2 have
been identified from CMT2A patients (3,7–12). In the
majority of cases, these mutations cause single amino acid
substitutions within or adjacent to the GTPase domain.

Given its autosomal dominant inheritance pattern, CMT2A
may be due to haploinsufficiency of Mfn2 or dominant effects
of theMfn2 mutants. These models are not mutually exclusive,
and two observations support an involvement of the latter
model. First, although many Mfn2 disease alleles have
loss-of-function mutations, others retain normal levels of mito-
chondrial fusion activity (13). Second, most Mfn2 disease
alleles dominantly cause mitochondrial aggregation when
over-expressed in fibroblasts or cultured dorsal root ganglion
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neurons (13,14). Such dominant activities would be expected
to disrupt mitochondrial dynamics in peripheral neurons. In
mammalian motor neurons, numerous mitochondria extend
into the axon and densely pack into the terminal endings at
the neuromuscular junction (15). Each terminal ending has
been estimated to contain several hundred mitochondria
(15). In Drosophila, mutants with defective recruitment of
axonal mitochondria show aberrant synaptic transmission in
photoreceptors (16) and motor neurons (17,18).
To determine whether Mfn2 disease alleles have dominant

effects in vivo, we generated transgenic mice expressing the
pathogenic Mfn2T105M allele in peripheral motor neurons.
Mice homozygous for the transgene have defects very
similar to motor defects found in CMT2A patients. They
have a hindlimb gait impairment due to decreased hindlimb
muscle mass and reduced number of motor axons. These phe-
notypes are associated with impaired distribution of axonal
mitochondria in motor neurons. In addition to providing an
animal model of CMT2A, this transgenic line may facilitate
efforts to understand the role of axonal mitochondria in neur-
onal function.

RESULTS

Generation of Mfn2T105M transgenic mouse

Given the dominant activity ofMfn2 disease alleles in cultured
cells (13,14), we reasoned that expression of such alleles in
motor neurons of transgenic mice might lead to animal
models that recapitulate CMT2A motor defects. For these
studies, we chose the CMT2A allele Mfn2T105M, which has
been found in three unrelated CMT2A families to cause
early-onset foot and leg muscular atrophy and additional fea-
tures of scoliosis and ataxia (3,7,10). Mfn2T105M localizes
properly to mitochondria but is inactive for mitochondrial
fusion (13) and induces mitochondrial aggregation when over-
expressed (13,14). Residue T105 is in the middle of the
GTPase G1 motif (103 GXXXXGKS 110) (19). To drive
expression in motor neurons, we chose the homeobox HB9
promoter, whose selective expression in motor neurons has
been documented in HB9-EGFP transgenic mice (20). Our
transgene contains the HB9 promoter driving Myc-tagged
Mfn2T105M followed by an internal ribosomal entry sequence
(IRES) and EGFP (Fig. 1A). Co-expression of the IRES–
EGFP gene allows motor neurons and their processes to be
readily identified.
Transgenic animals were identified by PCR analysis, and

transgene expression was confirmed by western blot analysis
with an anti-Myc antibody (Fig. 1B). One of the lines,
termed Tg1Mfn2T105M (hereafter referred to as simply
Mfn2T105M), is the subject of this study. To enable better
characterization of this line and to rule out integration site
effects, we used an inverse PCR strategy to clone the trans-
gene integration site. Sequence analysis of the insertion site
indicates that the transgene inserted into a non-coding region
on chromosome 11 between genes Rad51c and Ppm1e. This
integration site was confirmed by PCR reactions that flank
the integration sites at both ends of the transgene (Fig. 1C).
These genotyping assays also allowed us to readily distinguish

between heterozygous and homozygous Mfn2T105M animals
(Fig. 1C).

Transgene expression in motor neurons

As expected, the transgene is primarily expressed in the motor
neurons. Transgenic embryos and newborn pups show EFGP-
expressing neurons in the ventral portion of the developing
spinal column (Fig. 2A and B). This staining pattern is identical
to that found in controlHB9-EGFP animals (data not shown). In
transgenic animals, the EGFP-positive motor neurons also
contain anti-Myc reactivity due to the tagged Mfn2T105M-Myc
transgene (Fig. 2A and B). Particularly in the embryonic day
12.5 samples, this anti-Myc staining is punctate within the
cells, suggesting that the mitochondria are aggregated.
HB9 is expressed embryonically coincident with motor

neuron formation (21,22), but its expression postnatally is less
well documented. We monitored HB9 transgene expression in
postnatal spinal cord samples by immunoblot. The Mfn2T105M

transgene is expressed with a time course similar to the
control HB9-EGFP transgene (Fig. 2C). Both transgenes are
expressed well during the first several days after birth but
decline to very low levels by 3 weeks of age.

Hindlimb defect in homozygous Mfn2T105M animals

Mfn2T105M mice have several obvious defects depending on
the dosage of the transgene. Heterozygous Mfn2T105M mice
are born with slightly shorter tails that have mild to moderate
bony kinks or thickenings (Fig. 3A and B). In contrast, homo-
zygous Mfn2T105M animals have drastically shorter tails that
are severely deformed (Fig. 3A, B and D–F).
Most remarkably, homozygous Mfn2T105M animals have

hindlimb and gait defects, evident from birth (Fig. 3D–F).
These animals have limp hindpaws due to a failure to dorsi-
flex at the ankle (Fig. 3D). When at rest, severely affected
animals often fail to bring their hindpaws under their haunches
and instead leave their hind limbs extended behind their
bodies. Because of the defect in dorsi-flexion, homozygous
mice have an abnormal gait characterized by dragging of the
hindlimbs (Fig. 3E; Supplementary Material, Movie S1). In
spite of this defect, the animals are active and walk with
short pushes of the hindlimbs. In addition, the animals com-
monly have clenched hindpaws, due to an apparent inability
to spread the toes (Fig. 3F). These phenotypes suggest that
homozygous transgenic animals have severe weakness in the
distal hindlimb muscles.
These hindlimb defects are incompletely penetrant and have

variable expressivity. Of 85 homozygous transgenic animals,
60% were bilaterally affected, 26% were unilaterally affected
and 14% were unaffected. No hindpaw defects were observed
in heterozygous transgenic animals, even at 1 year of age.
Homozygous animals have a 15% reduction in body weight
at weaning (P20). The hindpaw defect does not appear to
worsen with age, and no defect was observed in the forelimbs.
Homozygous animals perform well on rota rod and beam
walking assays (data not shown). Both heterozygous and
homozygous animals are born at expected Mendelian ratios,
live to greater than 1 year, and are fertile.
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Because only homozygous animals show hindlimb motor
defects, we tested whether the transgene expression level cor-
responds with dosage. Western blot analysis indicated that
homozygous animals at P0 and P8 contain approximately
two-fold higher transgene expression than heterozygous
animals (Fig. 3G). These results suggest that the hindlimb phe-
notype is dependent on transgene expression levels. Cloning of
the transgene insertion site indicated that the transgene
inserted into non-coding sequences (Fig. 1C), thereby
arguing that the hindlimb phenotype is not caused by an inser-
tion site effect.
The tail defects in homozygousMfn2T105M animals are also a

consequence of transgene expression and not the integration
site. In the course of these studies, we generated a second trans-
genic line (Tg2Mfn2T105M) in which both heterozygotes and
homozygotes have no phenotype. In this second transgenic
line, the Mfn2T105M transgene is expressed at only !70% of
Tg1Mfn2T105 (Supplementary Material, Fig. S1A). However,
compound heterozygotes between the two lines have tail
defects that are intermediate in severity between Mfn2T105M/þ
and Mfn2T105M/Mfn2T105M animals (Supplementary Material,
Fig. S1B). These compound heterozygotes have no hindlimb
phenotype. These observations suggest that the tail phenotype
manifests at lower transgene expression levels than the hindlimb
phenotype. We currently do not understand the pathogenesis of
the tail phenotype, but interestingly, transgenic mice expressing
the survival motor neuron gene 2 (SMN2) have loss of motor
neurons and associated tail shortening (23).

Musculature defects in homozygous Mfn2T105M animals

To understand the hindlimb defect in homozygous Mfn2T105M

animals, we analyzed the muscle mass in the lower hindlimb
(Fig. 4A). At 22 days of age, compared to wild-type and
Mfn2T105M/þ animals, Mfn2T105M/Mfn2T105M animals have
dramatically reduced anterior musculature of the lower leg
(Fig. 4B). In contrast, the posterior calf muscle mass is com-
parable across all genotypes. To quantify these observations,
we dissected and weighed the anterior and posterior muscle
of the distal hindlimb. We found that the masses of posterior
calf muscles, normalized to animal body weight, are compar-
able between wild-type, Mfn2T105M heterozygous and
Mfn2T105M homozygous animals (Fig. 4C). In contrast, the
anterior muscles are dramatically smaller in homozygous
Mfn2T105M animals with affected hindlimbs (Fig. 4C). We
found a similar reduction in anterior leg muscles at birth
based on cryosections and at 8 months of age (data not
shown). In homozygous Mfn2T105M individuals with asympto-
matic hindlimbs, the anterior muscles have an intermediate,
variable mass (Fig. 4C).

This finding of reduced anterior muscles is consistent with
the inability of affected homozygous animals to dorsi-flex at
the ankle (Fig. 2D). Interestingly, weakness of the lower leg
anterior peroneal muscle is a common symptom in CMT
patients. CMT patients also have foot deformities, such as
pes cavus and claw toes, due to weakness of foot muscles
(1). We also found that the foot muscles in homozygous

Figure 1. Generation of Mfn2T105M transgenic mice. (A) Schematic of the transgenic construct. The motor-neuron-specific HB9 promoter drives expression of
Mfn2T105M (C-terminally tagged with Myc) and IRES–EGFP. (B) Identification of transgenic animals by PCR and western blotting. PCR amplification using
primers A and B yield a 392 bp fragment from the genomic Mfn2 locus and a 159 bp fragment from the Mfn2 cDNA transgene, which lacks the intervening
intron. The top gel shows PCR genotyping of embryonic day 12.5 embryos from a mating between a transgenic (Mfn2T105M/þ) and a wild-type animal.
Note that in transgenic DNA samples, the smaller PCR product is favored over the longer endogenous product. The bottom panel is a western blot of spinal
column lysates from the corresponding embryos, analyzed with an anti-Myc antibody. (C) In the Mfn2T105M line, the transgene is integrated into chromosome
11 between the Rad51c and Ppm1e genes. The transgene is depicted as a single dark arrow, though there may be multiple tandem insertions. The top gel shows
confirmation of the 50 integration site by PCR amplification using the C, E and F primers. The expected wild-type product (from primer pair EF) is 529 bp, and
the transgene product (from primer pair EC) is 279 bp. The bottom gel shows confirmation of the 30 integration site by PCR with primers D, E and F. The
transgene amplification product (from primer pair DF) is 800 bp. The genotypes of the samples are labeled above. Tg2 is an independent Mfn2T105M transgenic
line.
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Mfn2T105M animals are clearly smaller in size (data not
shown). However, because these muscles are small and diffi-
cult to dissect, we were unable to quantify the differences.

Loss of motor axons in homozygous Mfn2T105M animals

The hindlimb defects in homozygous Mfn2T105M animals are
suggestive of a motor neuropathy. Motor neuron cell bodies
reside in the ventral horns of the spinal cord, and each
motor neuron sends a single axon down the spinal column.
Bundles of axons, termed roots, exit the spinal column at junc-
tions between the vertebrate. Each root has a characteristic
number of axons. Because motor roots of the lumbar spine
innervate the hind limbs, we quantified motor axons in the
L4 and L5 nerve roots.

Our analysis indicates that motor roots in homozygous
transgenic animals have fewer motor axons. Upon dissection,
the lumbar motor roots appear grossly smaller in Mfn2T105M/
Mfn2T105M animals compared with wild-type and
Mfn2T105M/þ littermates. Quantitative analysis of thin
plastic sections revealed that Mfn2T105M/Mfn2T105M motor
roots at L4 and L5 contain !40% fewer axons compared
with controls (Fig. 5A and B). In addition, we found that
this loss of motor axons is most severe in the small caliber
class of axons (Fig. 5C). Consistent with the motor-specific
expression of the HB9-driven transgene, we did not find a sig-
nificant reduction in the number of axons in sensory roots of
homozygous transgenic animals (data not shown).

Mitochondrial abnormalities in homozygous Mfn2T105M

motor neurons

Given that theMfn2T105M allele can cause defects in mitochon-
drial distribution (13,14), we examined the morphology and
distribution of mitochondria in transgenic motor neurons. As a
wild-type control, we examined mitochondria in motor
neurons cultured from HB9-EGFP embryos. In wild-type
motor neurons, abundant mitochondrial tubules are distributed
throughout long axonal projections (Fig. 6A). In contrast,
many homozygous Mfn2T105M motor neurons have highly
aggregated mitochondria that cluster along the axon with
uneven distribution (Fig. 6A). Quantitation of these results con-
firmed that homozygousMfn2T105M neurons have a severemito-
chondrial distribution defect, with heterozygous Mfn2T105M

neurons having an intermediate phenotype (Fig. 6B).

DISCUSSION

By expressing the pathogenic CMT2A allele Mfn2T105M in
mouse motor neurons, we have generated a mouse line that
recapitulates some of the motor defects observed in CMT2A
patients. Transgenic mice show a striking inability to dorsi-
flex their hindpaws, resulting in an abnormal gait with foot
dragging. This distal limb weakness resembles that found in
CMT2A patients, who often exhibit foot-drop and a compen-
satory high gait. Also like CMT2A patients, the transgenic
mice develop deformities in the foot. The gait defects in the
transgenic mice arise from reduced numbers of motor axons,
similar to the axonopathy of long peripheral nerves found in
CMT2A patients. Interestingly, the axonopathy found in our
transgenic model does not result in obvious loss of motor
neuron cell bodies. We quantified motor neurons cell bodies
along the lumbar region by Cresyl violet staining and found
no significant decrease (data not shown). Even though trans-
gene expression levels are reduced shortly after birth, the phe-
notype does not improve with age, likely because the affected
motor neurons are too severely affected.
The peripheral neuropathy found in these animals is associ-

ated with greatly reduced mass in the anterior calf muscles.
This defect of the anterior calf muscles is likely secondary
to the motor axonopathy, because expression of the transgene
in the calf is limited to the peripheral nerves and is not found
in the muscle fibers (data not shown). Because the HB9-driven
transgene is expressed embryonically, and the anterior leg

Figure 2. Transgene expression in motor neurons. (A) Cryosection of spinal
column from an embryonic day 12.5 Mfn2T105M/Mfn2T105M embryo.
GFP-labeled motor neurons (green) are located in the ventral region.
Anti-Myc staining (red) detects mitochondrial localization of Mfn2T105M-Myc
within GFP-positive cells. The right panel shows details of the boxed region.
(B) Immunostaining of a spinal cord cryosection from a postnatal P0
Mfn2T105M/Mfn2T105M animal, stained as in (A). (C) Expression time-course
of HB9-Mfn2T105M (top panels) and HB9-EGFP (bottom panels). Two
spinal cord lysates were prepared from Mfn2T105M/Mfn2T105M and
HB9-EGFP animals at the indicated ages and analyzed by western blotting
using anti-Myc and anti-GFP antibodies. A b-actin antibody was used to
control for protein loading.
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muscles are deficient at birth, it is possible that the defect
results from a failure of muscle development rather than
muscle atrophy due to loss of innervation. At present, we do
not understand why the anterior leg muscles are preferentially
affected, but intriguingly, the anterior leg muscles also appear
to be more severely affected in CMT patients. It is possible
that a subset of motor neurons is more susceptible to altered
mitochondrial dynamics.
We have previously shown that most CMT2A mutations,

including T105M, result in loss of Mfn2 fusion activity (13).
Such non-functional Mfn2 alleles can be functionally comple-
mented by wild-type Mfn1 but not Mfn2, and we proposed a
model to explain how the autosomal dominant inheritance
pattern of CMT2A may be caused by vulnerability in cells
that have low Mfn1 activity (13). In contrast, our current
results suggest that dominant effects of Mfn2 disease alleles
may also contribute to the autosomal dominant inheritance

pattern of CMT2A. In this transgenic model, the motor
neuron defects are associated with improper distribution of
mitochondria within axonal processes. This improper distri-
bution of mitochondria is due to the ability of the Mfn2T105M

transgene to dominantly promote mitochondrial aggregation
(Fig. 6) (13,14), resulting in sequestration of mitochondria to
small clusters in the axons in many motor neurons. It is likely
that improper mitochondrial recruitment to axons results in
the observed axonopathy. Taken together, our results suggest
that Mfn2 disease alleles may affect mitochondrial dynamics
by at least two distinct mechanisms.

It should be noted that Mfn2 disease alleles disrupt mito-
chondrial distribution only when over-expressed (13,14). We
have constructed knock-in mice containing Mfn2 disease
alleles expressed from the endogenous Mfn2 locus. Cells
from such animals do not show obvious mitochondrial distri-
bution defects (13), and heterozygous mice do not show

Figure 3. Limb and tail defects in Mfn2T105M mice. (A and B) Tail defects in newborn P0 (A) and P8 (B) mice. The genotypes of the animals are indicated.
Heterozygous animals have a kinked, slightly shortened tail, whereas homozygous animals have a severely shortened tail. (C and D) Hindpaw posture in P8
wild-type (C) and homozygous (D) animals. Note that the homozygous animal has limp hindpaws and is unable to dorsi-flex at the ankle (arrow).
(E) Frame from a video of a P8 homozygous animal while walking. The hindpaws are extended behind, and the animal walks by pushing against the hind-
knuckles. (F) Clenched and deformed hindpaw in an adult homozygous animal, detailed in inset. (G) Comparison of transgene expression levels between hetero-
zygous and homozygous transgenic animals. Spinal cord lysates from the indicated animals were analyzed by western blotting with an anti-Myc antibody.
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neuropathy. It seems likely that the much longer peripheral
nerves of humans (compared with mouse) are substantially
more sensitive to subtle perturbations in mitochondrial
fusion. For this reason, our mouse model of CMT2A requires
over-expression of Mfn2T105M to exaggerate its dominant
effects. In the only ultrastructural study of mitochondria in
the peripheral nerves of CMT2A patients, aggregation of mito-
chondria was a prominent feature (11). In future studies, it will
be important to address more definitively the mitochondrial
defects found in the peripheral nerves of CMT2A patients.
Intriguingly, loss of Mfn2 can also lead to mitochondrial dis-
tribution defects. In mice lacking Mfn2, mitochondria fail to
distribute properly in the dendritic extensions of Purkinje
cells in the cerebellum, leading to loss of dendritic growth
and cell degeneration (24). Therefore, it appears that mito-
chondrial distribution in neurons is highly sensitive to
precise control of mitochondrial fusion and can be disrupted
by both gain-of-function and loss-of-function alleles of Mfn2.
Our transgenic mouse line provides evidence for the import-

ance of proper mitochondrial dynamics in motor axons. The
Mfn2T105M allele disrupts the distribution of mitochondria to
axons and results in axonopathy. Our results support
growing evidence that mitochondria are vital to the function
of neuronal processes. Mitochondrial recruitment to pre- and
post-synaptic sites in cultured hippocampal and cortical
neurons is regulated by synaptic activity and is important for
growth of dendritic spines and synapses (25,26). In Droso-
phila, mitochondria must be recruited to axon terminals to
provide ATP for energy-dependent processes and to maintain
calcium homeostasis during prolonged nerve stimulation (16–
18). Mitochondrial recruitment would be expected to be

important for mammalian motor neurons, which have densely
packedmitochondria at the nerve terminals (15). Our transgenic
line provides a model system to examine this issue and to gain
insights into the pathogenesis of CMT2A.

MATERIALS AND METHODS

Generation of transgenic mice

To construct the transgene, a PmeI/XhoI fragment containing
C-terminally tagged Mfn2T105M-Myc (13) was blunted with
Kenow enzyme and inserted into the PmeI site of HB9-
MCS-IRES-GFP (gift of Tom Jessell, Columbia University)
to generate HB9-Mfn2T105M-Myc-IRES–EGFP. For pronuclear
injections, the plasmid was linearized by XhoI digestion, gel-
purified and filter-sterilized. The linearized DNA was injected

Figure 4. Reduced hindlimb muscle mass in homozygous transgenic animals.
(A) Schematic of hindlimb muscle dissection. Anterior (a) and posterior (p)
muscle groups were identified by the distal tendon insertion sites, as indicated
by the arrows. (B) Images of dissected muscles from heterozygous and homo-
zygous (bilaterally affected) animals at P22. Posterior muscles (p) are compar-
able in size in animals of both genotypes, whereas anterior muscles (a) are
much smaller in homozygous animals. (C) Quantitation of posterior and
anterior muscle masses from þ/þ (n¼2), Mfn2T105M/þ (n¼18),
Mfn2T105M/Mfn2T105M affected (n¼14) and Mfn2T105/Mfn2T105M unaffected
(n¼8) hind limbs. The error bars indicate standard deviations.

Figure 5. Reduced axon numbers in transgenic motor roots. (A) Plastic sec-
tions of L5 motor roots from 6-week-old animals stained with Toluidine
blue. Genotypes are indicated. (B) Axon quantitation in L5 and L4 motor
roots. The number (n) of roots counted for each genotype is indicated, and
error bars indicate the standard error of the mean (SEM). The P-value is
0.002 between homozygous and wild-type samples. (C) Distribution of
motor neuron axon caliber in L5 roots. Axons diameters were measured and
placed into bins with 0.5 mm increments (e.g. 0–0.5, 0.5–1, 1–1.5 mm).
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at the Caltech Transgenic and Knockout Core Facility. Injected
embryos were implanted into psuedo-pregnant females.
Founder animals were screened using the PCR assay depicted
in Figure 1, where primer A is 50-GCGCCTCTCTGTGCT
AGTTG and primer B is 50-GTCTGCAGTGAACTGGCAAT.
The transgene insertion site in the Mfn2T105M line was

cloned using an inverse PCR strategy (27). Mfn2T105M

genomic DNA was digested with EcoRI (present in the 30

end of the transgene), self-ligated and used as a template for
PCR with divergent GFP primers. The PCR product was
cloned and identified by sequencing. This integration site
was confirmed with the PCR assay depicted in Figure 1. The
primers used were: C (50-TGGGGTGTGCTTTATTGACA),
D (50-CTGCTTTCATGCACACACCT), E (50-CTGCTTTCA
TGCACACACCT) and F (50-GCCTTCTTGAGAACCT
GTGC).

Cryosection and immunofluorescence

For immunostaining, embryonic day 12.5 embryos were fixed
in 4% parafomaldehyde in phosphate buffered saline (PBS) for
2 h at 48C, washed in PBS, equilibrated with 30% sucrose in
PBS and frozen in Tissue-Tek O.C.T. compound. Embryos
were sectioned with a Microm HM550 cryostat at 2208C, air-
dried and then immunostained with the anti-Myc 9E10 mono-
clonal antibody and a Cy3-labeled secondary antibody. EGFP
signal was enhanced with an Alexa-488 conjugated anti-GFP
antibody (Invitrogen).

Spinal cord lysates

The thoracic spinal cord was extruded with PBS and immedi-
ately Dounce-homogenized in Tris-buffered saline (pH 8.0)

Figure 6. Altered mitochondrial distribution in Mfn2T105/Mfn2T105Mmotor neurons. (A) Images of cultured motor neurons and mitochondrial localization. Spinal
cord cultures were grown from embryonic day 12.5 embryos, and motor neurons were identified by EGFP expression. Mitochondrial morphology in wild-type
HB9-EGFP motor neurons (left panels) was evaluated by expression of mitochondrially targeted DsRed. Mitochondria in Mfn2T105/Mfn2T105M motor neurons
(right panels) were evaluated by anti-Myc immunofluorescence, which identifies mitochondrially localized Mfn2T105M-Myc. Note that in the transgenic motor
neurons, the mitochondria fail to distribute evenly along the axon. Mfn2T105/Mfn2T105M motor neurons have aggregated mitochondria in the cell soma, but this
aggregation is obscured in the images because overexposure was necessary to visualize the axonal mitochondria. (B) Quantitation of mitochondrial morphology
and distribution. Normal motor neurons have thin tubular mitochondria that are distributed along the length of the axon. GFP-positive motor neurons were scored
as having abnormal shape and aggregated when mitochondria were found to have non-tubular shapes and in tight clusters in the axon. Errors bars represent SEM
from three trials. Both heterozygous (P-value, 0.0004) and homozyogus cultures (P-value, 0.0001) had significantly higher levels of abnormal motor neurons. In
addition, the differences between homozygous and heterozygous cultures were also significant (P-value, 0.0013).
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containing 1% Triton X-100 and a protease inhibitor cocktail
(Roche). Lysates were cleared by centrifugation, and protein
levels were quantified with the BioRad Protein Assay kit.
Equivalent loads were analyzed by western blotting.

Hindlimb muscle analysis

P22 animals were euthanized, and skin was removed from the
hindlimbs. Anterior and posterior muscles groups were ident-
ified by the insertion site of the distal tendon (Fig. 4A). The
muscles were cut at the distal insertion point, lifted away
from the limb and severed at the proximal attachment site.
This technique allowed for reproducible isolation of the
same muscle groups in different animals, despite differences
in muscle size. Muscles were weighed immediately following
dissection.

Motor root dissection and staining

L4 and L5 motor and sensory roots were dissected from six--
week-old animals following transcardial perfusion with 4%
paraformaldehyde in PBS. Dissected roots were further fixed
and processed for embedment in epon plastic for thin section-
ing, as described previously (28). Thin sections were stained
with Toluidine blue to visualize myelin. BIOQUANT software
was used to count axons and to measure individual axon
diameters.

Motor neuron cultures

Spinal columns were dissected from embryonic day 12.5
embryos and dissociated using Papain protease (Worthington).
The cells were plated on cover slips treated with Matrigel
(BD Biosciences), and the motor neurons were cultured as
described previously (20). HB9-EGFP cultures were infected
with lentivirus encoding mitochondrially targeted DsRed. 48
or 72 h later, the cultures were processed for immunofluores-
cence.Mfn2T105M cultures were probed with the anti-Myc anti-
body 9E10 and a Cy3 labeled secondary. The EGFP signal in
both cultures was enhanced using an Alexa-488 conjugated
anti-GFP antibody (Invitrogen).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG Online.
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