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Ephrin-A3 promotes and maintains slow muscle
fiber identity during postnatal development and
reinnervation
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Each adult mammalian skeletal muscle has a unique complement of fast and slow myofibers, reflecting patterns estab-
lished during development and reinforced via their innervation by fast and slow motor neurons. Existing data support

|//

a model of postnatal “matching” whereby predetermined myofiber type identity promotes pruning of inappropriate
motor axons, but no molecular mechanism has yet been identified. We present evidence that fiber type—specific re-
pulsive interactions inhibit innervation of slow myofibers by fast motor axons during both postnatal maturation of the
neuromuscular junction and myofiber reinnervation after injury. The repulsive guidance ligand ephrin-A3 is
expressed only on slow myofibers, whereas its candidate receptor, EphA8, localizes exclusively to fast motor end-
plates. Adult mice lacking ephrin-A3 have dramatically fewer slow myofibers in fast and mixed muscles, and misex-
pression of ephrin-A3 on fast myofibers followed by denervation/reinnervation promotes their respecification to a

slow phenotype. We therefore conclude that Eph/ephrin interactions guide the fiber type specificity of neuromuscular

interactions during development and adult life.

Introduction

Vertebrate skeletal muscle development, which has been best
studied in the context of the limb musculature, is a stepwise,
progressive process of specification, commitment, and differ-
entiation. Progenitor cells originating in the somite emigrate
laterally into the nascent limb buds beginning at embryonic
day (E) 10.5 in the mouse, followed by myogenic specification
in response to local environmental cues (Kardon et al., 2002).
Embryonic myoblasts condense into premuscle masses, termi-
nally differentiate into myocytes, and form primary myofibers
that prepattern the alignment and morphology of the mature
muscle (Emerson and Hauschka, 2004). From E14.5 to E20.5,
a second population of myoblasts (fetal myoblasts) expands in
the muscle primordia and differentiates, fusing with each other
into larger, multinucleated secondary myofibers aligned with
primary myofibers. Also during late prenatal muscle develop-
ment, motor neurons extend axons from the spinal cord into
the developing musculature to synapse with the newly formed
myofibers; processes from up to 10 different axons may be lo-
cated at the motor endplate of a single myofiber at birth. During
the first 1-3 wk after birth, each myofiber loses its synaptic
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connections with all but one of the motor axons assembled at
the motor endplate and the remaining axon overtakes the sur-
face of the motor endplate, forming the mature neuromuscular
junction (NMJ) that transmits electrical impulses to the myofi-
ber (Sanes and Lichtman, 1999).

Expression of different myosin heavy chains (MyHCs)
confers distinct physiological and functional properties on dif-
ferent myofibers; thus, fiber type specification is a critical com-
ponent of muscle morphogenesis. Mature myofibers in the adult
generally express either slow MyHC (MyHC-I) or one of three
fast MyHCs (MyHC-IIa, MyHC-IId/x, or MyHC-IIb). Muscle
fiber type and MyHC expression remains plastic until myofibers
are monoinnervated and incorporated into a motor unit during
postnatal development (Sanes and Lichtman, 1999). Reflecting
the function of the myofibers they innervate, motor neurons
are classified as slow, fast-resistant, and fast-fatigable based on
their electrical firing rate, their threshold of activation, and re-
fractory time (Garnett et al., 1979; Hamm et al., 1988); at steady
state in mature muscle, it is the frequency of electrical stimu-
lation characteristic to each neuron type that specifies the fiber
type and MyHC gene expression of the myofibers it innervates
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(Kanning et al., 2010). The extent to which the neuronal influ-
ence dominates is shown by the nearly complete switching of
MyHC expression that results when an inappropriate neuronal
connection is provided experimentally: a normally fast muscle
will switch its phenotype to slow when it is cross-reinnervated
in early postnatal life by a nerve that would normally innervate
a slow muscle (Buller et al., 1960). The same effect can be pro-
duced by direct electrical stimulation of denervated muscles at
the frequencies characteristic of either slow or fast motor axons
(Pette and Vrbova, 1985), although the efficiency with which
such conversion can occur is dependent on the original fiber
type composition of the muscle. This phenomenon is also re-
flected in the observation that all mature myofibers innervated
by the same motor neuron (i.e., a single motor unit) express the
same MyHC (Nemeth et al., 1981).

Mechanisms that have been proposed to account for the
matching of neuron to myofiber include guidance (motor axons
are directed to specific myofibers by cues not directly associ-
ated with the myofibers themselves); conversion (previously
equivalent myofibers are converted to a phenotype consistent
with their innervation); and recognition (motor axons and myo-
fibers express cell surface markers that confer mutual recogni-
tion). Among these, the preponderance of evidence supports the
idea that recognition between neurons and myofibers is key to
postnatal patterns of innervation (Sanes and Lichtman, 1999).
Intriguingly, another aspect of muscle identity that shows
specificity of innervation is position on the rostrocaudal axis,
for which both muscle and nerves possess a heritable identity
(Donoghue et al., 1992a) that promotes interactions between
cells originating at the same level. This specificity appears
to be a result of differential expression of specific ephrins (a
family of cell surface contact-mediated repulsive ligands) on
myofibers that prevents interactions with neurons from inappro-
priate axial levels (Donoghue et al., 1996; Feng et al., 2000;
Chadaram et al., 2007).

Ephrin ligands and their Eph receptors have pleiotropic
roles in many developmental processes, such as neural crest
cell migration and axon guidance (Krull et al., 1997; Wang
and Anderson, 1997). In muscle development, ephrin signal-
ing has been shown to be important for myoblast migration
into the limb (Swartz et al., 2001), early motor axon guidance
(Iwamasa et al., 1999), and topographical organization of in-
nervation across muscle fibers (Feng et al., 2000). Our previous
work identified the potential for Eph/ephrin-based repulsive in-
teractions between mature myofibers in the adult and the stem
cells of skeletal muscle (satellite cells) as well as effects on
differentiated muscle patterning (Stark et al., 2011), but Eph/
ephrin expression patterns also differ between embryonic and
adult muscle and between homeostasis and regeneration (Lai et
al., 2001; Stark et al., 2011), thus complicating the search for a
conserved role in muscle patterning.

In this study, we have expanded on our prior results to
show that ephrin-A3 is expressed exclusively by slow myofi-
bers in the adult. Using ephrin-A3 loss-of-function and gain-
of-function approaches, we have generated a model in which
muscle/nerve interactions via ephrin-A3 and EphAS8 promote
slow myofiber specification, maintenance, and repair by dis-
couraging innervation by motor neurons that would impose
a fast phenotype. These data support a model in which pref-
erential elimination of synapses with fast motor axons during
postnatal axon pruning determines the final composition of the
mature NMJ and imposes adult myofiber type.
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Results

Ephrin-A3 is expressed on all and only
MyHC-I*ve (slow) myofibers

In our prior immunohistochemical screen of Eph and ephrin
expression in adult muscle, we noted that of the eight ephrin
ligands, only ephrin-A3 showed differential expression among
individual myofibers (Stark et al., 2011). To further character-
ize the myofibers expressing ephrin-A3, we correlated eph-
rin-A3 immunopositivity with sarcomeric MyHC expression in
the uninjured gastrocnemius, plantaris, soleus, tibialis anterior
(TA), and extensor digitorum longus (EDL) muscles. We found
that ephrin-A3 specifically marks all slow myofibers (Fig. 1, A
and B) in each muscle examined; in contrast, fast myofibers
expressing MyHC-IIa (Fig. 1, C and D) or MyHC-IIb (Fig. 1,
E and F) never express ephrin-A3. Expression of MyHC-IIx,
for which there are no commercial antibodies, was presumed in
myofibers expressing none of the other three isoforms (Waddell
etal., 2010; Chakkalakal et al., 2012), and these unlabeled myo-
fibers also never expressed ephrin-A3. We scored and averaged
the number of slow myofibers in the TA, EDL, and soleus mus-
cles (n = 3 for each muscle) and found that they contain 0.26%,
4%, and 42% MyHC-I"** myofibers, respectively (Fig. 1 G),
consistent with the existing literature (Augusto et al., 2004). In-
dividual muscles are known to maintain their unique fiber type
distribution in a healthy adult even after regeneration (Wigmore
and Evans, 2002), so we hypothesized that ephrin-A3 could be a
mediator of muscle fiber type specification and/or maintenance.

Deletion of ephrin-A3 leads to postnatal
loss of slow myofibers

To test for a role in slow myofiber specification, we repeated the
fiber type quantitation in homozygous ephrin-A3~/~ adult mice
(Carmona et al., 2009). We noted a striking decrease in slow
myofibers in all but one major hindlimb muscle examined:the
TA, EDL, and gastrocnemius only have 14% of the wild-type
number of slow myofibers, and the plantaris has 27% of the wild-
type number (Fig. 2). However, the total number of myofibers in
each muscle does not change significantly between genotypes
(not depicted) and, consistent with published work (Sanes and
Lichtman, 1999), also does not change postnatally. Expression
of MyHC-II isoforms is not altered significantly (Fig. S1),
and, interestingly, MyHC-I expression in muscle spindle fibers
appears to be unaffected in all ephrin-A3~'~ muscles examined
(not depicted). In contrast to the loss of MyHC-I*"¢ myofibers
in all other distal hind limb muscles, the number of MyHC-I*¢
myofibers in the soleus of ephrin-A3~~ mice did not change
significantly (Fig. 2, B and C). Other groups have previously
noted that developmental MyHC expression (Harris et al.,
1989), slow myofiber specification (Gunning and Hardeman,
1991), and regeneration (Dolenc et al., 1994) in the soleus
appear to involve mechanisms distinct from those in place in
other hindlimb muscles, and studies of the fasciculation of
predetermined populations of motor neurons also suggest that
comparatively more slow axons would be expected to project
into the soleus than into other hindlimb muscles (Rafuse et al.,
1996; Milner et al., 1998).

Because the loss of slow myofibers in the adult eph-
rin-A3~~ mouse suggested a developmental effect, we analyzed
expression of ephrin-A3 and MyHC-I in hindlimb muscles at
developmental time points from E15.5 through postnatal day
(P) 14. Although as expected, we detected robust expression
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Figure 1.

Ephrin-A3 is expressed on all MyHC-I**¢ (slow) myofibers. (A-F) Inmunohistochemistry showing localization of ephrin-A3 (green) compared with

two of three fast MyHCs (red: MyHCH, top row; MyHC-lla, middle row; and MyHCHIb, bottom row), along with nuclei (DAPI, blue) and laminin (white) on
transverse cryosections from uninjured gastrocnemius (G), plantaris (P), soleus (S), TA (T), and EDL (E) muscles. The yellow boxes in the left of each panel
indicate the magnified regions on the top right, which are separated underneath to show expression of MyHC/laminin (left) and ephrin-A3/laminin (right).
(A and B) All slow, MyHC-*e myofibers in all muscles of the distal hindlimb express ephrin-A3. (C and D) No fast, MyHC-la*¢ myofibers in the distal
hindlimb express ephrin-A3. (E and F) Ephrin-A3 is also never expressed by fast, MyHC-llb*e myofibers. (G) Fiber type distribution of the TA, EDL, and
soleus muscles (n = 3) in adult: each muscle has a unique and consistent ratio of the four myofiber types. Whole muscle montage gamma = 1.45. Bars:
(montages) 1 mm; (insets) 300 pm. MH, gastrocnemius medial head; LH, lateral head.

of MyHC-I during embryonic muscle development (Fig. 3 A),
significant ephrin-A3 expression is first noted later in develop-
ment, after expression of MyHC-I (Fig. 3, B and C; and Fig.
S2). Ephrin-A3 expression is rapidly up-regulated in MyHC-I**
myofibers from P1, and expression by all MyHC-I** fibers is
evident shortly thereafter.

When we quantified the number of MyHC-I-expressing
myofibers in ephrin-A3~/~ mice, we were somewhat surprised
to find that it was indistinguishable from that of nontransgenic
controls throughout embryonic and fetal development and
continuing through the first 2 wk after birth (Fig. 4, A and B).
However, we noted a significant decrease in the number of slow
myofibers in ephrin-A3~~ mice between P14 and adulthood.
Consistent with what has been reported previously (Whalen et
al., 1984; Agbulut et al., 2003), during normal postnatal mus-
cle development myofibers that had been initially expressing
MyHC-I switch to a faster fiber type between birth and maturity.
The degree of conversion differs between individual muscles:
the TA and EDL both have ~180 slow myofibers at birth and
gradually lose ~96% and 81%, respectively (Fig. 4 B), whereas
the soleus maintains the same number of slow myofibers from

birth to adulthood (Fig. S1 F). When we analyzed expression of
MyHC-I and MyHC-Ila in serial sections of TA muscle from
ephrin-A3~/~ mice at P28 (Fig. 4 C), we saw that the major-
ity of MyHC-I-expressing myofibers (Fig. 4 C, asterisks) were
co-positive for MyHC-IIa and that the relative intensity of ex-
pression of MyHC-1 versus MyHC-IIa in these fibers reverses
from P5 (MyHC-I"e") to P28 (MyHC-IIa"zh; not depicted).
Collectively, these data indicate that ephrin-A3 expression is
a consequence rather than a cause of initial, cell-autonomous
specification of slow myofibers, but then functions to preserve
slow myofiber identity during the transition to non—cell-auton-
omous fiber type specification dictated by the motor neuron.
Loss of this activity in ephrin-A3~"~ muscles therefore permits
innervation of previously slow myofibers by fast motor neurons,
which is detectable at later stages by loss of MyHC-I expression.

We hypothesized that ephrin-A3 could promote slow myofiber
specification and maintenance by preventing interactions with

Ephrin-A3 specifies slow myofiber identity
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Figure 2.  Slow myofiber number is reduced in adult ephrin-A3-/- mice. (A) Immunohistochemistry showing laminin (red) and MyHC- (green) expression in
transverse cryosections from uninjured TA (T) and EDL (E) muscles of an adult ephrin-A3~/~ mouse. (B) Immunohistochemistry showing laminin (red) and My-
HC- (green) expression in transverse cryosections from uninjured gastrocnemius (G), plantaris (P), and soleus (S) muscles of an adult ephrin-A3~/~ mouse.
Inset areas are enlarged at right (yellow, top; cyan, bottom). (C) All but one muscle scored had significantly fewer MyHC-I+¢ myofibers in ephrin-A3-/~
mice than age-matched wild type. P = 0.029 (TA); 0.0001 (EDL); 0.0035 (gastrocnemius); and 0.034 (plantaris). Error bars represent SEM. The change
in MyHC-*e myofibers in the soleus is not significant. *, P < 0.05; **, P < 0.005; ***, P < 0.0005. Bars: (montages) 500 pm; (insets) 300 pm. n > 3.

fast motor axons (and potentially other cell types) that would
impose a fast phenotype. Thus, if loss of ephrin-A3 during de-
velopment compromises the maintenance of slow myofibers,
misexpression of ephrin-A3 on fast myofibers in the context
of innervation or reinnervation could promote a shift to a slow
fiber type. To test whether ephrin-A3 expression affects fiber
type specification during muscle reinnervation, we used in vivo
electroporation (Aihara and Miyazaki, 1998) to misexpress eph-
rin-A3 in fast myofibers of the TA (Fig. S3). In our hands, both
GFP and ephrin-A3 expressed from the plasmid were extin-
guished by 4 wk after electroporation, although widespread and
robust expression (variable between myofibers) is detectable

within 3 d and sustained during the first 1-2 wk. We targeted the
plasmid injection to the anterior region of the TA, which nor-
mally has no slow, ephrin-A3** myofibers (Fig. 1 B). Electro-
poration with a control plasmid expressing GFP did not change
the number of slow myofibers 4 wk after electroporation, even
if the muscle was also challenged with denervation (Fig. 5 A,
top.) Similarly, electroporation with ephrin-A3 plasmid alone
(without inducing reinnervation) did not change the number
of slow myofibers (Fig. 5 A, middle) and there were no eph-
rin-A3** myofibers detected. However, when we electroporated
with ephrin-A3 plasmid and then denervated the distal hindlimb
by sciatic nerve crush 3 d later, we noted a dramatic increase in
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Figure 3. Slow fibers are specified embryonically and then express ephrin-A3 after birth. (A) Slow myofibers (MyHCH, red) in the soleus are present
at E18.5, but ephrin-A3 staining (green) remains diffuse until P1. (B) Slow myofibers (MyHCH, red) in the EDL (outline) possess more specific ephrin-A3
(green) expression than the soleus at E18.5, but slow myofibers in the TA have only faint ephrin-A3 expression even at P1. Bars, 100 pm. (C) Transverse
cryosections of distal hindlimbs of wild-type pups at E18.5 and P5 stained for ephrin-A3 (green) and MyHCH (red) to highlight muscle-specific difference
in coexpression pattern and intensity. The soleus (S, arrowhead), TA (T, closed arrow), and EDL (E, open arrow) muscles can be identified by the spatial

pattern of MyHC-* myofibers in each section. Bar, 500 pm.

the number of slow myofibers in the anterior (electroporated)
region at 28 d postcrush (Fig. 5 A, bottom).

When the number of MyHC-I*** myofibers was quanti-
fied in each treatment and compared with unelectroporated,
uninjured TA muscles, no treatment produced a significant dif-
ference in the absence of nerve crush (Fig. 5 B, top), nor did

electroporation with a control plasmid promote an increase in
slow fibers even with denervation (Fig. 5 B, bottom, red bars).
However, denervated muscles misexpressing ephrin-A3 have
an eightfold increase in slow, MyHC-I*** myofibers in the an-
terior medial quadrant and a fivefold increase in the anterior
lateral quadrant (Fig. 5 B, bottom, blue bars). In the posterior

Ephrin-A3 specifies slow myofiber identity
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Figure 4. The loss of slow myofibers in ephrin-A3-/~ mice occurs postnatally by conversion to llA fast myofibers. (A) Inmunohistochemistry showing
laminin (red) and MyHC-l (green) expression in transverse cryosections of distal hindlimbs of ephrin-A3~/~ mice at P1, P5, and P14. The soleus (S, arrow-
head), TA (T, closed arrow), and EDL (E, open arrow) muscles can be identified by the spatial pattern of MyHC-*ve myofibers in each section. Bar, 500 pm.
(B) Slow myofiber number in TA, EDL, and plantaris of wildtype and ephrin-A3~/~ (EFNA3-/-) muscles are not significantly different until after at least 2
wk of postnatal life (insets show slow myofiber number in adult TA and plantaris at a different scale). Error bars = SEM. *, P < 0.05; ***, P < 0.001.
(C) MyHC-I**e myofibers in ephrin-A3~/~ muscle sections at P28 (green, left) frequently coexpress MyHC-lla (cyan, right), indicating that they are in transition
to a faster fiber type; laminin (red) outlines myofibers on both sides. Insets (yellow boxes) are magnified under each panel: three regions are identified
in each inset to facilitate comparison, and asterisks indicate MyHC-lla*e myofibers that are also MyHC-*. Bars: (montages) 500 pm; (insets) 100 pm.

medial quadrant, which was not in the electroporated region
but where all of the slow fibers that would normally be pres-
ent in the TA are located, there was a noticeable but not sig-
nificant decrease in MyHC-I*"¢, ephrin-A3** myofibers in the

ephrin-3 electroporated and denervated animals, whereas in
the posterior lateral quadrant (which was not in the electropo-
rated region and where there would normally be no slow myofi-
bers), there was no change.
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Figure 5. Misexpression of ephrin-A3 in the TA by electroporation followed by sciatic nerve crush imposes a fast to slow fiber type switch by 28 d post-
crush. (A) Neither electroporation with a control plasmid (IRES4GFP) followed by nerve crush (top) nor electroporation with ephrin-A3 plasmid without nerve
crush (middle) significantly changed the number of slow myofibers in wild-type TA muscles compared with sham-operated controls. However, electropora-
tion with ephrin-A3 plasmid followed by challenge with nerve crush led to significant conversion of fast myofibers to slow (MyHC-*) at the injection site
(bottom). EDL (E) is masked in all panels. Bar, 500 pm. (B) Quantification of slow myofibers in different quadrants of the TA in the experiments described
above: AL, anterior lateral; AM, anterior medial; PL, posterior lateral; PM, posterior medial. Plasmid DNA was injected into the anterior aspect of the TA
followed by electroporation. Only electroporation with ephrin-A3 in conjunction with nerve crush (blue bars, bottom) significantly increases MyHC-I+v
myofibers. Error bars = SEM. *, P < 0.05; **, P < 0.01. (C) Serial sections corresponding to inset box in A showing coexpression of ephrin-A3 (green)
with either MyHCH (red, top) or MyHCHla (cyan, bottom). Laminin is shown in white. All ephrin-A3+ myofibers express MyHC (i.e., arrows); a few

(arrowheads) express both MyHC- and MyHC-Hla. Bars, 100 pm. T, TA; E, EDL.

Typically, MyHC expression after denervation tends to
favor MyHC-Ila as slow myofibers become faster and fast my-
ofibers become slower (Ciciliot and Schiaffino, 2010). Costain-
ing for fast MyHC-IIa indicates that each converted myofiber
is in a variable state of transition ranging from a completely
slow, ephrin-A3** myofiber (Fig. 5 C, arrows) to a mostly fast,
ephrin-A3~¢ hybrid myofiber (Fig. 5 C, arrowheads). The de-
gree of variation may reflect different times of innervation by
the regenerating axon (~1-3 wk; Magill et al., 2007) and/or

the original type of fast myofiber, as MyHC-IIa fibers convert
more readily than MyHC-IIx fibers (Pette and Staron, 1997).
Because expression of MyHC-I by a myofiber requires its in-
nervation by a slow motor neuron (Buller et al., 1960; Ciciliot
and Schiaffino, 2010), these results support the hypothesis that
the same ephrin-A3-dependent mechanism used during post-
natal maturation to direct innervation of autonomously spec-
ified slow myofibers by slow motor neurons may also act to
preserve the slow myofiber pool during reinnervation.

Ephrin-A3 specifies slow myofiber identity

1083

920z Ateniged 60 uo 1senb Aq ypd-9e020510Z a0l/£S626S L/2L01/G/ L L.Z/pd-ajonie/qol/Bio-sseidnij/:dny woy pepeojumoq



1084

inin =

£
]
—

Ephrin-A3

MyHC-1+
MyHC-1, lla*

MyHC-lla*

L=
w W b
S u o
S © S

MyHC-1+ myoﬁbers‘

WT A3”

Figure 6. Ephrin-A3-/- diaphragm muscle displays a phenotype intermediate between TA and soleus muscles. (A) As noted in hindlimb muscles, ephrin-A3
expression is defected on all MyHC-I* myofibers in the diaphragm; in sections taken as indicated in the cartoon at right, MyHC is expressed by 14% of
myofibers scored, all of which also express ephrin-A3. Bars: (top) 400 pm; (bottom) 100 pm. (B) Equivalent sections of wild-type and ephrin-A3~/~ adult
diaphragm show a reduction, but not loss, of slow myofibers. Bars, 500 pm. (C) Representation of the plane of section in A and B and quantification of
muscle fiber types and ephrin-A3 expression in WT diaphragm. (D) Quantification of Type | fibers through the same plane of section in wild-type and
ephrin-A3~/~ adult diaphragm; error bars represent SEM. WT, wild type. ***, P < 0.001.

The variability in the ephrin-A3 null phenotype between the
TA/EDL (almost exclusively fast muscles, from which almost
all slow myofibers are lost in the mutant) and soleus (>40%
slow muscle, in which slow fiber number does not decrease in
the mutant) suggested that the requirement for ephrin-A3 may
be particularly acute in muscles with a relatively low intrinsic
number of slow myofibers at maturity, and negligible in mus-
cles with many slow myofibers. We therefore first surveyed
ephrin-A3 expression and MyHC expression in the diaphragm,
a mixed muscle with an intrinsic fraction of slow myofibers
intermediate between the TA and soleus. We found that, as in
hindlimb muscles, ephrin-A3 expression is limited to myofibers
expressing MyHC-I, which were ~14% of the total (Fig. 6, A
and C); 2% of diaphragm myofibers coexpressed MyHC-I and
MyHC-IIa, and were all ephrin-A3**. We then compared slow
myofiber number in control and ephrin-A3~/~ diaphragms and
found that there is an ~31% decrease in slow myofiber number

in the adult, an intermediate phenotype between what was ob-
served in the TA and in the soleus (Fig. 6, B and D).

A unique consequence of Eph/ephrin signaling is frequently the
emergence of reciprocal expression patterns for ligand and re-
ceptor at steady state, so we surveyed for Eph receptors whose
expression is associated specifically with fast but not slow myo-
fibers, focusing on expression at the NMJ. Expression of ephrin
ligands and Eph receptors at NMJs has been reported previ-
ously (Lai et al., 2001), although no function has been ascribed
to them in this context. To identify potential cellular receptors
for ephrin-A3, we screened adult NMJs (identified by acetyl-
choline receptor [a-bungarotoxin]) for expression of all mam-
malian EphA proteins. We detected EphAl, EphA2, EphA7,
and EphAS; when we costained for MyHC-I to identify slow
myofibers, we noted that although EphA1l, EphA2, and EphA7
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EphA8 is expressed by terminal Schwann cells associated with fast myofiber NMJs. (A) EphA1, EphA2, and EphA7 (green) are present on NMJs

(a-bungarotoxin, red) of both fast myofibers (gray outline) and slow myofibers (MyHC-, blue), but EphA8 (green, right) is only detectable at NMJs of fast
myofibers. Insets show green staining for the indicated Eph at the same magnification. Bar, 25 pm. (B) Section of soleus muscle (MyHC-1*¢ myofibers, blue)
showing expression of EphA8 (green) at fast but not slow myofiber NMJs (a-bungarotoxin, red). Bar, 25 pm. 100% of fast myofiber NMJs were positive
for EphA8 (red bar), whereas almost all (97%) slow myofiber NMJs lacked EphA8 staining (blue bar); the very small fraction (<3%) of EphA8+e NMJs
associated with MyHC-I*¢ myofibers may represent hybrid myofibers. n = 134 NMJs. (C) A fast TA myofiber converted to slow by ephrin-A3 misexpression/
nerve crush does not have EphA8 at its NMJ: arrow indicates the NMJ of the same slow myofiber marked with an arrow in Fig. 5 C (all 13 converted
myofibers scored were EphA8 negative). Bars, 25 pm. (D) EphA8 (green) expression is localized at the NMJ (o-bungarotoxin, red) and not associated with
the motor axon (SMI-31, blue). Bars, 25 pm. a-Bungarotoxin gamma = 1.45. (E) Confocal analysis of staining for presynaptic neuron (Thy1-YFP, gray),
postsynaptic myofiber (acetylcholine receptor, blue), and Schwann cell cytoplasm (S100b, red) consistent with expression of EphA8 (green) by terminal
Schwann cells. Note that because S100b is cytoplasmic and EphA8 is at the cell surface, overlap of staining is not necessarily expected in these confo-

cal sections. Bar, 10 pm.

are localized to all NMJs, EphAS is only found at the NMJs of
fast myofibers (Fig. 7, A and B) in all limb muscles surveyed
(TA, EDL, soleus, and diaphragm). EphAS is a receptor for
ephrin-A3 (Park and Sanchez, 1997). We scored all identifiable
NMIJs in the soleus muscle for EphA8 and MyHC-I and found
that that all NMJs on fast fibers (MyHC-1"¢) express EphA8 (n =
81/81; Fig. 7 B). We occasionally (n = 2/53) noted NMJs of
MyHC-I** myofibers that were also positive for EphAS; these
few myofibers may represent the MyHC-IIa/I hybrid population
(usually ~3% of myofibers; Pette and Staron, 2001) and/or my-
ofibers undergoing fiber type transition.

Based on the predictions of our model, we would expect
that EphA8 would be absent from the motor endplates of the
fast myofibers in the TA that had been converted to slow by
misexpression of ephrin-A3 followed by denervation/reinner-
vation. When we scored the NMlJs of electroporated muscles,
we found that 100% of the NMJs (n = 13/13) on the converted,
slow MyHC-I""* myofibers in the TA were negative for EphA8
(Fig. 7 C; arrow indicates the NMJ of the converted myofi-
ber labeled with an arrow in Fig. 5 C), thus demonstrating
plasticity at the NMJ that corresponds to changes in MyHC
and ephrin-A3 expression.

Ephrin-A3 specifies slow myofiber identity
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Although our initial hypothesis called for EphAS8 to be
expressed on the motor axon at the NMJ, further expression ex-
periments suggested that it was not associated with the neuron
itself (Fig. 7 D) but rather with a population of nonmyelinat-
ing glial cells intimately associated with the synapse, known
as peripheral or terminal Schwann cells. Confocal analysis of
EphAS8 staining with markers for the presynaptic motor axon
(Thy1-YFP), the postsynaptic myofiber (a-bungarotoxin), and
Schwann cells (the small calcium-binding protein S100b) at
the NMJ supported this conclusion (Fig. 7 E). Further analy-
sis using S100b-GFP transgenic mice (Zuo et al., 2004) further
validated EphAS8 expression on terminal Schwann cells and
potential repulsion by ephrin-A3 (Fig. S4, A—C; and Video 1
and Video 2). Although Ephs other than EphA8 have previously
been localized at NMJs (Lai et al., 2001), they are expressed
by the muscle fiber at the postsynaptic membrane of the NMJ
rather than by any neuronal cell type, and were not described
as being restricted to only a subset of NMJs. During postnatal
development, we find that EphA8** Schwann cells are already
present at a majority of fast NMJs at birth and identify 100%
of fast NMJs by P14 (Fig. S4, D and E), corresponding with
the time frame in which axonal pruning occurs. Interestingly, a
member of a different class of neuronal guidance ligands, sema-
phorin-3A, is also expressed during postnatal development and
reinnervation on terminal Schwann cells associated with the
NMIJs of fast fibers, but is even more restricted than EphAS in
that it is limited to fibers expressing MyHC-IIb/x but not My-
HC-IIa (De Winter et al., 2006). The mechanisms by which a
subset of terminal Schwann cells up-regulate EphA8 and be-
come associated with fast myofibers, the specific timing of their
activity in matching motor neurons with appropriate fiber types,
and how Eph/ephrins and other guidance molecules may guide
interactions between myofibers, motor axons, and terminal
Schwann cells are the subject of ongoing studies.

Discussion

Over the past several decades, multiple lines of research in avi-
ans and mammals have suggested that muscle fiber types are
imposed cell-autonomously during early development (Butler
et al., 1982; Condon et al., 1990); a particularly dramatic ex-
ample of autonomous fiber type specification is the appearance
of appropriately patterned fiber types in limb musculature that
developed without innervation as a result of surgical (Condon
et al., 1990) or genetic (Ashby et al., 1993) manipulation. How-
ever, the progressive emergence of postnatal motor unit homo-
geneity (Fladby and Jansen, 1990; Jansen and Fladby, 1990),
which describes the tendency for all myofibers innervated by a
single motor axon to be the same fiber type (Burke, 1999) even
in muscles containing multiple fiber types in the same region
(Burke and Tsairis, 1973), as well as cross-innervation (Buller et
al., 1960), cross-transplantation (Gutmann and Carlson, 1975),
and exogenous electrical stimulation experiments (Ausoni et
al., 1990) support the idea that properties specific to the inner-
vating neuron determine muscle fiber type in adult muscles. In-
triguingly, in all cases, the efficiency by which fiber type could
be externally modified was dependent on the initial fiber type
composition of the muscle. Prevailing models of muscle fiber
type specification thus propose that a "matching" mechanism
between muscle fibers and motor axons of like types, followed
by mutual adaptation, could act relatively late in development
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to refine and stabilize the eventual mature myofiber patterns
(Donoghue and Sanes, 1994; Keller-Peck et al., 2001). Recent
work that would support this mechanism includes the identi-
fication of SV2A (a synaptic vesicle protein) as a slow motor
neuron marker, which becomes restricted to slow motor axons
several weeks postnatally (Chakkalakal et al., 2010).

In addition, when mature myofibers lose their innervation
as a result of injury to the muscle or the nerve, reinnervation
occurs not only at the original site of the synapse on the muscle
fiber (Marshall et al., 1977; Sanes et al., 1978) but is frequently
with the same motor axon, due in large part to the continued
presence of myelinated Schwann cells that had wrapped the
motor axon (Ide, 1996) and the dynamic activity of nonmyelin-
ating terminal Schwann cells that sprout after denervation and
provide both growth stimulus and guidance to the regenerating
axon (Reynolds and Woolf, 1992; Son and Thompson, 1995a,b;
Son et al., 1996; Feng and Ko, 2007). Sanes and colleagues
have demonstrated reinnervation specificity based on the ros-
trocaudal identity of both the muscle and the nerve (Wigston
and Sanes, 1982; Donoghue et al., 1992a,b) mediated at least
in part by differential expression of specific ephrins (Feng et
al., 2000). There is also evidence for selective reinnervation by
fiber type (Elizalde et al., 1983; Soileau et al., 1987; Thompson
et al., 1987). When presented with inappropriate targets, such
as in cross-reinnervation experiments, some inappropriate neu-
romuscular synapses can be induced to form: fast muscles are
readily converted to a slow phenotype by innervation with slow
motor neurons, but slow muscles are refractory to innervation
by fast motor neurons and thus to fiber type switching (Nemeth
and Turk, 1984; Dum et al., 1985; Dolenc et al., 1994).

Eph/ephrin interactions direct a broad variety of cellu-
lar and intercellular processes in the context of neuronal and
neuromuscular development (Kao et al., 2012; Lisabeth et al.,
2013; Laussu et al., 2014); the role for Eph/ephrin signaling we
describe in the context of myofiber innervation thus adds to the
well-known activity of these signaling molecules in motor axon
repulsion (Orioli and Klein, 1997), attraction (Dudanova et al.,
2012), fasciculation (Luxey et al., 2013), dorsal/ventral pattern-
ing (Luria et al., 2008), and topographic mapping (Chadaram et
al., 2007). The number and variety of processes mediated by this
signaling pathway often results in expression of multiple Ephs
and ephrins on the same cell, where they may act cooperatively
in cis (Kao and Kania, 2011), independently in trans (Feng et
al., 2000), or even oppositely in trans, with opposite effects on
the cell from distinct membrane compartments (Marquardt et
al., 2005). A particular complication when investigating Eph/
ephrin signaling is the extreme promiscuity and thus context de-
pendence of interactions between specific ligand-receptor pairs
(Noberini et al., 2012; Nikolov et al., 2013; Seiradake et al.,
2013). However, the robust mutual exclusivity of ephrin-A3 and
EphAS expression we observed suggests that they may be par-
ticipating in classical repulsive signaling at the NMJs of matur-
ing slow myofibers to inhibit formation of stable synapses with
fast motor neurons (Fig. 8 and Video 2), as was first proposed
very shortly after the pathway was first characterized (Rafuse
et al., 1996). As discussed below, this may serve to confer a
competitive advantage to slow motor neurons, which otherwise
are generally present in fewer numbers and form smaller motor
units (Kanning et al., 2010). Our data also show that this devel-
opmental mechanism remains available during reinnervation in
the adult, and thus it would also serve to explain the recapitula-
tion of muscle fiber type after muscle or nerve injury. However,
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many pieces of the puzzle remain to be explored. Particularly
intriguing is the potential involvement of terminal Schwann
cells in this process. Because it has been shown that terminal
Schwann cells are instrumental in both axon pruning during
postnatal development (Smith et al., 2013) and guiding axonal
processes back to the muscle membrane after muscle or nerve
damage (Koirala et al., 2000; Kang et al., 2003), the argument
for terminal Schwann cells as key players in ensuring appropri-
ate innervation and reinnervation of fast versus slow myofibers
is appealing and is currently being investigated. In addition, the
de novo expression of endogenous ephrin-A3 by fast myofibers
converted to slow by innervation with a slow motor axon (as in
our misexpression/crush experiments) suggests that transcrip-
tion of MyHC-I and ephrin-A3 may be transcriptionally linked
in adult myofibers, although they do not appear to be during
prenatal muscle development. The mechanism by which this
absolute correlation of expression emerges may shed additional
light on fiber type—specific gene expression, as well as potential
distinctions between cell-autonomous and innervation-depen-
dent fiber type specification.

The divergence of the ephrin-A3~/~ phenotype in the
soleus from that in other hindlimb muscles is also intriguing.
On the one hand, it could imply that different mechanisms for
pairing myofibers with motor neurons exist in different mus-
cles, which would significantly increase the complexity of the
system and require an even more cell-autonomous direction of
patterning. Alternately, a sufficient variation in inputs could re-
sult in different outputs even with the same mechanism, i.e., the
number of slow neurons available to innervate the soleus may
simply be large enough to not require the competitive advan-
tage conferred by ephrin-A3 in other mixed muscles such as
the TA or EDL, where the great majority of motor axons would
be fast, or the gastrocnemius, which has distinct regions en-
riched in slow myofibers. This would be consistent with exist-
ing studies such as the work of Rafuse and Landmesser (Rafuse
et al., 1996) showing that intrinsically different pools of motor

WT, fast EFNA3”, slow

¥ Tk

o

Figure 8. Model for slow muscle fiber speci-
fication via ephrin-A3/EphA8 repulsive inter-
actions during postnatal synaptic pruning. We
hypothesize that after cell-autonomous slow
myofiber specification during embryonic and
fetal development, MyHC-l-expressing myo-
fibers begin to express ephrin-A3, leading to
preferential elimination of synapses with fast
motor axons late in NMJ maturation. In the ab-
sence of ephrin-A3, because fast motor axons
outnumber slow motor axons in most mixed
fiber type muscles, this competitive advan-
tage is lost and the slow myofiber population
is largely lost as well because of innervation-
dependent fiber type switching to a faster phe-
notype. It is not yet clear what lineage or local
signaling factors induce a subset of terminal
Schwann cells to become EphA8+¥, or when
and how they become localized to fast NMJs,
although they are present at birth and are re-
. stricted to maturing fast NMJs by P14 (Fig. S5).
We therefore indicate expression of EphA8
only in the final, steady state. WT, wild type.

s - fast motor neuron

PhAS

neurons project to muscles that are predominantly fast versus
muscles composed of mixed fast and slow, followed by fiber
type—specific formation of NMIJs. It is also supported by our
study of the diaphragm, a mixed muscle with a slow myofiber
representation intermediate between the TA and soleus, which
displays a phenotype in the ephrin-A3~/~ mice that is also inter-
mediate between the TA and soleus. It is important to note that,
as in many other developmental contexts in which Eph/ephrin
signaling mediates cell sorting or boundary formation, in our
model ephrin-A3 is not required for slow myofiber specification
either cell-autonomously or non—cell-autonomously, but rather
functions to prevent their inappropriate innervation and specifi-
cation as fast myofibers by fast motor axons. Thus, the TA and
the soleus anchor opposite ends of a spectrum from minimally
slow (ephrin-A3 is required to preserve slow myofiber identity)
to maximally slow (ephrin-A3 is dispensable for slow myofiber
identity) with the diaphragm occupying the middle ground in
prevalence of slow myofiber specification as well as penetrance
of the ephrin-A3~/~ phenotype.

The absolute correlation of ephrin-A3 expression with
MyHC-I raises the question of what is occurring during phys-
iological fiber type shifts, such as during training or aging/dis-
ease. It is possible that acquired or induced changes in MyHC
expression in the myofiber could lead to accompanying changes
in guidance molecule expression, destabilizing the synapse
and permitting new interactions with motor axons of a differ-
ent type; this would be consistent with data showing that the
prevalence of the slow motor axon marker SV2A increases in
muscles pushed to a slower phenotype by overexpression of
PGC-1a (Chakkalakal et al., 2012). It is also possible that retro-
grade signals are transduced from the muscle via guidance mol-
ecule signaling, leading to a change in the motor neuron’s firing
frequency and guidance molecule expression. Further analysis
of both wild-type and ephrin-A3~/~ mutant mice in the context
of aging, training, and disease should prove informative in re-
fining and expanding this model.

Ephrin-A3 specifies slow myofiber identity « Stark et al.
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Materials and methods

Animal care and use

All mice were handled in accordance with National Institutes of
Health— and Institutional Animal Care and Use Committee—approved
protocols. Female age-matched ephrin-A3 nontransgenic C57BL/6
mice were the control for female ephrin-A3~~ mice. Female B6D2F1
mice (The Jackson Laboratory) were used for in vivo electroporation.
S100-GFP mice were the gift of A. Snyder-Warwick (Washington Uni-
versity in St. Louis, St. Louis, MO).

Immunohistochemistry and imaging

Immunohistochemistry and imaging for all panels except Fig. 7 E
were done as previously described (Stark et al., 2011). Note that,
although immunopositivity for ephrin-A3 can extend to the myofiber
cytoplasm as well as the membrane, this is consistent with our prior
published data (Stark et al., 2011) as well as with published results in
other cell types using this ephrin-A3 antibody (Stadler et al., 2001;
de Saint-Vis et al., 2003; Fasanaro et al., 2008; Jiao et al., 2008).
Additional validation of antibody specificity is provided in Fig. S5.
Concentrations of primary antibodies (Santa Cruz Biotechnology,
Inc. unless otherwise noted) were rabbit anti—ephrin-A3, 1:300; rabbit
anti-EphAl, 2, 7, and 8, 1:100; rabbit anti-laminin, 1:400 (Sigma-
Aldrich); mouse anti-neurofilament 1:1,000 (SMI-31; Covance); and
mouse anti-MyHC-I, -Ila, and -IIb (clones BA-D5, SC-71, and BF-
F3; Developmental Studies Hybridoma Bank), 1:50. Acetylcholine
receptors were stained with TRITC-conjugated o-bungarotoxin
1:1,000 (Invitrogen). Images were collected on an upright microscope
(BX-61; Olympus) with UPlanFL N objectives (0.50 NA) using a
charge-coupled device camera (Retiga; QImaging) under ambient
conditions. uManager software (wWwww.micro-manager.org) was used
to run the microscope and Photoshop CS4 software (Adobe) was
used to merge and montage each image. All constrained iterative
deconvolution and 3D reconstruction was done with AxioVision
software, version 4.8 (Carl Zeiss).

For the confocal images in Fig. 7 E, EDL muscles from adult
(90 d old) female Thyl-YFP mice (The Jackson Laboratory) were
dissected under oxygenated (95% O, and 5% CO,) Rees’ Ringer’s
solution (110-mM NaCl, 5-mM KCl, 1-mM MgCl,, 25-mM NaHCO;,
2-mM CaCl,, 11-mM glucose, 0.3-mM glutamate, 0.4-mM gluta-
mine, 5-mM balanced electrolyte solution, 4.34 x 10-7-mM cocar-
boxylase, and 0.036-mM choline chloride, pH 7.3), then pinned in
Sylgard-coated Petri dishes and fixed for 10 min in 4% formaldehyde
at room temperature, and permeabilized in 100% cold methanol for
6 min at —20°C. Nonspecific labeling was minimized by incubating
the muscles in a solution of 10% normal donkey serum and 0.01%
Triton X-100 for 20 min.

To avoid cross-reactivity of the EphA8 (H70) and the S100b
antibodies (both raised in rabbit), muscles were incubated overnight
at 4°C with anti-EphAS, rinsed, and then incubated with goat anti—
rabbit IgG (H+L) Fab fragments (10 pug/ml; 111-007-003; Jackson
ImmunoResearch Laboratories, Inc.) for 60 min at RT. The first sec-
ondary antibody, Alexa Fluor 594 donkey anti—goat IgG (H+L; 1:500;
A110558; Invitrogen), was applied for 60 min at RT. Preparations
were then incubated with rabbit anti-S100b (1:250; Z0311; Dako) for
60 min at RT to label terminal Schwann cells and then with Alexa
Fluor 647 donkey anti-rabbit (1:500; 711-605-152; Jackson Immu-
noResearch Laboratories, Inc.) for 60 min at RT. Finally, to label nic-
otinic acetylcholine receptors, muscles were incubated with 4 ug/ml
a-bungarotoxin (CF405s; Biotium) for 45 min at RT. All antibod-
ies were prepared in a 2% normal donkey serum/PBS/0.01% Triton
X-100 solution. Muscles were rinsed with PBS containing 0.01%
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Triton X-100 (three times for 5 min each) in between each antibody
incubation. After the final wash, preparations were mounted in Pro-
long Diamond (Invitrogen).

Image acquisition was done using a scanning confocal micro-
scope (FV1000; Olympus) equipped with a 60x oil immersion ob-
jective (1.42 NA). Images were acquired at a resolution of 640 x 640
pixels with a dwell time of 8 us per pixel. Images were acquired at
a zoom factor of 2.5x, and a Kalman filter (two) was performed to
minimize the noise level. The aperture of the pinhole of the confocal
system was set at its minimal value of 100 um. The four labels were
simultaneously imaged using the following configuration of the vir-
tual channels. Channel 1: the excitation light was passed through a
set of three dichroic mirrors, and detection of the emitted fluorescent
light was achieved using three independent photomultiplier tubes, two
of which were equipped with spectral detectors and the third one with
a set of dichroic and emission filters (SDM560, band pass of 500—
545 nm; SDM640, band pass of 570-625 nm and a barrier filter BA
655755 nm). Three independent laser lines were used: the 488-nm
line of an argon laser with a power output set at 8%, a 559-nm diode
laser with the power output set at 17%, and a 635-nm diode laser with
a power output set at 8%. Channel 2: the 405-nm diode excitation
light was passed through a set of two dichroic mirrors (DM405/488),
and detection of the emitted fluorescent light was achieved using a
425-475-nm spectral window.

In vivo electroporation and sciatic nerve crush

Ephrin-A3 ¢cDNA was subcloned into the pCMV6-AC-IRES-tGFP
backbone (OriGene). Fur on the TA was removed and 20 pg of 1
mg/ml plasmid was injected i.m., and then six 55-ms pulses of 100
V were applied with each polarity (12 total). 3 d after electropora-
tion, the sciatic nerve was crushed with fine forceps (three times for
3 s each). Recovery was allowed for 21 or 28 d before removing the
TA for analysis. To quantify the change in fiber type, we divided the
TA into quadrants. Electroporation had been targeted to the anterior
of the muscle (anterior lateral and anterior medial), and posterior
lateral and posterior medial were also scored to control for the en-
dogenous slow myofiber population typically located in the posterior
medial region. All myofibers scoring positive for slow MyHC-I in
each quadrant were counted.

Statistical analysis

Muscles from a minimum of three mice were used for fiber type quanti-
fication. A one-tailed Student’s ¢ test for two samples of equal variance
was used to calculate p-values.

Online supplemental material

Fig. S1 shows fast IIa and IIb myofiber distribution in ephrin-A3-/~
muscles. Fig. S2 shows ephrin-A3 expression during limb muscle
development. Fig. S3 shows the in vivo electroporation/nerve crush
procedure. Fig. S4 shows ephrin-A3 repulsion by S100b-GFP-labeled
Schwann cells and EphA8 expression during postnatal development,
and Fig. S5 shows specificity testing of anti—ephrin-A3. Z-stack imaging
of EphA8 expression on an S100b-GFP-labeled terminal Schwann
cell is available as Video 1, and time-lapse imaging of S100b-GFP-
labeled cells on ephrin-A3-Fc stripes is available as Video 2. Online
supplemental material is available at http://www.jcb.org/cgi/content/
full/jcb.201502036/DC1.
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