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Abstract
Background: Motor neuron degeneration in SOD1G93A transgenic mice begins at the nerve terminal. Here we examine
whether this degeneration depends on expression of mutant SOD1 in muscle fibers.
Methodology/Principal Findings: Hindlimb muscles were transplanted between wild-type and SOD1G93A transgenic mice
and the innervation status of neuromuscular junctions (NMJs) was examined after 2 months. The results showed that
muscles from SOD1G93A mice did not induce motor terminal degeneration in wildtype mice and that muscles from wildtype
mice did not prevent degeneration in SOD1G93A transgenic mice. Control studies demonstrated that muscles transplanted
from SOD1G93A mice continued to express mutant SOD1 protein. Experiments on wildtype mice established that the host
supplied terminal Schwann cells (TSCs) at the NMJs of transplanted muscles.
Conclusions/Significance: These results indicate that expression of the mutant protein in muscle is not needed to cause
motor terminal degeneration in SOD1G93A transgenic mice and that a combination of motor terminals, motor axons and
Schwann cells, all of which express mutant protein may be sufficient.
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mutant SOD1 protein in muscle does not contribute to the
pathogenesis of SOD1G93A mice [15]. The approach used in the
latter study was to inhibit expression of mutated SOD1 protein in
muscle but the results showed that the inhibition was not complete
and leave open the possibility that expression in some or many
muscle fibers may have been unaffected.
In order to clarify the role of muscle in determining motor
terminal degeneration in SOD1G93A mice, we transplanted whole
muscles between SOD1G93A and wild-type mice in the present
study. The results showed that mutant SOD1-expressing muscles
were not able to induce motor terminal degeneration in wildtype
animals and that wildtype SOD1-expressing muscles were unable
to prevent motor terminal degeneration in SOD1G93A transgenic
mice. The results thus demonstrate that the properties of the host
animal and not the muscle transplant source determine whether
degenerative changes at the NMJ are subsequently observed. Since
the source of TSCs in transplanted adult muscles was not known
with certainty, we examined this issue using transgenic mice with
fluorescently-labeled TSCs [16]. Here we show that in the adult,
all TSCs in regenerated muscle transplants are derived from the
host. Our results indicate that pairings of SOD1-expressing
Schwann cells, motor terminals and motor axons are sufficient
to enable motor terminal degenerative changes in the SOD1G93A
mouse and that interactions with mutant SOD1 expressing muscle
fibers do not play a role. Some of these results have been reported
previously in abstract form [17].

Introduction
The SOD1G93A transgenic mouse is a common model for
studying motor neuron disease and ubiquitously expresses one
(G93A) of many SOD1 protein mutations known to occur in about
20% of human cases of inherited motor neuron disease [1].
Previous studies have shown that expression of the mutated
SOD1G93A gene solely in neurons does not cause motor neuron
disease [2]. This and other evidence suggest that toxic interactions
between motor neurons and other cells all of which express the
mutant SOD1 protein may be important for disease progression
[3–5]. An important consideration is where to place emphasis in
the search for such interactions. Recent evidence indicates that
motor terminal degeneration in SOD1G93A mice occurs long
before motoneuron cell death in the spinal cord [6–8]. This
evidence indicates that loss of motor unit function is the result of
degenerative events in the periphery and not motor neuron cell
death [9,10]. Similar phenomena were reported earlier in a canine
version of inherited motor neuron disease [11–13].
Motor neuron cellular partners that might contribute to motor
terminal degeneration include myelinating Schwann cells and, at
the neuromuscular junction (NMJ), muscle fibers and terminal
Schwann cells (TSC). The results of an earlier study in which
muscles were transplanted between SOD1G93A and wild-type mice
suggested that muscle may exert a toxic influence in SOD1G93A
mice [14]. Another study, however, reported that expression of
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occupied by synaptophysin-labeled nerve terminals. The results
showed that transplanted B6.SOD1 muscles featured similar
percentages of innervated and partially innervated muscle fibers
relative to contralateral MG muscles (Figure 1B). The relatively
small differences of innervation status were sufficient to produce a
statistically significant association between innervation status and
muscle source (transplant or control, p,0.01). The significance,
however, depended upon comparisons within 2 animals in which
the control muscles contained endplates that were 0% partially
innervated and denervated and transplant muscles that had small
but discrete percentages in these categories (5% on average or
less). Factors other than genotype likely play a role in determining
the small amounts of partial innervation and denervation in the
transplanted muscles. Even in transplants of completely normal
muscles, reinnervation is delayed by muscle fiber regeneration that
follows after elimination of necrotic fibers [19,20].
The results of several previous studies suggest that motor
neurons which innervate fast type motor units are more susceptible
to degeneration in SOD1G93A mice [6,21]. If such an effect is
based on toxicity mediated by fast-type muscle fibers, then the

Results
Wild-type motor neurons successfully innervate SOD1
MG transplants
In this study, SOD1 animals on a B6 background (B6.SOD1)
and wildtype B6 controls both possessed YFP-labeled axons to
facilitate imaging [18]. MG muscles from B6.SOD1 donors were
transplanted into wild-type hosts and recovered and analyzed for
innervation status 2 months later. Sections taken from these
muscles revealed the presence of many YFP-labeled axons that
extended throughout an endplate band to form synaptic contacts
on motor endplates labeled for acetylcholine (ACh) receptors with
a2bungarotoxin (Figure 1A). Although not analyzed, the number
of endplates in transplanted muscles appeared to be similar to
contralateral, control muscles, and similar numbers of endplates
were analyzed for innervation status (transplant 13368, contralateral 14464, N = 5 for both). The innervation status of muscle
fibers in transplanted muscles was compared with the innervation
status of the contralateral, control muscles by determining the
extent to which endplates labeled for ACh receptors were

Figure 1. Wild-type motor neurons successfully reinnervate B6.SOD1 muscles. A. Low magnification view of an MG muscle from an
B6.SOD1mouse transplanted into a wild-type animal 2 months earlier. The host B6.SOD1 animal expressed YFP in neuronal membranes (green) while
ACHRs at endplates were labeled with a-bungarotoxin (a2Btx, red). The endplates in this view were all fully innervated by YFP-fluorescent motor
terminals as indicated by yellow color. B. Bar charts show percentages of fully and partially innervated endplates and denervated endplates for
transplanted and contralateral control MG muscles as determined by synaptophysin staining (not shown). Bar pairs correspond to the same animals.
C. Low magnification views of YFP-labeled motor terminals and synapses (column 1), views of muscle fibers stained with an antibody against fast
myosin (My32, column 2) and merged views (YFP, green) for sections taken from a transplanted MG muscle and a contralateral control MG from one
animal. These panels demonstrate that fast muscle fibers regenerated in transplanted B6.SOD1 MG and were as completely innervated in
transplanted B6.SOD1 MG muscle as in the contralateral MG muscle.
doi:10.1371/journal.pone.0009802.g001
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and denervated muscle fibers in the wild-type MG transplants did
not differ significantly from percentages obtained from control,
unoperated, MG muscles of B6.SOD1 mice (p.0.05, Figure 3B).
As was the case in B6.SOD1 muscles transplanted into wild-type
animals, the number of endplates in transplanted wildtype muscles
did not appear to differ from contralateral, control muscles, and
similar numbers were available for analysis (14469 for transplants,
12866 for control muscles, both N = 5). In addition, fiber type
expression in wild-type MG muscles transplanted into B6.SOD1
animals was similar to contralateral MG muscles and was
dominated by staining for fast myosin (Figure 3C).
The overall lack of difference of innervation status between
transplanted and contralateral muscles could arise because some
fibers in the transplanted wild-type muscles never became
innervated. This possibility cannot be excluded since we did not
use repeated in vivo imaging of endplates in transplanted muscles
throughout the post-operative period. In one B6.SOD1 host
animal, however, the MG muscle on the side contralateral to the
transplant exhibited considerably less innervation than the
remainder of the group, but this was matched by a similarly low
percentage of fully innervated fibers on the transplanted side
compared with muscles from other transgenic animals (Figure 3B).
The overall side-to-side similarity of innervation status suggests
that motor terminals in the transplanted wild-type muscle are
subject to the same degeneration schedule as motor terminals on
the contralateral side. Combined with the fact that most fibers (ca.
65%) in the transplants were found to be innervated in 4/5
experiments, these results suggest that the transplants were
extensively innervated initially and that some fibers became
denervated only later.
Figure 4 summarizes innervation status and Table 1 provides
group means for all transplant experiments. For both types of
transplant experiment, there was an equivalence of innervation status
between transplant and contralateral control muscle pairs. This
observation indicates that innervation in transplanted and contralateral control muscles is affected by a common factor The most
obvious common factor associated with transplanted and contralateral muscle pairs is the identity of the host and not the identity of the
donor. This indicates that the properties of the transplant recipient
determine innervation status in both transplanted and contralateral
control muscles. By extension, this supports the conclusion that the
properties of transplanted muscles have no effect on innervation
status in either wild-type or B6.SOD1 transgenic mice.

overall successful innervation of B6.SOD1 transplanted muscle by
wild-type motoneurons could be based on a failure of fast-type
muscle fibers to regenerate in the transplanted muscles. However,
sections of transplanted B6.SOD1 MG muscles showed that many
innervated muscle fibers stained positively with an antibody for
fast myosin and in this respect, these fibers were similar to those
found in contralateral MG muscles (Figure 1C). In other sections
from transplanted and contralateral control muscles, fewer muscle
fibers were observed that did not stain positively for fast myosin
(data not shown), consistent with the presence of a minority (ca.
6%) of slow muscle fibers in the mouse MG muscle [22]. These
data demonstrate that B6.SOD1 MG muscles and motor
endplates regenerate after being transplanted into wild-type
animals and express different fiber types. Overall, wild-type motor
neurons and motor terminals were able to innervate the
transplanted B6.SOD1 MG muscles almost completely. Muscle
fibers from B6.SOD1 mice are thus able to receive and maintain
innervation from wild-type motor terminals.
Another explanation for the nearly complete innervation of
B6.SOD1 MG transplants by wild-type motor neurons is that the
regenerated fibers in transplants do not express the mutant SOD1
protein. Previous studies have shown, however, that adult muscles
retain transgene expression following transplantation into immunocompatible hosts [23]. In order to confirm this in the present
study, we performed Western analysis of SOD1 expression in MG
muscle from an B6.SOD1 donor that had been transplanted into a
wild-type host 2 months earlier. The results (Figure 2) confirm that
expression of the mutated SOD1 protein is maintained in muscles
transplanted from B6.SOD1 animals into wild-type animals.
Moreover, these data demonstrate that the source of the muscle
fibers in the transplant is the SOD1 donor animal

Wild-type MG transplants do not prevent B6.SOD1 motor
terminal degeneration
In another series of experiments, wild-type MG muscles were
transplanted into the legs of B6.SOD1 transgenic mice. In contrast
with the transplantation of B6.SOD1 muscle into wild-type
animals, an appreciable number of denervated and partially
occupied endplates were encountered in the transplanted MG
muscles (Figure 3A). The extent of NMJ abnormalities in the
transplanted muscles, however, was similar to contralateral
muscles. To quantify this observation, the innervations status of
transplanted and contralateral control muscles was evaluated as
described above. Two months after transplantation, we observed
that the average percentages of innervated, partially innervated

Terminal Schwann cells are derived from the transplant
host
In addition to its relationship with the muscle fiber, the motor
terminal is intimately covered by the terminal Schwann cell (TSC).
Because of this close relationship, potentially toxic interactions
with TSCs could be a factor in determining or influencing motor
terminal degeneration in SOD1G93A mice. The source of TSCs in
transplanted muscles is not clear, however. Previously, it has been
reported that only about half of TSCs are derived from the host
when neonatal whole muscles are transplanted [24]. In order to
determine the source of TSCs in the present experiments in adults,
we performed MG muscle transplants between wild-type mice and
transgenic mice that express EGFP under the direction of the
human S100 calcium-binding protein promoter [16]. Because
TSCs in these transgenic mice (B6.EGFP) are fluorescent, it is
possible determine the source of TSCs after transplantation.
Following a 2 month post-transplantation delay, we observed
that all the MG muscles transplanted from wild-type mice into the
B6.EGFP mice showed EGFP fluorescence at their NMJs
(Figure 5A). In contrast, none of the NMJs in MG muscles from

Figure 2. SOD1G93A mutant protein is expressed in transplanted muscles. Western blots showing reactivity of antibodies against
mouse SOD1 protein (aM-SOD1) and against human SOD1 protein (aHSOD1) which is used to label the human mutant SOD1 protein. Lanes
are as follows: 1. B6.SOD1 transgenic MG muscle; 2. Wild-type MG
muscle; 3. MG muscle from B6.SOD1 transgenic transplanted 2 months
earlier into a wild-type animal; 4. Control muscles were obtained from
the ipsilateral limb (soleus).
doi:10.1371/journal.pone.0009802.g002
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Figure 3. B6.SOD1 motor neurons fail to completely reinnervate wild-type muscles. A1. Low magnification view of wild-type muscle
transplanted into an B6.SOD1 animal 2 months earlier. The host wildtype animal expressed YFP in neuronal membranes (green) while ACHRs are
labeled with a2Btx (red). Denervated endplates are indicated by white arrows. A2–3. Higher magnification and rotated view of area indicated in A1
by broken lines. Panels illustrate complete occupation of upper endplate by nerve terminal (A2, YFP) and synaptophysin staining (A3, SYP) and
complete denervation of lower endplate. B. Percentages of fully and partially innervated endplates and denervated endplates for transplanted and
contralateral control MG muscles. Bar pairs correspond to the same animals. C. Low magnification views of YFP-labeled motor terminals and My32–
stained muscle fibers show that fast muscle fibers regenerated in wild-type MG muscle transplanted into B6.SOD1 animals and showed similar levels
of denervation.
doi:10.1371/journal.pone.0009802.g003

EGFP mice transplanted into wild-type mice exhibited EGFP
fluorescence (Figure 5B). In order to determine whether TSCs
were present but not EGFP fluorescent in the latter muscles, we
labeled muscle sections with an antibody against the S100 protein
and observed S100-positive staining at all nerve terminals
(Figure 5B). This demonstrates that TSCs were present at these
NMJs but did not contain the EGFP label. We also considered the
possibility that some wild-type TSCs might survive the transplantation to B6.EGFP mice and express S100 but not EGFP.
However, we observed that every instance of S100-positive
staining co-localized with EGFP fluorescence (Figure 5C).
The co-localization of EGFP fluorescence and S100 staining at
nerve terminals of MG muscles transplanted from wild-type mice
into EGFP mice (Figure 5) indicates that all TSCs in the muscle
PLoS ONE | www.plosone.org

transplants are provided by the host. Additional evidence indicates
that donor TSCs do not survive the transplantation procedure. In
a preliminary experiment, no evidence was detected of EGFP
fluorescence or S100 antibody positive staining in an MG muscle
transplanted 2 weeks previously from a wild-type mouse into an
B6.EGFP mouse. However, both markers were present in the
contralateral unoperated MG which was denervated at the time of
the transplant surgery via ipsilateral sciatic nerve crush (data not
shown).

Discussion
One goal of the present study was to test the hypothesis that
expression of the mutant SOD1G93A protein in muscle is necessary
4
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SOD1 mutation in muscle is not necessary for the appearance of
muscle denervation or the motor neuron disease phenotype.
An alternative explanation for the ability of wild-type motor
neurons to innervate transplanted B6.SOD1 muscles is that the
muscles did not express the mutated protein. This possibility was
excluded by showing that B6.SOD1 muscle continues to express
the mutated enzyme 2 months after transplantation into wild-type
mice (Figure 2). This is consistent with the results of a previous
study in which muscles continued expressing a transgene following
transplantation into wild-type hosts [23]. The basis for these results
likely resides in the mechanisms underlying recovery and
regeneration following transplantation of whole muscles. Soon
after transplantation, muscle fibers become ischemic and most
appear to degenerate. Repopulation of muscle fibers is accomplished by activation and differentiation of satellite cells located
within the original basal lamina [20]. Others have shown that host
myoblasts do not invade transplanted muscles [24]. The source of
regenerated muscle fibers in whole muscle transplants thus appears
to be the transplanted muscle itself.
Another alternative idea is that MG motor terminal degeneration
in the SOD1-.Wt transplant group was absent because motor terminals were exposed for only 60 days (post-transplant interval) to
SOD1 muscle. Although not identical, this time is comparable to the
time MG motor terminals were exposed to SOD1 muscles in
Wt-.SOD1 transplant animals (80–85 days before receiving
transplant of Wt muscle). However, only the latter group showed
MG motor terminal degeneration while MG innervation in the
former group was indistinguishable from normal. It is possible that
the 2–3 week difference in exposure time is a factor in determining
motor terminal degeneration. However, if the amount of exposure to
potentially toxic muscle is a critical factor in determining degeneration, then one might reasonably expect to find that the unoperated
sides of Wt-.SOD1 transplant animals exhibit more extensive NMJ
degeneration than the transplanted sides. In these cases, the
unoperated sides were exposed to potentially toxic muscle for the
entire lifetime of the animals (140–145 d) whereas the transplanted
sides were exposed only for pre-transplant time intervals (80–85 d).
Yet, as Figure 4 demonstrates, both sides showed essentially identical
levels of denervation at 140–145 d. In the Wt-.SOD1 group, we
can not exclude that innervation of muscles that express mutant
protein during earlier life intervals (0–80 d) sets in motion degenerative mechanisms that progress despite later innervation of wildtype
muscle. However, our results do not provide clear support for the
idea that the amount of exposure to mutant SOD1 muscle is critical
for determining whether motor terminal degeneration occurs.
Selective regeneration of muscle fibers in transplanted muscles
provides another possible explanation for the success of wild-type
innervation of B6.SOD1 muscles. Although fiber number appears
to recover in transplants of normal muscle [25,26], we can not
exclude that transgenic muscle fibers that may possess specific
toxicity for motor terminals do not regenerate after transplantation.
If such transgenic fibers exist, however, then the basis of the toxicity

Figure 4. NMJ innervation status in muscle transplants is
determined by the host. Panel shows a plot of percentage of
innervated and of partially-innervated and denervated MG muscle fibers
observed in MG muscle transplants versus the same percentages from
contralateral control MG muscles. Symbols are defined by inset. Straight
line in plot has a unitary slope. Data from all study animals are included
in this plot. The association of innervation status between transplanted
and control muscles suggests mutual dependence on the properties of
the host.
doi:10.1371/journal.pone.0009802.g004

for the appearance of motor terminal degeneration. To accomplish this, we used inbred mouse lines and transplanted muscles
from B6.SOD1 transgenic mice into wild-type mice and from
wild-type mice into B6.SOD1 transgenics. We found that NMJ
innervation status was essentially equivalent between transplant
and contralateral control muscle pairs in both types of transplant
experiments (Figure 4). Since muscle pairs have the host in
common, this association indicates that the properties of the host
and not the donor determine NMJ innervation status. Thus,
transplanted B6.SOD1 transgenic muscles successfully accept and
retain innervation from wild-type motor neurons. Motor neurons
in B6.SOD1 transgenic mice exhibit the same inability to either
make or retain innervation on regenerated wild-type muscle fibers
as do B6.SOD1 motor neurons innervating contralateral control
muscles. These results indicate that mutant protein expression in
muscle makes no contribution to denervation in SOD1 mice.
Using behavioral tests, Miller et al [15] reached a similar
conclusion after reducing expression of mutant protein in muscles
of mice that ubiquitously express SOD1G93A. The reduction was
incomplete, however, leaving open the possibility that reduced
expression of mutant protein in muscle or a reduced number of
expressing fibers is sufficient to cause the motor neuron disease
phenotype. The observation that transplanted wild-type muscles
do not inhibit the occurrence of muscle denervation in B6.SOD1
mice provides increased confidence that expression of the G93A

Table 1. Group means of innervations status for contralateral control and transplanted muscles.

Innervated

Partial

Dennervated

Donor/host

Contralateral

Transplant

Contralateral

Transplant

Contralateral

Transplant

B6.SOD1/WT

9961

9362

161

561

060

261

WT/B6.SOD1

6368

64610

1562

861

2267

28610

Values represents mean percentage 61 SEM. N = 5 for all means.
doi:10.1371/journal.pone.0009802.t001
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Figure 5. Terminal Schwann cells in transplanted adult muscle are derived from the host. A. Low magnification view of a wild-type MG
muscle transplanted 2 months earlier into a transgenic mouse that expresses EGFP (green) under the direction of the S100 promoter. Endplate ACHRs
are stained with a2Btx (red). This panel illustrates the general finding that all endplate staining colocalized with EGFP. B. EGFP fluorescence was
absent at motor endplates in an MG muscle from an EGFP-expressing transgenic transplanted into a wild-type host (B1) but the same endplates
stained positively for S100 (green, B2), demonstrating that terminal Schwann cells were derived from the host. C. To exclude the possible survival of
wild-type TSCs after transplantation of wild-type muscle into the ECFP transgenic (C1), muscle sections were first labeled for S100 (C2) but all labeling
was found to colocalize with EGFP fluorescence (C3) providing further evidence that wild-type TSCs did not survive transplantation.
doi:10.1371/journal.pone.0009802.g005

must involve features other than expression of the mutant
B6.SOD1G93A protein since fibers that did regenerate in transplants
but did not cause motor terminal degeneration expressed the
mutant protein. Other results suggest that B6.SOD1 motor neurons
that innervate fast type motor units are more susceptible to
degeneration in SOD1G93A mice, an effect that could be based on
toxicity of fast type muscle fibers [6,10,21]. Such type-specific
selectivity is unlikely to be based upon intrinsic toxicity properties of
fast muscle fibers since these muscle fibers in transplanted B6.SOD1
muscles were successfully re-innervated by wild-type motor neurons
in a manner similar to contralateral, control wild type muscles.
The results also show that NMJ innervation status in wild-type
muscles transplanted into B6.SOD1 mice is equivalent to the
contralateral control side. This equivalence could arise because the
transplants are initially completely reinnervated by B6.SOD1
motoneurons and subsequently become denervated, or because
reinnervation is incomplete. It seems improbable that in every
B6.SOD1 recipient, re-innervation failure in transplanted wildtype muscle would be nearly identical to active denervation on the
control side. Since the majority of wild-type fibers were innervated
on average 2 months after transplantation, it seems more likely
that re-innervation of the wild-type transplant was fairly complete
initially and that denervation occurred subsequently. If confirmed
by sequential imaging, this would mean that B6.SOD1 motor
neurons can support re-innervation of transplanted muscles
initially but that degenerative changes eventually appear only
after the synapse has matured and experiences increased activity.

reported to be derived from the host [24]. Re-populating TSCs are
likely derived from host Schwann cells that invade the transplant
muscle along with host nerve fibers in a manner similar to original
innervation during embryonic development [27].
Since muscles transplanted from B6.SOD1 to wild-type animals
all showed complete reinnervation and normal endplates, it seems
reasonable to suppose that host-derived nerve terminal-TSC and
Schwann cell-motor axon combinations were present. It also
seems reasonable to infer that wild-type donor TSCs did not
survive when wild-type muscles are transplanted into B6.SOD1
animals and are likely to be replaced by TSCs derived from the
B6.SOD1 hosts. These ideas may have important implications for
the conditions needed for either preventing or enabling motor
terminal degeneration. Previously, Lino et al [2] showed that
expression of the mutant SOD1G93A protein in neurons alone
(including motor neurons) was not sufficient to cause or greatly
attenuate the motor neuron disease phenotype. The results of the
present study show that expression of the mutant protein in muscle
is similarly not sufficient to produce degeneration of motor
terminals. However, when motor neuron-Schwann cell combinations are present in wild-type muscles transplanted into B6.SOD1
mice and both cell types likely express the SOD1G93A mutation,
nerve terminal degeneration proceeds in a manner indistinguishable from the contralateral, control side. Conversely, when the
motor neuron-Schwann cell combination does not express the
mutant SOD1G93A protein, motor terminal degeneration does not
proceed despite the presence of muscle that does express the
mutant enzyme. Taken together, these results suggest that mutant
protein expression by both motor neurons and Schwann cells is at
least sufficient to enable motor terminal degeneration while
expression in either motor neuron or muscle alone is not. It is
possible that expression of mutant SOD1G93A in TSCs and
myelinating Schwann cells alone or in combination with motor
neurons may be necessary for motor terminal degeneration.
Evidence has been reported previously that non-neuronal
supporting cells (glial cells) play an important role in mediating

Terminal Schwann cells
Another issue addressed in the present study was the source of
terminal Schwann cells (TSCs) in transplants, and the results show
that in wild-type animals, the host provides TSCs located over
motor terminals in muscles transplanted 2 months earlier. This
indicates that adult TSCs, like muscle fibers, do not survive
transplantation. The ability of TSCs to survive may differ in
transplanted neonatal muscles where up to 50% of TSCs are
PLoS ONE | www.plosone.org
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separated from the lateral gastrocnemius muscle by cutting along
the midline through the tendon shared by these two muscles. The
excised MG was then placed into the bed created by the removal
of MG muscle from the recipients. The tendons of origin and
insertion of the transplanted MG were attached with a 10-0 suture
to the remnants of tendons of the recipient MG muscle. The
proximal stump of cut MG nerve of the recipient was placed in
close proximity to the nerve stump of the MG transplant. The
crural fasciae and skin incisions were closed using 6-0 monofilament suture. The animals were then returned to their cages for
recovery and 2 full days of post-operative analgesics. Food and
water were administered ad lib following recovery and animals
were allowed to move freely in their cages.
Muscle transplantations were performed in B6.SOD1 animals
aged 80–85 days. This age occurs after hindlimb gait disturbances
can first be detected but well before readily apparent clinical
symptoms appear [32]. Muscles were recovered from animals aged
140–145 days at which time symptoms begin to appear on
average. All experiments were carried out in accordance with the
Institutional Animal Care and Use Committee of Emory
University.

the pathological changes observed the spinal cord of SOD1
mutant mouse [3–5,10]. This evidence indicates that pathological
changes in motor neuron cell bodies are not cell autonomous. The
results of the present study extend these indications to include the
motor axon, motor terminal and Schwann cells. This raises the
interesting possibility that adverse relationships between glial cells
and motor neurons in the spinal cord may be replicated in the
periphery between motor terminals and TSCs. Since degeneration
of motor terminals and peripheral motor axons precedes motor
neuron cell death [6–8], adverse interactions between TSCs and
motor terminals or between axons and myelinating cells could be
of direct importance for determining loss of motor unit function in
B6.SOD1 mice and conceivably trigger more widespread motor
neuron degeneration. In normal animals, TSCs have important
relationships with motor terminals that include the ability to
induce sprouting [28] and mechanisms that influence synaptic
release [29]. Evidence is also available that ablation of TSCs is
associated with motor terminal degeneration following a delay
[30]. These observations indicate the existence of crucial
relationships between the TSC and the motor terminal that may
turn out to be of importance for understanding how degenerative
changes begin in the B6.SOD1 mouse and perhaps in human
victims as well.

Western blotting
Muscles were homogenized on dry ice with a mortar and pestle
and reconstituted at 10% (wt/vol) in RIPA buffer. Protein
concentrations were determined by spectrophotometry via a
BCA protein assay kit, and 20 ug samples of protein were
fractionated by electrophoresis in 5% stacking and 15% resolving
acrylamide gels and transferred to PVDF filters (Immobilon-P
Transfer Membrane). Filters were then incubated with the affinitypurified antibody at 1:500 dilution (Chemicon International
#AB5482 Rabbit Anti-SOD1 mouse specific and #AB5480
Rabbit Anti-SOD1 human specific). Control and mutant extractions were loaded and run on the same gel.

Methods
Animals
Strain background can have a powerful effect on phenotypic
expression [31]. The background strain of mice used for many
studies of the human SOD1 mutation is a B6SJL mixed hybrid
strain [B6SJL-TgN(SOD1-G93A)1GUR] maintained by crossing
transgene-positive male mice with B6SJL F1 hybrid females. This
breeding strategy produces animals that are not genetically
identical and thus random litter effects may significantly modify
disease processes. To avoid this possible variation, we used an
inbred congenic strain of mice B6.Cg-Tg(SOD1-G93A)1Gur/J
carrying the G93A mutant form of the human SOD1 transgene
[1]. In this paper, these mice arel referred to as B6.SOD1. These
mice exhibit early changes in motor performance (ca. 50 days) but
survive about 1 month longer than B6SJL SOD1 transgenic mice
[32]. Congenic B6.SOD1G93A and C57BL/6J mice are mutually
compatible donors because congenic mice have been backcrossed
to C57BL/6J for 15 generations and are essentially genetically
identical. Thus, immunosuppresive therapy was not performed in
the present study.
In order to facilitate imaging, C57BL/6J (B6).Cg-Tg(Thy1YFP)16Jrs/J mice (hereafter YFP16) [18] were crossed to
B6.SOD1 mice to create double transgenics on the B6
background. These mice and YFP16 wildtypes were used for all
transplant experiments involving the SOD1 mutation. For
experiments involving terminal Schwann cell (TSC) fate after
transplantation, B6.D2-Tg(S100B-EGFP)1Wjt/J mice were used
(hereafter B6.EGFP). These mice express enhanced green
fluorescent protein (EGFP) under the direction of the human
S100 calcium-binding protein promoter [16] to produce fluorescent Schwann cells. All animals were acquired from The Jackson
Laboratory (www.jax.org, Bar Harbor, ME).

Immunolabeling
MG muscles were recovered from each limb and placed into
4% paraformaldehyde for 1 hr. Muscles were washed in a 0.1 M
phosphate buffered solution (PBS) and incubated at 4uC overnight
in PBS containing 20% sucrose for cryoprotection. Sections
(50 mm thickness) were obtained using a Cyrostat (Leica). Motor
endplate acetylcholine receptors (AChRs) were labeled with
rhodamine conjugated a-bungarotoxin (Molecular Probes). Axons
and motor nerve terminals were labeled with a mouse monoclonal
antibody against the phosphorylated heavy fragment of neurofilament protein (SMI31, 1:400, Sternberger Monoclonal). Labeling
was visualized using fluorescein-conjugated secondary antibody
(1:100, Jackson Immunoresearch Laboratories). Synaptic vesicles
were labeled using a rabbit polyclonal antibody directed at
synaptophysin (1:100, Santa Cruz Biotechnology), and terminal
Schwann cells (TSC) were labeled with a rabbit polyclonal
antibody against S100 Ca2+-binding protein (Dako). Both synaptic
vesicles and terminal Schwann cells were visualized using an
AMCA-conjugated secondary antibody (1:100, Jackson Immunoresearch Laboratories). Muscle fibers were labeled with a
monoclonal antibody that recognizes the neonatal and all of the
adult fast MyHC isoforms (MY-32, Sigma). Labeling was
visualized with a rhodamine-conjugated secondary antibody
(1:100, Jackson Immunoresearch Laboratories).

Transplant surgery
All transplants were performed under general anesthesia
(ketamine 24 mg, xylazine 1.3 mg per ml)) For all transplant
experiments, the right medial gastrocnemius (MG) muscle was
carefully exposed and the tendons of origin and insertion and the
MG nerve were severed. The MG muscle was then carefully
PLoS ONE | www.plosone.org

Imaging
Z-axis stacks of images of NMJs were obtained at sequential
focal planes (0.5 mm separation) using an upright microscope
equipped with a motorized stage (Leica). Stacks were deconvolved
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using a commercially available inverse filter algorithm (ImagePro).
Illustrated images are flat plane projections obtained by summing
deconvolved image stacks. Analysis consisted of evaluating NMJ
innervation status for the extent to which presynaptic labeling
overlaid postsynaptic labeling for AChRs in superimposed images.
Three categories of innervation status were used as described
previously [33]. Fibers were considered fully innervated if
presynaptic labeling for synaptic vesicles completely covered the
entire endplate area labeled for AChRs when images of vesicle and
AChR labeling were superimposed. Fibers were considered
partially innervated or denervated, if only parts or none,
respectively, of the endplate labeled for ACh receptors area was
occupied by the synaptic vesicles staining. For analysis, randomly
selected fields of NMJs were first located at low magification.
Then, all the NMJs in each field were categorized as described
above.

determine whether statistically significant differences existed in the
percentage of innervated and denervated endplates observed in
the transplanted and control MG. To enable use of two-way
tables, counts of partially innervated and denervated endplates
were merged into one category characterized as not fully
innervated. The Mantel-Haenszel test for 2 x 2 contingency tables
to test for association between innervation and muscle source (side)
in individual animals while controlling for possible effects of
different animals. All analysis was performed with commercially
available software (Systat Inc). Mean values are presented 61
SEM.

Acknowledgments
The authors wish to thank Drs. Mark Rich, Robert W. Burgess and
Gregory A. Cox for helpful discussions while the manuscript was in
preparation and Kate Miers for Western blot analysis.

Statistics

Author Contributions

Statistical comparisons of innervation status data were made
between the transplanted (left) and the contralateral control (right)
MG muscles. For analysis, two-way contingency tables (innervation status vs. muscle source (transplant or control) were used to

Conceived and designed the experiments: DC MP. Performed the
experiments: DC KS. Analyzed the data: DC EB MP. Wrote the paper:
MP.

References
1. Gurney ME, Pu H, Chiu AY, Dal Canto MC, Polchow CY, et al. (1994) Motor
neuron degeneration in mice that express a human Cu,Zn superoxide dismutase
mutation [see comments] [published erratum appears in Science. Science 264:
1994.
2. Lino MM, Schneider C, Caroni P (2002) Accumulation of SOD1 mutants in
postnatal motoneurons does not cause motoneuron pathology or motoneuron
disease. J Neurosci 22: 4825–4832.
3. Gong YH, Parsadanian AS, Andreeva A, Snider WD, Elliott JL (2000)
Restricted expression of G86R Cu/Zn superoxide dismutase in astrocytes results
in astrocytosis but does not cause motoneuron degeneration. J Neurosci 20:
660–665.
4. Clement AM, Nguyen MD, Roberts EA, Garcia ML, Boillee S, et al. (2003)
Wild-type nonneuronal cells extend survival of SOD1 mutant motor neurons in
ALS mice. Science 302: 113–117.
5. Beers DR, Henkel JS, Xiao Q, Zhao W, Wang J, et al. (2006) Wild-type
microglia extend survival in PU.1 knockout mice with familial amyotrophic
lateral sclerosis. Proc Natl Acad Sci U S A 103: 16021–16026.
6. Frey D, Schneider C, Xu L, Borg J, Spooren W, et al. (2000) Early and selective
loss of neuromuscular synapse subtypes with low sprouting competence in
motorneuron diseases. J Neurosci 20: 2534–2542.
7. Gould TW, Buss RR, Vinsant S, Prevette D, Sun W, et al. (2006) Complete
dissociation of motor neuron death from motor dysfunction by Bax deletion in a
mouse model of ALS. J Neurosci 26: 8774–8786.
8. Fischer LR, Culver DG, Tennant P, Davis AA, Wang M, et al. (2004)
Amyotrophic lateral sclerosis is a distal axonopathy: evidence in mice and man.
Exp Neurol 185: 232–240.
9. Schaefer AM, Sanes JR, Lichtman JW (2005) A compensatory subpopulation of
motor neurons in a mouse model of amyotrophic lateral sclerosis. J Comp
Neurol 490: 209–219.
10. Hegedus J, Putman CT, Gordon T (2007) Time course of preferential motor
unit loss in the SOD1 G93A mouse model of amyotrophic lateral sclerosis.
Neurobiol Dis 28: 154–164.
11. Pinter MJ, Waldeck RF, Wallace N, Cork LC (1995) Motor Unit Behavior in
Canine Motor Neuron Disease. J Neurosci 15: 3447–3457.
12. Pinter MJ, Waldeck RF, Cope TC, Cork LC (1997) Effects of 4-aminopyridine
on muscle and motor unit force in canine motor neuron disease. J Neurosci 17:
4500–4507.
13. Pinter MJ, Cope T, Cork LC, Green SL, Rich MM (2001) Canine motor neuron
disease: A view from the motor unit. In: Cope TC, ed. Motor Neurobiology of
the Spinal Cord. Boca Raton, FL: CRC Press. pp 231–250.
14. Sugiura Y, Reddy LV, Yang JF, Ko CP (2004) The involvement of skeletal
muscles in neurodegeneration in SOD1 mice. Washington D.C. Society for
Neuroscience.
15. Miller TM, Kim SH, Yamanaka K, Hester M, Umapathi P, et al. (2006) Gene
transfer demonstrates that muscle is not a primary target for non-cellautonomous toxicity in familial amyotrophic lateral sclerosis. Proc Natl Acad
Sci U S A 103: 19546–19551.
16. Zuo Y, Lubischer JL, Kang H, Tian L, Mikesh M, et al. (2004) Fluorescent
proteins expressed in mouse transgenic lines mark subsets of glia, neurons,

PLoS ONE | www.plosone.org

17.

18.

19.

20.
21.

22.

23.
24.

25.
26.

27.

28.

29.
30.

31.
32.
33.

8

macrophages, and dendritic cells for vital examination. J Neurosci 24:
10999–11009.
Carrasco DI, Bichler EK, Seburn KL, Pinter MJ (2006) G93A transgenic muscle
allows normal reinnervation by wild-type motor neurons. Program 6784.
Atlanta, GA: Soc. Neurosci.
Feng G, Mellor RH, Bernstein M, Keller-Peck C, Nguyen QT, et al. (2000)
Imaging neuronal subsets in transgenic mice expressing multiple spectral
variants of GFP. Neuron 28: 41–51.
Carlson BM (1976) A quantitative study of muscle fiber survival and
regeneration in normal, predenervated, and Marcaine-treated free muscle grafts
in the rat. Exp Neurol 52: 421–432.
Hansen-Smith FM, Carlson BM (1979) Cellular responses to free grafting of the
extensor digitorum longus muscle of the rat. J Neurol Sci 41: 149–173.
Pun S, Santos AF, Saxena S, Xu L, Caroni P (2006) Selective vulnerability and
pruning of phasic motoneuron axons in motoneuron disease alleviated by
CNTF. Nat Neurosci 9: 408–419.
Burkholder TJ, Fingado B, Baron S, Lieber RL (1994) Relationship between
muscle fiber types and sizes and muscle architectural properties in the mouse
hindlimb. J Morphol 221: 177–190.
Morgan JE, Coulton GR, Partridge TA (1989) Mdx muscle grafts retain the mdx
phenotype in normal hosts. Muscle Nerve 12: 401–409.
Nguyen QT, Son YJ, Sanes JR, Lichtman JW (2000) Nerve terminals form but
fail to mature when postsynaptic differentiation is blocked: in vivo analysis using
mammalian nerve- muscle chimeras. J Neurosci 20: 6077–6086.
Cote C, Faulkner JA (1986) Characteristics of motor units in muscles of rats
grafted with nerves intact. Am J Physiol 250: C828–833.
Miller SW, Hassett CA, Faulkner JA (1998) Recovery of muscle transfers
replacing the total plantar flexor muscle group in rats. J Appl Physiol 84:
1865–1871.
Sanes JR, Apel ED, Burgess RW, Emerson RB, Feng G, et al. (1998)
Development of the neuromuscular junction: genetic analysis in mice. J Physiol
Paris 92: 167–172.
Son YJ, Trachtenberg JT, Thompson WJ (1996) Schwann cells induce and guide
sprouting and reinnervation of neuromuscular junctions. Trends Neurosci 19:
280–285.
Colomar A, Robitaille R (2004) Glial modulation of synaptic transmission at the
neuromuscular junction. Glia 47: 284–289.
Reddy LV, Koirala S, Sugiura Y, Herrera AA, Ko CP (2003) Glial cells
maintain synaptic structure and function and promote development of the
neuromuscular junction in vivo. Neuron 40: 563–580.
Frankel WN (1998) Mouse strain backgrounds: more than black and white.
Neuron 20: 183.
Wooley CM, Sher RB, Kale A, Frankel WN, Cox GA, et al. (2005) Gait analysis
detects early changes in transgenic SOD1(G93A) mice. Muscle Nerve 32: 43–50.
Carrasco DI, Rich MM, Wang Q, Cope TC, Pinter MJ (2004) Activity-driven
synaptic and axonal degeneration in canine motor neuron disease.
J Neurophysiol 92: 1175–1181.

March 2010 | Volume 5 | Issue 3 | e9802

