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Abstract
At birth, synaptic sites in developing rodent muscles are innervated by numerous motor axons.
During subsequent weeks, this multiple innervation disappears as one terminal strengthens and all
the others are eliminated. Experimental perturbations that alter neuromuscular activity affect the
rate of synaptic refinement with more activity accelerating the time to single innervation and
neuromuscular blockade retarding it. But it remains unclear whether patterns of muscle use (driven
by endogenous neuronal activity) contribute to the rate of synapse elimination. For this reason we
examined the timing of supernumerary nerve terminal elimination at synapses in extraocular
muscles (EOMs), a specialized set of muscles that control eye movements. On the basis of their
exceptionally high patterns of activity, we hypothesized that synaptic refinement would be greatly
accelerated at these synapses. We found, however, that rates of synaptic refinement were only
modestly accelerated in rectus and oblique EOMs compared with synapses in somite-derived
skeletal muscle. In contrast to these results, we observed a dramatic delay in the elimination of
supernumerary nerve terminals from synapses in the levator palpebrae superioris (LPS) muscle, a
specialized EOM that initiates and maintains eye-lid elevation. In mice, natural eye-opening
occurs at the end of the second postnatal week of development. Thus, while synapse elimination is
occurring in most EOMs and somite-derived skeletal muscles it appears dramatically delayed in a
set of specialized eyelid muscles that remain immobile during early postnatal development.
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Introduction
Following their initial formation, vertebrate synapses undergo a period of refinement in
which some synapses are strengthened and maintained compensating for the elimination of
others. The mechanisms controlling this process have been most thoroughly investigated at
the mammalian neuromuscular junction (NMJ) – a large, accessible synapse between motor
neurons and muscle fibers. At birth, postsynaptic specializations on rodent muscle fibers are
contacted by multiple motor axons. Within several weeks however, all but one axon terminal
are eliminated at each NMJ (reviewed in Sanes and Lichtman 1999; Fox 2009). The loss of
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axonal branches is a protracted process in which initially intermingled branches segregate to
occupy non-overlapping domains on the postsynaptic site (Gan and Lichtman, 1998).
Subsequently, all motor axons – save one – undergo atrophy and disconnect from the
synapse while the remaining nerve terminal expands to occupy postsynaptic sites vacated by
the retracting nerves (Walsh and Lichtman 2003). In mice, few multiply innervated NMJs
persist in somite-derived skeletal muscles beyond postnatal day 14 (Keller-Peck et al. 2001;
Personius and Balice-Gordon 2001).

While the initial formation of the NMJ may be genetically driven (reviewed in Sanes and
Lichtman 1999, Fox and Umemori 2006; Wu et al. 2010), neuromuscular use appears to
significantly contribute to synapse elimination (Thompson 1985; Wyatt and Balice-Gordon
2003; Bosetto et al. 2003). In general, experiments that increase motor neuron activity
accelerate synapse elimination at the NMJ, whereas those that reduce activity delay it
(Thompson et al. 1979; Thompson 1983; Benoit and Changeux 1975). Additionally,
differences in intra-axonal activity, local postsynaptic activity, and even neuronal identity
contribute to the mechanisms driving synaptic refinement at the vertebrate NMJ (Callaway
et al. 1987; Balice-Gordon and Lichtman 1994; Buffelli et al. 2003; Kasthuri and Lichtman
2003). Moreover, a classic study by W. Thompson (1983) revealed that the pattern of
muscle use strongly influenced synaptic refinement; chronic bursts of high frequency
stimulation accelerated the rate at which excess motor nerve terminals were eliminated from
synapses in rat soleus muscle (Thompson 1983). Despite such studies, it remains largely
unclear whether endogenous patterns of muscle use alter the rate of supernumerary motor
nerve terminal elimination in different classes of muscles. A few differences have been
noted in the timing of synapse elimination in various muscles, however in this previous
work there did not appear to be a correlation with the muscle’s predominant mature fiber
type or activity (Bixby and Van Essen, 1979). Whether endogenous patterns of activity in
more specialized classes of muscles result in altered rates of synaptic refinement remains
unclear. Here, we examined the rate of synapse elimination in extraocular muscles (EOMs)
– a specialized class of muscles that control the complex and diverse movements of the eye
and eye-lid.

In vertebrates, 6 EOMs control eye movements – the superior, inferior, medial and lateral
rectus muscles (SR, IR, MR and LR, respectively) and the superior and inferior oblique
muscles (SO and IO, respectively). Mammals contain a seventh EOM that is responsible for
initiating and maintaining eye-lid elevation – the levator palpebrae superioris (LPS) muscle.
EOMs serve diverse functions, which include the generation of fine reflexive eye
movements to stabilize images on the retina, slow and smooth eye movements associated
with visual pursuit and vestibulo-ocular reflexes, and rapid eye movements associated with
saccades (reviewed in Porter 2002; Spencer and Porter 2006). To accomplish such functions
extraocular motor neurons fire at very high rates, exceeding 300 hertz (hz) during visual
fixation and up to 600 hz during saccadic eye movement (Robinson 1970). Physiological
specialization of extraocular motor neurons occurs early in rodent development: these motor
neurons fire at high rates shortly after birth and they reach their mature electrophysiological
state by natural eye opening (Tsuzuki et al 1995).

In addition to these physiological specializations, EOMs have unique embryonic origins,
genetic profiles, types of myosin heavy chains (MHCs), and muscle fiber classifications
(Couly et al. 1992, Khanna et al. 2003a; Rubinstein and Hoh 2000; reviewed in Porter 2002;
Spencer and Porter 2006). Differences also exist between the patterns of innervation of
EOMs and typical skeletal muscles. While most somite-derived mammalian skeletal muscle
fibers have only a single synaptic site, EOMs contain both single- and multi-synaptic site
muscle fibers. Like synapses on typical skeletal muscle fibers, NMJs on single-site fibers are
clustered in a central end-plate band and are morphologically defined as ‘en plaque’-type
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synapses based upon the typical shield-shape branch patterns of the motor nerve terminals
and adjacent postsynaptic muscle membrane. In contrast, multi-site fibers have
neuromuscular junctions that are simple, small, and arranged at regular intervals along the
length of the fiber (Khanna et al. 2002Khanna et al. 2003b; Porter 2002; Spencer and Porter
2006). In other vertebrates, multi-site fibers are known to be slowly contracting and do not
fire action potentials, suggesting they play a role in tonic maintenance of tension (Wilkinson
and Lichtman 1985; Lichtman and Wilkinson 1987). In addition to having multiple
neuromuscular junctions (sometimes referred to as ‘en grappe’ or ‘grape-like’ NMJs) each
synaptic site on a multi-site fiber retains multiple axons throughout life and does not appear
to undergo synaptic refinement (Lichtman et al., 1985). This is in sharp contrast to the single
axonal innervation that becomes the norm at ‘en plaque’ neuromuscular junctions after a
period of multiple innervation during development. Based upon the high firing frequency of
EOM single site ‘en plaque’ junctions (Robinson 1970; Fuchs et al. 1992), we hypothesized
that the rate of synapse elimination would be significantly accelerated at ‘en plaque’
junctions in EOM. Here we used transgenic mice in which motor axons express fluorescent
proteins to assess NMJ development and the number of motor nerve terminals at each
junction. While we observed only a modest acceleration in attaining single innervation of
synaptic sites in rectus and oblique EOMs (compared to other somite-derived muscles), we
were surprised to discover a dramatic delay in the elimination of supernumerary inputs at
synapses in LPS muscles – a delay that led to persistent multiple innervation many months
into adulthood at some synaptic sites.

Methods
Reagents

All chemicals and reagents were obtained from either Sigma (St Louis, MO) or Fisher
(Fairlawn, NJ), unless otherwise noted.

Animals
The generation of thy1:yfp line H, thy1:yfp line 16, thy1:gfp line S, and thy1:cfp line 23 mice
were described previously (Feng et al. 2000). All analyses conformed to NIH guidelines and
were carried out under protocols approved by the Harvard University Standing Committee
on the Use of Animals in Research and Teaching and the VCU Institutional Animal Care
and Use Committees.

Antibodies
A monoclonal antibody directed against synaptotagmin 2 (Syt2) was used in these studies
(see Table 1). This antibody, called znp1, was identified in a screen for tissue specific
antibodies in zebrafish (Trevarrow et al. 1990). This antibody was recently shown to detect
mouse Syt2 by both western blot and IHC (Fox and Sanes 2007). In western blots of mouse
cerebellum, hippocampi and synaptosome fractions this antibody detects a single band at 60
kDa (Fox and Sanes 2007; Su et al. 2010). Protein immunoprecipitated with this antibody
was identified as Syt2 by mass spectrometry and western blots demonstrated that this
antibody specifically detected recombinant Syt2 but not Syt1, a closely related family
member (Fox and Sanes 2007). Syt2-immunolabeled nerve terminals were detected with
AlexaFluor647-conjugated secondary antibodies, obtained from Molecular Probes/
Invitrogen (Eugene, OR) and applied at a 1:1000 dilution.

Tissue preparation
Mice were given a lethal dose of sodium pentobarbital, then transcardially perfused with
phosphate-buffered saline (PBS)(pH 7.4) followed by 4% paraformaldehyde (PFA) in PBS.
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Heads were removed and post-fixed in 4% PFA for at least twelve hours at 4°C. After
washing in PBS, heads were bisected and EOM were dissected by removing the superior
portion of the bony orbit. Dissected EOMs were incubated in PBS containing a 1:1000
dilution of 1μg/μl tetramethylrhodamine conjugated α-bugarotoxin (Invitrogen/Molecular
Probes) for 4 hours at room temperature. Following 12 hours of washing in PBS, whole
muscles were mounted in VectaShield (Vector Laboratories; Burlingame, CA). Once cover-
slipped muscles were flattened using alnico button magnets (Eclipse Magnets; Sheffield,
England). Muscles were viewed on a Zeiss AxioImager A1 fluorescent microscope (Carl
Zeiss, Inc., Thornwood, NY) and high-resolution images were acquired on either an
Olympus FV1000 (Olympus America Inc., Melville, NY) or Leica SP2 (Leica
Microsystems, Bannockburn, IL) confocal microscopes. Image stacks were exported to
Metamorph where maximal projection images were generated. Adobe Photoshop CS3 was
used to adjust gamma levels, montage adjacent images, and merge color images into single
images.

Immunohistochemistry (IHC)
After images of GFP expression and BTX-labeling were acquired on an Olympus FV1000,
cover-slips were removed and whole-mount muscles were washed thoroughly in PBS to
remove the VectaShield mounting reagent (Vector Laboratories; Burlingame, CA). Muscles
were immunostained as described previously (Fox et al. 2007; Fox and Sanes 2007). Briefly,
muscles were incubated in blocking buffer (5% normal goat serum, 2.5% bovine serum
albumin, and 0.1%TritonX100 in PBS) for 1 hour, in primary antibodies (diluted 1:200 in
blocking buffer) for 12 hours at 4°C, and in AlexaFluor647-conjugated anti-mouse IgG2A
secondary antibodies for 12 hours at 4°C. After washing in PBS, muscles were remounted in
VectaShield mounting reagent (Vector Laboratories; Burlingame, CA) and were re-imaged
on an Olympus FV1000 confocal microscope.

Results
Synapse elimination at EOM NMJs

To characterize the development of ‘en plaque’-type EOM synapses, we examined NMJ
morphology on EOM fibers that have a single junctional site during the first three weeks of
postnatal mouse development. Postsynaptic sites in SR muscles (Figure 1A) were labeled
with alpha-bungarotoxin (BTX), which selectively binds to acetylcholine receptors
(AChRs). Postnatal development of AChR cluster morphology at single site EOM muscle
fibers appeared similar to that described in typical skeletal muscle (reviewed in Sanes and
Lichtman 1999; Sanes and Lichtman 2001, Fox 2009): shortly after birth (~P5) AChR
clusters appeared simple and plaque-like, but by P7 perforations formed in these simple
clusters, and from P11 to P21 these perforations expanded to form complex, branched AChR
clusters that resembled adult postsynaptic sites (Figure 1B′-E′)(Sanes and Lichtman 2001;
Khanna et al. 2003b).

We next investigated the rate of synapse elimination of ‘en plaque’-type synapses. The small
size of EOM motor units (a single motor axon innervates ~5 single site EOM muscle fibers)
resulted in a much higher density of motor axons within the endplate band of EOMs than in
typical skeletal muscles. Moreover the close association of different axons projecting to a
junction made counting the number of axons entering a junction difficult. For this reason,
we employed an alternative approach to assess the extent of multiple innervation: we
counted the number of sites that were singly or multiply innervated in sparsely labeled
thy1:yfp-lineH transgenic mice (Keller-Peck et al., 2001). While a single motor axon was
labeled with yellow fluorescent protein (YFP) in most skeletal muscles of thy1:yfp-lineH
mice (Feng et al. 2000; Keller-Peck et al 2001), several axons were labeled in EOMs.
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Multiply innervated synaptic sites in thy1:yfp-lineH EOM muscles were identified by
observing unoccupied AChR-rich regions of postsynaptic membranes at synapses contacted
by YFP-labeled nerve terminals (see arrowheads in Figure 1B,C)(see Keller-Peck et al. 2001
for details). Comparative analysis with wild-type mice has previously shown that synapse
elimination proceeds normally in thy1:yfp-lineH mice despite the expression of YFP (Keller-
Peck et al. 2001).

YFP expression in thy1:yfp-lineH mice appeared low in EOMs at early postnatal ages,
however, labeled motor axons were observed in 2 out of 12 P5 SR muscles. All synaptic
sites innervated by YFP-labeled axons in these muscles contained unoccupied regions of
AChR-rich postsynaptic membrane suggesting that they were multiply innervated (Figure
1B,F and Table 2). By P7, substantially more axons were labeled with YFP in the SR
muscles of thy1:yfp-lineH mice. Nearly 80% of synaptic sites contacted by a single labeled
axon in P7 thy1:yfp-lineH SR muscles contained regions of unoccupied AChR-rich
postsynaptic muscle membrane (Figure 1C,F and Table 2). These results strongly suggest
that a high proportion of synapses on SR single junctional site muscle fibers contain
supernumerary motor nerve terminals at the end of the first postnatal week of mouse
development. However, by P11 – and at all ages thereafter – AChR-rich postsynaptic
membranes appeared fully covered by single nerve terminals (Figure 1D-F and Table 2).
Thus, at single junctional site muscle fibers, supernumerary nerve terminals appeared largely
eliminated by P11, which is a few days earlier than the P14 endpoint previously found in
neck and limb muscles of wild-type and thy1:yfp-lineH mice (Balice-Gordon and Lichtman
1993; Keller-Peck et al. 2001; Personius and Balice-Gordon 2001).

EOMs are innervated by 3 cranial nerves (CNs). Since SR muscles are innervated by the
superior division of the oculomotor nerve (CN III)(Figure 1A), we also investigated the
timing of synapse elimination in SO and LR muscles, which are innervated by the trochlear
(CN IV) and abducens (CN VI) nerves, respectively (Figure 2A,B). The percent of multiply
innervated ‘en plaque’-type NMJs in SO and LR muscles from thy1:yfp-lineH mice were
statistically similar to those observed in age-matched SR muscles (Figure 1F, 2C,D and
Table 2).

In addition to being able to infer the extent of multiple innervation at synaptic sites on
single-site muscle fibers, labeling of sparse motor axons in thy1:yfp-lineH mice proved
useful in assessing patterns of innervation to ‘en grappe’-type NMJs, especially those within
EOM central end-plate bands. Single motor axons were observed innervating chains of ‘en
grappe’ synapses in thy1:yfp-lineH mice (Figure 3). As ‘en grappe’ end-plates are scattered
longitudinally along a single muscle fiber, this suggests that many ‘en grappe’-type
junctions along a single muscle fiber are innervated by the same motor neuron. Moreover,
unlike ‘en grappe’-type junctions in other vertebrate muscle (Wilkinson and Lichtman 1985;
Lichtman et al 1985), a lack of unoccupied AChR-rich regions of the muscle membrane
suggested that EOM ‘en grappe’-type junctional sites are innervated by a single nerve
terminal (Bach-y-rita and Lennerstrand 1975; but see Dimitrova et al. 2009). Unexpectedly,
analysis in thy1:yfp-lineH mice also demonstrated that some ‘en grappe’ and ‘en plaque’
NMJs were contacted by the same motor axon (Figure 1D and 3). As ‘en plaque’ and ‘en
grappe’ NMJs are associated with twitch and non-twitch fiber types, respectively (Khanna et
al. 2003b; Porter 2002; Spencer and Porter 2006), these observations suggest that EOM
motor units may contain heterogeneous populations of muscle fibers. In other mouse
muscles motor neurons have been observed to innervate both intra and extrafusal fibers (so
called “beta” motor neurons; see Keller-Peck et al. 2001), however to our knowledge this is
the first example of a motor axon innervating both single- and multi-synaptic site type
extrafusal muscle fibers. It is important to note that only ‘en grappe’ AChR clusters within
proximity of ‘en plaque’ junctions in the central end-plate band were contacted by the axons
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that also innervated ‘en plaque’ endings. None of the ‘en grappe’ NMJs residing proximal or
distal to the end-plate band appeared to be contacted by motor axons that innervated
synaptic sites within the central end-plate band.

Delayed synapse elimination in the LPS
We next assessed the development of NMJs in LPS muscle, which is not only adjacent to the
SR muscle but is similarly innervated by the superior division of CN III (Figure 4A). AChR
cluster morphology analysis revealed a similar temporal pattern of postsynaptic maturation
in the LPS compared with other EOMs: at P5 AChR clusters appeared simple and plaque-
like, by P7 perforations began to appear in AChR clusters, and at the beginning of the
second week these perforations began to expand to form the complex, branched morphology
of adult-like AChR clusters (Figure 4B′–E′). Labeling of AChR clusters in the developing
LPS also confirmed that, as opposed to other EOMs, LPS muscles contained only single site
‘en plaque’ synapses and lacked evidence of muscle fibers innervated by multiple ‘en
grappe’-type junctions.

As described above, thy1:yfp-lineH mice were used to infer the amount of multiple
innervation at NMJs in the LPS at various developmental stages. At early postnatal ages (i.e.
P5 and P7) the percent of multiply innervated synaptic sites were similar to other EOMs
(Figure 4B,C,F and Table 2). At P11, ~45% of YFP-labeled nerve terminals failed to fully
occupy synaptic sites in LPS (Figure 4D,F and Table 2). As described above, unoccupied
regions of the postsynaptic membrane were rare at this age in other EOMs (Figure 1F and
2C,D). At P14, more than a third of LPS synapses appeared multiply innervated (Figure 4F
and Table 2). The percent of multiply innervated synaptic sites in P11 and P14 LPS muscles
were statistically significant compared to other EOMs (Table 2). Multiply innervated NMJs
remained common in the LPS at P21 and were also observed in young adult (P56) LPS
muscles (Figure 4E,F and Table 2). Previous studies have demonstrated that synapse
elimination stalls at a small proportion of NMJs in bullfrog (Rana catesbeiana) muscle
leaving supernumerary motor nerve terminals at adult synapses (Letinsky and Morrison-
Graham 1980; Morrison-Graham 1983). To assess whether some synapses remained
multiply innervated forever or whether synapse elimination occurred over an extremely
protracted period in LPS muscle, we examined the occupancy of YFP-labeled nerve
terminals in 1 year old thy1:yfp-lineH mice. At one year of age, we observed no multiply
innervated NMJs in LPS muscles. Together, these data reveal an unexpected and significant
delay in the elimination of supernumerary inputs in mouse LPS muscle.

As detailed above, we interpreted unoccupied receptors at a synaptic site innervated by a
YFP-labeled motor nerve terminal to indicate that additional, unlabeled motor axons were
present at these sites. To directly demonstrate that synaptic sites were contacted by multiple
axons we analyzed LPS muscles in transgenic mice in which motor axons were labeled by
different fluorescent proteins (see Walsh and Lichtman 2003; Lichtman and Sanes 2003;
Kasthuri and Lichtman 2003). A transgenic mouse line in which all motor axons were
labeled with YFP (thy1:yfp-line16 mice; see Figure S2) was crossed with a transgenic line in
which only some motor axons innervating the LPS contained cyan fluorescent protein (CFP)
(thy1:cfp-line23 mice)(Feng et al. 2000). The resulting mice (thy1:yfp-line16; thy1:cfp-
line23) had a small cohort of motor axons labeled with both CFP and YFP, whereas most
motor axons contained only YFP (Figure 5A). Focusing on synaptic sites contacted by CFP-
labeled axons, we asked whether YFP-positive, CFP-negative axons co-innervated these
sites. At P10, an age in which synapse elimination appeared largely complete in other EOMs
(Figure 1F and 2C,D), only a small number of synaptic sites contacted by CFP-labeled
axons appeared singly innervated (Figure 5B). In contrast, the majority of synaptic sites
were contacted by both axons containing CFP and axons that lacked CFP (Figure 5C).
Similar results were obtained at synapses in P15, P21 and P42 LPS muscles (Figure 6),
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although two distinctions were noted at these older ages. First, as expected from analysis in
thy1:yfp-lineH mice, fewer multiply innervated synapses were observed at older ages.
Second, and more importantly, nerve terminals sharing space at single synaptic sites in older
muscles appeared segregated from each other, with each occupying a distinct domain of the
postsynaptic membrane (Figure 6C).

By using either thy1:yfp lineH or thy1:yfp-line16; thy1:cfp-line23 mice numerous axons in
the LPS muscle were analyzed simultaneously. Therefore, we could not determine whether
all motor axons were undergoing branch withdrawal and synapse elimination or whether just
a select subset were undergoing branch trimming at many sites. To answer this question we
analyzed axonal arbors and NMJs in thy1:gfp-lineS mice – a transgenic line in which only
one or two motor axons were labeled in LPS muscles. We analyzed single motor axons in 9
P15 LPS muscles. In all but one case (8/9 axons), at least one synaptic site contacted by the
GFP-labeled axon appeared multiply innervated (Figure 7). These results lead us to 2
important conclusions. First, synapse elimination occurs asynchronously at synaptic sites in
a single motor unit in this unusual muscle as has been previously described in more typical
muscles (Keller-Peck et al., 2001). Second, nearly all motor axons innervating LPS muscle
are still undergoing branch withdrawal at some synaptic sites suggesting the entire
population of motor neurons in this muscle is developmentally delayed compared to the
innervation of all other muscles in the body.

As synapse elimination proceeds fewer motor axons contain branches that contact multiply
innervated synapses. However, young adult (P56) LPS motor axons still undergoing
synaptic refinement do so asynchronously – with some terminal branches projecting to
multiply innervated junctions and others contacting singularly innervated junctions. Figure 8
shows 2 GFP-labeled axons in a P56 thy1:gfp-lineS LPS muscle which both show signs of
sharing postsynaptic sites with other axons at some of the NMJs they contact (see arrows in
Figure 8B,C). To demonstrate that these adult sites were multiply innervated, we confirmed
the presence of non-GFP-labeled terminals by immunostaining for synaptotagmin 2 (Syt2), a
hallmark component of all motor nerve terminals (Fox and Sanes 2007) (Figure 8D,E).
Thus, in this muscle some fibers maintain multiple innervation for far longer than any other
known mammalian muscle.

Discussion
We examined the timing of postnatal elimination of multiple innervation at neuromuscular
synapses in mouse eye muscles. Our initial hypothesis was that the elimination of excess
motor nerve terminals would be accelerated in EOMs (compared with typical, somite-
derived skeletal muscles) based in part upon their extraordinarily high frequency of
extraocular motor neuron firing which develops at early perinatal ages before natural eye-
opening (Tsuzuki et al. 1995; Carrascal et al. 2006, 2010). Synapse elimination appeared
modestly accelerated in these muscles – which were singly innervated by P11 compared to a
number of other neck and limb muscles that appear to reach the mature, singly innervated
state by P14 in the same transgenic mouse line (Keller-Peck et al. 2001). A comparable
acceleration in the rate of synapse elimination has been shown to be elicited experimentally
by 100Hz bursts of action potentials in the rat soleus muscle (Thompson, 1983). The present
results corroborate those findings and others (Personius and Balice-Gordon 2001) and
support the notion that endogenous activity rates affect the time at which neuromuscular
junctions become singly innervated.

Our studies also provide several results that were less expected. First, we found a dramatic
general delay in the elimination of multiple innervation in the muscle that raises the eyelid
(LPS muscle). Remarkably, some NMJs remained multiply innervated even 8 weeks after
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birth when animals were in all other respects considered fully adult. This multiple
innervation was caused by a profound developmental delay in synapse elimination, rather
than a permanent impairment, because by one year of age all signs of multiple innervation in
LPS muscles had disappeared. A second unexpected result was that this delay was not due to
a special subset of axons that were unable to undergo synapse elimination because analysis
of single motor units showed that some terminal branches of these delayed axons had
undergone synapse elimination early while other branches had not. This asynchronous
synapse elimination suggests that these axons are not fundamentally different from axons in
more typical mouse muscles, which also show asynchronous synapse elimination (Keller-
Peck et al., 2001; Kasthuri and Lichtman 2003). Third, the extraordinary delay in nerve
terminal withdrawal was not matched by a comparable delay in the developmental rate of
postsynaptic differentiation. In typical mouse muscles, synaptic refinement coincides with
postsynaptic maturation, such that in the same developing muscle singly innervated
synapses have mature postsynaptic specializations whereas multiply innervated synapses
have immature postsynaptic specializations (Balice-Gordon and Lichtman 1993; Lichtman
and Colman 2000). For this reason, it was surprising that despite the delay in synapse loss,
the time course of postsynaptic maturation appeared to occur similar in LPS muscles
compared to other EOMs whose postsynaptic maturation is largely complete by the end of
the second postnatal week. This presynaptic vs. postsynaptic mismatch is also surprising
because prior work has suggested that the postsynaptic cell may be the intermediary in the
synaptic interactions between different axons vying for the same postsynaptic cell (e.g.,
Balice-Gordon and Lichtman 1994). Thus, although the target may be regulating synapse
loss, the delay in refinement does not seem to be explained by immaturity or delayed
development of the muscle fibers in LPS. Lastly, that these motor axons innervated both fast
twitch style ‘en plaque’- and slower contracting type ‘en grappe’-type synapses, which were
on two separate classes of muscle fibers, suggests that EOM motor units drive a
heterogeneous population of muscle fibers.

Delayed elimination of supernumerary inputs at LPS synapses
What could be the reason for the delay in synapse elimination in LPS muscles? It appears to
be unlike the sustained partial multiple innervation of frog muscle fibers (Morrison-Graham
1983), because amphibian fibers maintain multiple innervation throughout life (Letinsky and
Morrison-Graham 1980; Morrison-Graham 1983). It also seems different from than the
persistent multiple innervation known to occur in reptile muscle fibers (Lichtman et al.,
1985; Wilkinson and Lichtman, 1985) as those tonic fibers do not fire action potentials. One
possibility is that the initial delay in synapse elimination within LPS muscles may be caused
by the eyelids remaining closed in mice until P12–P14. Thus, during the time period when
synapse elimination is occurring in most skeletal muscles the LPS muscle is entirely
immobile. Even though eyelids are not open during perinatal development, rodent EOM
motor neurons are highly active shortly after birth, generate phasic activity in perinatal
EOMs as early as P3, and generate adult-like eye movements (such as Rapid Eye
Movements [REMs]) as early as P6 (Seelke et al. 2005; Tsuzuki et al. 1995; Carrascal et al.
2006, 2010; Kablar 2003; Jouvet-Mounier et al. 1970).

It is unlikely, however, that the absence of perinatal LPS muscle activity during the first two
weeks accounts for the sustained delay in synapse elimination in 8 week old mice. An
alternative possibility, is that the activity of LPS muscles is unlike the activity patterns
observed in other muscles. For example, approximately 10% of their muscle fibers are a
unique classification of fibers absent in other EOMs and other skeletal muscles (Porter et al.
1989). Based upon their internal membrane system development and mitochondrial content,
these LPS-specific fibers were initially designated as slow-twitch fibers with extreme fatigue
resistance (Porter et al. 1989; Frueh et al 1994). Indeed the role of LPS muscles in sustained
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eyelid elevation (Porter et al. 1989; Frueh et al. 1994) may mean that in normal use all these
muscle fibers are active chronically in awake animals. If synapse elimination is, as
supposed, promoted by activity differences between innervating axons (reviewed in Sanes
and Lichtman, 1999) then a muscle in which all axons are active all the time may not
provide the kind of ordered recruitment (Henneman 1985) necessary for postsynaptic cells
to disambiguate their inputs and foment synapse elimination. Consistent with this view is the
experimental evidence that shows if motor axons are synchronized by exogenous stimulation
then synapse elimination is delayed (Busetto et al. 2000, 2003). These LPS-specific fibers
then may be more like tonic fibers in reptiles that sustain multiple innervation despite, in this
case, an ability to fire action potentials. While these specialized fiber types may contribute
to the long lasting delay of synaptic refinement at some synaptic sites in LPS muscles, they
most likely do not contribute to the initial widespread delay in refinement since they account
for only a small fraction of LPS muscle fibers.

In addition to containing a unique class of muscle fibers, LPS muscles have both a unique
genetic profile and susceptibility to disease (Porter et al. 2001). For this reason, it also
remains possible that the delay in synaptic refinement is due to activity-independent
mechanisms in this specialized muscle.

Heterogeneous fiber-types in EOM motor units
In typical skeletal muscles, alpha-motor neurons contact homogenous populations of muscle
fibers (Burke et al. 1971; Burke 1999). While retrograde labeling studies have suggested this
holds true in eye muscles (Büttner-Ennever et al. 2001; Eberhorn et al. 2005, 2006) we
observed branches of the same YFP-labeled axon innervating both ‘en plaque’ and ‘en
grappe’ NMJs in SR muscle (Figure 4). While our results seem to contradict those of
Büttner-Ennever et al. (2001) and Eberhorn et al. (2006), their studies assessed whether
motor neurons innervating the central end plate band also innervated distally located ‘en
grappe’ synapses, whereas we assessed whether motor axons in the end plate band could
innervate ‘en plaque’ and ‘en grappe’ type synapses within only this region. Based upon
sites of delivery, these previous retrograde tracer studies could not address whether a single
population of motor neurons could innervate both ‘en plaque’ and ‘en grappe’ synapses
within the central end-plate band (Büttner-Ennever et al. 2001; Eberhorn et al. 2006).

The finding that both fast and slow contracting muscle fibers are innervated by the same
motor axon raises interesting questions about the functional properties of these fibers since
motor units are subject to use-dependent plasticity and motor neuron activity influences the
contractile properties of muscle (Buller et al. 1960). This raises the question of whether a
single axon innervating both ‘twitch’ and ‘tonic’-type EOM fibers alters the contractile
properties of these fibers. Perhaps it does. Physiological recordings have demonstrated that
multi-synaptic site EOM muscle fibers with ‘en grappe’-type synapses exhibit mixed
contractile properties in EOMs: in distal regions these fibers behave as ‘tonic’ fibers,
however, in the central end plate region they behave as ‘twitch-like’ fibers (Jacoby et al.
1989).

Our studies also raise an interesting question regarding the identity of these axons that
innervate both fast and slow contracting EOM fibers. While alpha-motor neurons innervate
homogenous populations of muscle fibers, another class of motor neurons – termed beta-
motor neurons (or skeleto-fusimotor neurons) – innervate both fast contracting extrafusal
skeletal muscle fibers and slow-contracting intrafusal fibers associated with muscle spindles
(Emonet-Denand et al 1975; Burke and Tsairis 1977; Keller-Peck et al. 2001). This begs the
question of whether motor neurons studied here are abnormal alpha-motor neurons or a
novel class of beta-motor neurons.
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Fig. 1. Development of motor nerve terminals and AChR clusters at ‘en plaque’-type synapses in
SR muscle
A. Schematic representation of SR muscle (in blue) and its innervation by the superior
division of the oculomotor nerve (sdCNIII). B–E. YFP-expressing motor nerve terminals
(green) were imaged in P5 (B), P7 (C), P11 (D) and P21 (E) SR muscles isolated from
thy1:yfp line H mice. AChR clusters were simultaneously visualized by labeling with
fluorescently-conjugated bungarotoxin (BTX; magenta). At early ages (B,C) YFP-
containing motor nerve terminals failed to innervate the entire postsynaptic membrane,
suggesting that synaptic sites remained multiply innervated at these ages. Arrowheads
highlight AChR-rich regions of the postsynaptic membrane that were unoccupied by YFP-
labeled nerve terminals. By P11 (D), few synaptic sites contacted by YFP-labeled axons
appeared multiply innervated. Asterisk in D, highlights an ‘en grappe’-type AChR cluster
contacted by the same motor axon that contacted 2 ‘en plaque’-type NMJs in this field of
view. Scale bar = 50 μm. F. Numbers of multiply innervated NMJs were quantified at P5,
P7, P11, and P14 from thy1:yfp line H SR muscles. Each black dot represents the percentage
of YFP-labeled NMJs that were multiply innervated from a single muscle. N = number of
muscles analyzed per age. n = total of number of NMJs analyzed per age.
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Fig 2. Percent of multiply innervated ‘en plaque’-type NMJs in developing SO and LR muscles
A,B. Schematic representation of SO (A) and LR (B) muscles (in blue) and their innervation
by CN IV and CN VI, respectively. Numbers of multiply innervated NMJs at P5, P7, P11,
and P14 were quantified from SO (C), and LR (D) muscles isolated from thy1:yfp line H
mice. Each black dot represents the percentage of YFP-labeled NMJs that were multiply
innervated from a single muscle. N = number of muscles analyzed per age. n = total of
number of NMJs analyzed per age.
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Fig 3. “En plaque’- and ‘en grappe’-type AChR clusters were contacted by the same motor
axons
YFP-expressing motor nerve terminals (A)(green) were imaged in P21 SR muscles isolated
from thy1:yfp line H mice. AChR clusters were labeled with fluorescently-conjugated
bungarotoxin (B)(BTX; magenta). A merged image is shown in C. Note that the YFP-
labeled axon highlighted with arrows contacts both ‘en plaque’- (ep) and ‘en grappe’-type
(asterisks) synaptic sites. Scale bars = 25 μm.
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Fig 4. Development of nerve terminals and AChR clusters in LPS muscle
A. Schematic representation of LPS muscle (in blue) and its innervation by the superior
division of the oculomotor nerve (sdCNIII). B–E. YFP-expressing motor nerve terminals
(green) were imaged in P5 (B), P7 (C), P11 (D) and P21 (E) LPS muscles isolated from
thy1:yfp line H mice. AChR clusters were simultaneously visualized by labeling with
fluorescently conjugated bungarotoxin (BTX; magenta). At all ages, YFP-containing motor
nerve terminals were observed that failed to innervate entire postsynaptic sites, indicating
these synapses were multiply innervated. Arrowheads highlight AChR-rich regions of the
postsynaptic membrane unoccupied by YFP-labeled nerve terminals. Scale bar = 50μm. F.
Numbers of NMJs multiple innervated synapses in P5, P7, P11, P14 and P21 LPS muscles
isolated from thy1:yfp line H mice. Each black dot represents the percentage of YFP-labeled
NMJs that were multiply innervated from a single LPS muscle. N = number of LPS muscles
analyzed per age. n = total of number of NMJs analyzed per age.
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Fig 5. Multiple nerve terminals were observed at most synaptic sites in P10 LPS muscles
To conclusively determine synaptic sites in P10 LPS muscle were contacted by multiple
axons, NMJs were imaged in thy1:yfp line 16; thy1:cfp line23 mice in which all motor axons
were labeled with YFP and only a few were also labeled with CFP. A. A montage of high-
resolution images encompassing the entire central end-plate band. AChR clusters were
labeled with BTX (red). 32 NMJs contacted by a CFP-labeled axon were labeled with
numbers: white numbers depict singly innervated NMJs; yellow numbers depict synapses
contacted by both CFP-labeled axons and YFP-labeled (CFP-non-labeled) axons. B. High
magnification images of singly innervated NMJs from (A). C. High magnification images of
NMJs that are contacted by both a CFP-expressing axon and supernumerary YFP-expressing
axons. Arrows in C highlight domains of these NMJs that are innervated by YFP-labeled
(CFP-non-labeled) nerve terminals. In some cases although CFP-labeled terminals appeared
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to fully occupy a postsynaptic site, YFP-labeled (CFP-non-labeled) axons were still
observed co-innervating these site (see green arrows in image number 3 of C). c = CFP; y =
YFP; m = merge. Scale bar in A = 200 μm, in B = 10 μm for B,C.
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Fig 6. Multiple nerve terminals were observed at synaptic sites in P15, P21 and P42 LPS muscles
NMJs were imaged from P15 (A), P21 (B) and P42 (C) LPS muscles from thy1:yfp line 16;
thy1:cfp line23 transgenic mice in which all motor axons were labeled with YFP and only a
few were also labeled with CFP. Note the segregation of axonal terminals into distinct
domains of the postsynaptic membrane in P21 and P42 LPS muscles (B,C). Arrows
highlight AChR-rich regions unoccupied by CFP-labeled motor nerve terminals. Arrowhead
in B highlights a small portion of this synaptic site contacted by a CFP-labeled axon. Scale
bar = 10 μm.
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Fig 7. Reconstruction of a single LPS motor unit revealed a high degree of multiple innervation
at P15
A. Confocal reconstruction of a single motor axon in a P15 thy1:gfp line S LPS muscle.
Synaptic sites contacted by this axon are labeled with numbers. White numbers depict singly
innervated synapses. Yellow numbers depict synapses in which GFP-labeled axons do not
fully occupy all of the AChR-rich postsynaptic sites, indicating they are multiple innervated.
B. High magnification images of synaptic sites contacted by the labeled motor axon shown
in A. Yellow arrows highlight regions of AChR-rich postsynaptic membranes not contacted
by the GFP-labeled axon. Scale bar in A = 250 μm and in B = 10 μm.
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Fig 8. Reconstruction of two LPS motor units revealed multiply innervated synaptic sites
persisted at P56
A. Confocal reconstruction of two motor axons innervating the same P56 LPS muscle from
a thy1:gfp line S mouse. Each axon is labeled (with arrows and either a 1 or 2) as they
course toward the end-plate band. Synaptic sites contacted by each axon are labeled with
numbers that correspond to the axon innervating them and a letter. Sites labeled in white
appear singly innervated; sites labeled in yellow synapses appear multiply innervated. B.
High magnification images of synaptic sites in motor unit 1. Arrow indicates AChR-rich
regions of a synaptic site not fully innervated by the GFP-labeled axon. C. High
magnification images of synaptic sites in motor unit 2. Arrows indicates AChR-rich regions
of synaptic sites not fully innervated by the GFP-labeled axon. D,E. After imaging, the LPS
muscle was immunostained for synaptotagmin 2 (Syt2), a component of the presynaptic
machinery within all motor nerve terminals. Immuno-labeling for Syt2 (blue) revealed that
portions of the synaptic sites not occupied by the GFP-labeled were occupied by other axons
(see arrows). Scale bar in A = 250 μm and in E = 10 μm for B–E.

Fox et al. Page 21

J Comp Neurol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Fox et al. Page 22

Ta
bl

e 
1

A
nt

ib
od

y 
us

ed
 in

 th
is

 st
ud

y.

A
nt

ig
en

Is
ot

yp
e

D
es

cr
ip

tio
n 

of
 im

m
un

og
en

So
ur

ce
/C

at
al

og
ue

 n
um

be
r

D
ilu

tio
n 

Fo
r 

IH
C

R
ef

er
en

ce

Sy
na

pt
ot

ag
m

in
 2

M
ou

se
 Ig

G
2a

1–
5 

da
y 

ze
br

af
is

h 
em

br
yo

Ze
br

af
is

h 
In

te
rn

at
io

na
l R

es
ou

rc
e 

C
en

te
r (

ca
t#

 z
np

-1
)

1:
20

0
Fo

x 
an

d 
Sa

ne
s 2

00
7

J Comp Neurol. Author manuscript; available in PMC 2012 October 15.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Fox et al. Page 23

Ta
bl

e 
2

Pe
rc

en
t m

ul
tip

le
 in

ne
rv

at
io

n 
in

 th
y1

-Y
FP

-li
ne

H
 E

O
M

 m
us

cl
es

 d
ur

in
g 

po
st

na
ta

l d
ev

el
op

m
en

t

N
um

be
rs

 o
f m

ul
tip

ly
 in

ne
rv

at
ed

 ‘e
n 

pl
aq

ue
’-

ty
pe

 N
M

Js
 w

er
e 

co
un

te
d 

in
 S

R
, S

O
, L

R
, a

nd
 L

PS
 m

us
cl

es
 th

ro
ug

ho
ut

 d
ev

el
op

m
en

t. 
Ea

ch
 p

er
ce

nt
ag

e
re

pr
es

en
ts

 th
e 

pe
rc

en
t o

f m
ul

tip
ly

 in
ne

rv
at

ed
 sy

na
ps

es
 (±

SD
). 

N
 =

 th
e 

nu
m

be
r o

f m
us

cl
es

 a
na

ly
ze

d 
pe

r a
ge

; n
 =

 th
e 

to
ta

l n
um

be
r o

f N
M

Js
 a

na
ly

ze
d 

pe
r

ag
e;

 N
D

 –
 n

ot
 d

et
er

m
in

ed
. T

uk
ey

-K
ra

m
er

 te
st

s w
er

e 
pe

rf
or

m
ed

 o
n 

da
ta

 o
bt

ai
ne

d 
fr

om
 a

ll 
ag

e-
m

at
ch

ed
 m

us
cl

es
. F

or
 P

21
 L

PS
 m

us
cl

es
, d

at
a 

w
as

co
m

pa
re

d 
ag

ai
ns

t a
ll 

EO
M

s a
t P

14
. A

ll 
st

at
is

tic
al

ly
 si

gn
ifi

ca
nt

 d
at

a 
se

ts
 a

re
 h

ig
hl

ig
ht

ed
 w

ith
 a

st
er

is
ks

 a
nd

 p
 v

al
ue

s. 
Fo

r c
om

pa
ris

on
 w

ith
 ra

te
s o

f s
yn

ap
se

el
im

in
at

io
n 

in
 so

m
ite

-d
er

iv
ed

 m
us

cl
es

 in
 th

y1
:y

fp
-li

ne
H

 m
ic

e 
se

e 
K

el
le

r-
Pe

ck
 e

t a
l. 

20
01

.

E
O

M
 m

us
cl

e

%
 M

ul
tip

le
 in

ne
rv

at
io

n 
at

 v
ar

io
us

 p
os

tn
at

al
 a

ge
s

P5
P7

P1
1

P1
4

P2
1

P5
6

Su
pe

ri
or

 R
ec

tu
s (

SR
)

m
us

cl
e

10
0%

 (N
=2

, n
=1

9)
79

.5
 ±

 9
.2

%
 (N

=1
1,

 n
=3

19
)

4.
8 

± 
3.

4%
 (N

=7
, n

=2
43

)
2.

2 
± 

2.
8%

 (N
=1

2,
 n

=2
69

)
N

D
1.

0±
 1

.0
%

 (N
=9

,
n=

12
1)

Su
pe

ri
or

 O
bl

iq
ue

(S
O

) m
us

cl
e

10
0%

 (N
=1

, n
=8

)
77

.6
 ±

 6
.7

%
 (N

=7
, n

=1
75

)
6.

9 
± 

1.
4%

 (N
=7

, n
=2

43
)

7.
5 

± 
3.

7%
 (N

=1
2,

 n
=2

69
)

N
D

N
D

L
at

er
al

 R
ec

tu
s (

L
R

)
m

us
cl

e
N

D
84

.8
 ±

 1
0.

5%
 (N

=5
, n

=7
5)

7.
7 

± 
4.

4%
 (N

=7
, n

=2
43

)
3.

8 
± 

3.
6%

 (N
=1

2,
 n

=2
69

)
N

D
N

D

L
ev

at
or

 P
al

pe
br

ae
Su

pe
ri

or
is

 (L
PS

)
m

us
cl

e

10
0%

 (N
=1

, n
=5

)
N

ot
 st

at
is

tic
al

ly
 d

iff
er

en
t t

ha
n

P5
 S

R 
or

 S
O

 m
us

cl
es

87
.0

 ±
 7

.7
%

 (N
=7

, n
=1

20
)

N
ot

 st
at

is
tic

al
ly

 d
iff

er
en

t t
ha

n
P7

 S
R,

 S
O

, o
r L

R 
m

us
cl

es

45
.1

 ±
 4

.1
%

 (N
=8

, n
=1

51
)

*p
<0

.0
00

1 
vs

 P
11

 S
R,

 S
O

an
d 

LR
 m

us
cl

es

42
.7

 ±
 6

.6
%

 (N
=6

, n
=1

06
)

*p
<0

.0
00

2 
vs

 P
14

 S
R,

 S
O

an
d 

LR
 m

us
cl

es

22
.1

 ±
 9

.1
%

 (N
=5

,
n=

10
3)

*p
<0

.0
04

 v
s P

14
 S

R,
SO

, L
R,

 a
nd

 L
PS

m
us

cl
es

7.
3±

 2
.5

%
 (N

=8
,

n=
80

)
*p

<0
.0

5 
vs

 P
56

 S
R

m
us

cl
e

J Comp Neurol. Author manuscript; available in PMC 2012 October 15.


