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Abstract:
Muscle function is dependent on innervation by the correct motor nerves. Motor nerves
are composed of motor axons that extend through peripheral tissues as a compact bundle,
but then diverge to create nerve branches to specific muscle targets. A transition point
typically occurs as motor nerves grow near their targets, where the fasciculated nerve
halts further growth, then later initiates branching to muscles. The motor nerve transition
point is potentially an intermediate target acting as a guidepost to present specific cellular
and molecular signals for navigation. Here we describe the navigation of the oculomotor
nerve with respect to eye muscle precursor cells in mouse embryos. We found that the
oculomotor nerve initially grew to the eye three days prior to the appearance of any eye
muscles. The oculomotor axons spread to form a plexus within a mass of eye muscle
precursors, then the nerve growth paused for more than two days. This plexus persisted
during primary extraocular myogenesis, with a subsequent phase in which the nerve
branched out to specific muscles. To test the functional significance of the nerveprecursor contact in the plexus, we genetically ablated muscle precursors early in nerve
development, prior to nerve contact. Ablation of muscle precursors resulted in
oculomotor nerve fibers failing to stop to form the plexus, but instead growing past the
eye. In contrast, ablating the precursor pool at later stages, after the nerve has contacted
the precursor cells, results in ectopic branching restricted near the eye. These results
demonstrate that muscle precursors act as an intermediate target for nerve guidance, and
are required for the oculomotor nerve to transition between nerve growth and distinct
stages of terminal axon branching.
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Introduction
During embryonic development, motor axons project out from the spinal cord and
brain stem into peripheral tissues as large fasciculated nerves that supply a limb or organ.
Upon reaching a peripheral target region, specific sub-populations of motor axons must
halt further growth, defasciculate from the main nerve trunk and reorient as nerve
branches toward specific muscles. Although guidance cues have been identified that act
in initial motor axon guidance, little is known about the cues and tissues that guide nerve
transition between growth and branching to specific muscles.
An example of such a transition occurs during the course of oculomotor nerve
development. The oculomotor nerve, along with the trochlear and abducens nerve,
innervate the extraocular muscles. During development in mouse and chick embryos,
oculomotor axons extend from the ventral midbrain toward the developing eye, and upon
reaching a ‘peripheral decision region’, reorient to form specific branches toward four
extraocular muscle targets (Cheng et al., 2014; Michalak et al., 2017) . Similarly in
zebrafish, oculomotor axon growth cones transition from exploratory behavior to axon
subgroups that align to project to individual muscles (Clark et al., 2013). Interestingly,
several human mutations that result in eye muscle mis-innervation cause developmental
oculomotor nerve errors in the ‘peripheral decision region’ in animal models (Chilton and
Guthrie, 2017; Clark et al., 2013; Park et al., 2016; Whitman and Engle, 2017)
The tissue substrates for the extending oculomotor nerve are likely important for
guidance and branching decisions. However, to date, no substrate capable of influencing
nerve growth and branching prior to muscle formation has been described for the
oculomotor nerve. Historic studies in chick describe a mass of cells located at the tip of
the developing nerve (Carpenter, 1906), potentially coinciding with the ‘peripheral
decision region’, although the identity of this cell mass has not been molecularly defined.
Similarly, spinal nerves pause when they reach a mass of mesodermal cells prior to
entering the limb (Hollyday and Morgan-Carr, 1995; Tosney and Landmesser, 1985a, b;
Wang and Scott, 2000). The mass of spinal mesodermal cells coincides with a decision
region where axons pause before making distinct pathway choices (Lance-Jones and
Landmesser, 1981; Tosney and Landmesser, 1985a, b). In grasshopper and fly, motor
nerves interact with muscle precursor cells (Ball et al., 1985; Ho et al., 1983). Functional
tests in grasshopper show that, a single muscle precursor is sufficient to cause an entire
nerve to branch (Landgraf et al., 1999), and the removal of muscle precursors results in
motor nerves that do not branch (Prokop et al., 1996). Similarly, zebrafish, muscle
precursors act as intermediate targets that halt motor axon extension (Melancon et al.,
1997). Together these findings suggest that growing motor nerves may be guided by
contact with muscle precursors.
A recent study, published while our manuscript was being prepared, described
mouse oculomotor nerve development patterns through the stages of nerve innervation of
the eye muscles (Michalak et al., 2017). This study also ablated eye muscles using
MyfCre mutant embryos, finding that the oculomotor nerve projects normally out to the
eye, but then the major superior branch fails to form, inferior sub-branches fail to form
terminal arbors in the absence of their targets, and that the oculomotor neurons died
within several days (Michalak et al., 2017). However, this study did not look early
enough to see the initial outgrowth of pioneer axons of the oculomotor nerve, or examine
potential contacts with eye muscle precursor cells. In the developing oculomotor system,
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the transcription factor Pitx2 is an early marker for muscle precursor cells that
differentiate to form the extraocular muscles (EOMs) (Zacharias et al., 2011). Pitx2+
precursor cells form a thick wedge in the mesenchyme ventrolateral to the eye early in
development (Zacharias et al., 2011). This suggests that a mass of eye muscle progenitor
cells may define the ‘peripheral decision region’ for the oculomotor nerve. In our
present study, we sought to determine whether Pitx2-positive muscle precursors regulate
oculomotor nerve pathfinding, branching and innervation by acting as a guidepost at the
peripheral decision region. To test this hypothesis, we examined the development of this
nerve in response to early or late muscle precursor ablation. Our data demonstrate that
oculomotor nerve growth and branching require interaction with muscle precursor cells.
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Materials and Methods
Mouse embryos
Animal experiments were approved by the UNR IACUC, following NIH guidelines.
Wild type CD-1 mice were purchased from Charles River Laboratories (Wilmington, MA
USA). Pitx2 mutant and control litter mate embryos were produced by crossing Pitx2
heterozygotes (Zacharias et al., 2011). Myf5-DTA embryos were obtained by crossing a
Myf5-Cre line (JAX B6.129S4-Myf5tm3(cre)Sor/J) (Tallquist et al., 2000) to a second
transgenic floxed DTA line (JAX stock #006331, Gt(ROSA)26Sortm1(DTA)Jpmb) (Ivanova et
al., 2005). Embryos were genotyped by PCR against the Cre and DTA genes. Embryos
were collected and fixed in 4% PFA in 0.1M PO4 buffer, as described in (Bjorke et al.,
2016). Embryos were then either labeled as whole mounts by antibody labeling or axon
tracing, or were embedded for cryosectioning and antibody labeling. For each label type
and embryonic stage, the data shown is representative of three (or more) biological
replicates.
Immunohistochemistry
Antibody labeling was as described in (Farmer et al., 2008). Primary antibodies included
Pitx2 (1:1000, rabbit anti-rodent/human Pitx2 peptide antigen, Capra Science), MyoD
(Dako, clone 5.8A), MyoHC (1:5, MF 20, Developmental Studies Hybridoma Bank),
beta-III-tubulin (1:2000, TuJ1, mouse anti-rat beta-III-tubulin, Biolegend). The Pitx2
antibody labeling pattern was validated by noting matching expression in eye muscle
precursors as seen by an independent Pitx2 antibody reported by Zacharias, et al.
(2011), and the specificity of that antibody was confirmed by noting a complete loss of
labeling in sections of Pitx2 null embryos (PJG, data not shown). Secondary antibodies
included anti-rabbit and anti-mouse Alexa 488 and Alexa 555 (Invitrogen).
Axon tracing
To label the oculomotor nerve, the lipophilic dye, DiI (Invitrogen/Thermo Fisher
Scientific) was crushed onto the oculomotor nerve, as described (Bjorke et al., 2016).
The dye tracer was allowed to diffuse by incubation in 4% PFA for 1 day at 37 degrees
C. Labeled embryos were then cleared in 50% glycerol for a few hours before
mounting under a coverslip for imaging. Images were obtained by combining confocal
images via Z-stack on a Leica SP8 confocal microscope. Data shown are representative
images of the stated numbers of embryos labeled; Investigators were not blinded to the
embryo genotypes; Labels were considered successful and included in the analysis if
the diI tracer reached the end of the axons (growth cones), and excluded if not.
Unfortunately, the incubation at high temperature to allow diI transport prevented
subsequent antibody labeling, such as to label other nerve or muscle markers.
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Results and Discussion
The oculomotor nerve initially grows to a mass of muscle precursor cells next to the
eye
To investigate whether muscle precursors are in position to play a role in the
transition between nerve growth and branching, we labeled motor nerves and muscle
precursors during initial nerve development from E9.5-14.5. Motor nerves were labeled
by driving GFP under the Islet promoter (Lewcock et al., 2007), and muscle precursors
were labeled immunolabeled against the transcription factor Pitx2. On E9.5, motor axons
began to exit from the oculomotor nucleus in the ventral midbrain into peripheral
mesenchyme within the cephalic flexure. The initial nerve navigated parallel to the
ventral midline of the forebrain. On E9.5, no Pitx2 protein was found in the mesenchyme
(Fig. 1A). However, by E10.0, oculomotor axons reached an area ventrolateral to the eye
that was diffusely populated with Pitx2+ cells (Fig. 1A). Thus, the first target of the
oculomotor nerve is Pitx2+ precursor cells, not the eye itself or mature muscle fibers.
These Pitx2+ cells condensed to form a wedge shape on E11.0 but maintained contact
with the now thick fasciculated oculomotor nerve. The nerve fanned out at the tip to give
the appearance of a plexus within the mass of Pitx2+ precursor cells (Fig. 1C,D).
Scanning the length and depth of the Pitx2+ mass, we found that two smaller nerve
plexuses neighbored the oculomotor nerve plexus, although arriving about a day after the
oculomotor nerve. By following the trajectories of these nerves between sections of
E11.5 and 12.5 embryos, we identified them as the trochlear nerve (originating from r1
isthmus) and abducens (originating from r5/6). The fasciculated abducens nerve
terminated ventrolateral and deep to the oculomotor plexus, while the less fasciculated
trochlear nerve contacted precursors dorsal to the oculomotor plexus (Fig. 1E,F).
Therefore, muscle precursors cells are an intermediate target of the three nerves
that innervate the extraocular muscles. Differing points of oculomotor, trochlear and
abducens nerve contact with the precursor mass suggest that the nerves can recognize
sub-regions within the precursor mass. The precocious contact of motor nerves with
muscle precursors is consistent with a prior study of the abducens nerve, in which the
nerve branched to contact distinct subsets of mesenchymal condensations, presumed for
lateral rectus and other facial muscles (Wahl et al., 1994). Our labels extend this by
showing that the oculomotor nerves extend to contact Pitx2-expressing muscle precursor
masses. This pre-patterning of the muscle precursor mass potentially guides the matching
of nerves to muscle precursors via distinct secreted or contact-mediated cues, which
remain unknown.
Axons of the developing oculomotor nerve stall in the muscle precursor plexus during
the period of primary myogenesis
Extraocular muscles are derived from prechordal mesoderm and cranial paraxial
mesoderm (Gage et al., 2005; Lescroart et al., 2010; Noden and Francis-West, 2006), and
like typical somite-derived trunk muscles, extraocular muscles undergo a developmental
pattern of primary myogenesis, in which individual muscle precursors differentiate to
myocytes that fuse to form multinucleated myotubes. A close association between the
oculomotor nerve and muscle precursors prior to primary myogenesis suggests that the
nerve may maintain contact with precursors as they progress through development, such
that distinct subsets of axons may maintain an association with distinct precursors as they
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differentiate into distinct muscles. Surprisingly, we found that the oculomotor nerve did
not maintain contact with precursor cells streaming around the eye or undergoing
myogenesis defined by the appearance of myofibers (Fig.2). Instead, the oculomotor
nerve maintained a plexus in the central location with Pitx2+ cells, but that was devoid of
myofibers as marked by Myosin Heavy Chain. (Fig. 2A,B). The nerve did form small
dorsal axon projections on E12.5 to initiate the superior branch of the oculomotor nerve
(arrow in Fig.2B). Likewise, a thicker inferior branch emerged (stubby arrow in Fig. 2B).
Despite the initial formation of the superior and inferior branches, these nerves did not
yet contact the nascent myofibers on E12.5 (Fig. 2 C, n=4). By E13.0, the EOM
myofibers established their stereotypical coordinate positions around the eye (Fig.2 D,E),
extending from the eye to the orbit. However, only the superior rectus was contacted by
axons (Fig. 2D-F, n=5). Nerve invasion into the remaining muscles was found on E13.5
(Fig. G-I, n=5), and occurred at the belly of each muscle. This timing was verified by
applying a lipophilic dye to the oculomotor nerve on E12.5 and E13.5 (Fig. 2J,K). We
observed that an adult innervation pattern is achieved on E14.5 in whole mount embryos
viewed from the behind the eye (Fig. 2L).
Taken together, these observations show that the oculomotor nerve pauses to
make prolonged contact with muscle precursor cells, and that the nerve plexus is
maintained during primary myogenesis. Figure 3 shows a summary of the time course of
the development of the oculomotor nerves, including nerve growth, positions of muscle
precursors, and differentiation of muscles.
Muscle precursors provide a stop signal to the oculomotor nerve and are required for
accurate nerve branching
The time course of oculomotor development demonstrates that the nerve interacts with
precursor cells at a critical juncture: when the nerve fibers pause further growth, awaits
primary myogenesis, and then resumes growth to branch and innervate specific muscles.
The early and prolonged contact between the nerve plexus and the muscle precursor cells
suggests that the precursor mass is positioned to regulate nerve growth and time nerve
branching. To determine the functional significance of the early nerve interaction with
the precursor mass, we used two genetic approaches: the first genetically ablated the
precursors in Pitx2 mutant mice; the second reduced the number of precursor cells by
ablation via driving diphtheria toxin under the Myf5 promoter (Myf5-DTA).
To completely remove muscle precursors and eliminate the cells that develop into
extraocular muscles, we examined the oculomotor nerve projection in Pitx2 mutant
embryos. Pitx2 mutant embryos lack EOMs due to precursor cell death just prior to E10.5
(Zacharias et al., 2011). We first confirmed that extraocular muscles did not develop in
Pitx2 mutant embryos by labeling E11.0 embryos with Pitx2 and 13.5 embryos with
MyHC. Both stages lacked Pitx2+, and MyHC + cells ventrolateral to the eye (data not
shown), confirming the prior study (Zacharias et al., 2011).
To examine oculomotor nerve projection patterns, because the mutant mouse lines
did not have the genetic motor axon transgene, we used diI tracing of the oculomotor
nerve. This tracing strategy had the advantage of labeling a specific nerve, but the
required high temperature incubation unfortunately prevented muscle antibody labeling.
Control Pitx2+/+ embryos showed stereotypical superior and inferior branches of the
oculomotor nerve ventrolateral to the eye (SB, IB in Fig. 4A). However, in Pitx2
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homozygous mutant embryos, the oculomotor nerve reached the ventral aspect of the eye,
but failed to pause and instead extended long branches past the eye (Fig. 4B-D, n=7).
Interestingly, nerve projection patterns were not bilaterally symmetric, with different
errors occurring on the left and right sides, suggesting that axon growth and guidance in
the absence of muscle precursors is randomly determined around each eye. This further
implies that once axons have been attracted to the vicinity of the eye, any remnant or
redundant cues from the eye or nearby tissues are relatively weak. The strong
overgrowth errors suggests that the precursor mass provides the signals to pause
inappropriate further growth.
The severe overshooting of the oculomotor nerve contrasts with a similar recent
study of embryos mutant for Myf5, a transcription factor required for extraocular muscle
differentiation to ablate EOM (Michalak et al., 2017). Similar to our findings, the
oculomotor nerve grew to the eye in the normal trajectory, then terminated in relatively
short abnormal branches confined to the vicinity of the eye.
The more severe defects in Pitx2 mutants could be explained by a relativelylate
timing of EOM primordia cell death on E11.5 in Myf5 mutants, instead of the earlier
E10.5 in Pitx2 mutants (Sambasivan et al., 2009; Zacharias et al., 2011). This suggests
that the EOM precursors provide an early stop signal on E10.5 to inhibit further growth
of the oculomotor nerve. Lack of a stop signal would result in the nerve overshooting
phenotype found in Pitx2 mutants.
Our wild type time course demonstrates that E12.5 is a critical time point in
oculomotor development when the nerve initiates branching toward the final eye muscle
locations. To investigate whether the precursor mass influences nerve branching, we took
advantage of the delayed expression of Myf5, relative to Pitx2, by expressing diphtheria
toxin under the Myf5 promoter in Myf5CreSOR, R26DTA mice (Haldar et al., 2007; Haldar
et al., 2008). However, despite expression of DTA in all EOM precursors , some ‘escaper
cells’ evade death and subsequently proliferate to eventually generate delayed extraocular
muscles (Comai et al., 2014; Haldar et al., 2008). Therefore, driving diphtheria toxin
under the myf5 promoter provides a unique opportunity to investigate how the nerve
behaves when the precursor numbers are reduced on E11-E12.
Like Pitx2 mutant embryos, diI tracing of the oculomotor nerve in Myf5-DTA
mutants showed nerves that reach the ventrolateral aspect of the eye. However, unlike
the Pitx2 mutants, in Myf5-DTA embryos the main trunk of the oculomotor nerve did not
shoot past the eye (Figure 4D-G, n=5). Instead, the nerve stopped near the ventrolateral
aspect of the eye and either branched erratically around the eye with some branches
shooting past the eye (Figure 4E, n=1) or formed a stubby terminal at the base of the
eye, with one main branch that traversed dorsally in the area typical of a normally
forming superior branch (Figure 4F,G, n=3 out of 5). These results suggest that muscle
precursors have an additional function to organize terminal nerve branching.
We speculate that branch patterns may require changes in the expression of axonaxon adhesion molecules to axon-muscle adhesion molecules, and may also generate a
change within the axons to express receptors to respond to muscle and mesenchyme
derived guidance cues such as CXCL12, HGF and Sema3A and 3C (Chilton and Guthrie,
2004; Ferrario et al., 2012; Lerner et al., 2010). Our data suggests that these changes
may be driven by signals from newly fused myocytes or myofibers. Future research may
investigate the expression of adhesion molecules and guidance receptors expressed by
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motor axons in the plexus, and the timing of guidance cue expression in developing
extraocular muscles.
Both our study, and Michalak et al. find that the oculomotor nerve reaches the
ventrolateral aspect of the eye in embryos that fail to form extraocular muscles. The
fidelity of the oculomotor projection suggests that extraocular muscle precursors are not
required to attract the oculomotor nerve to the eye, because the nerve fibers navigate
correctly when the muscles are ablated. However, the oculomotor nerve reaches the
muscle precursors on E10.0, therefore eliminating these cells on E10.5 does not rule out
the possibility that the muscle precursors provide attractive signals during the earlier
period of E9-E10. We were unable to detect Pitx2 antibody labeling prior to E10.0 in the
cranial mesenchyme. However Pitx2-driven LacZ expression is broadly expressed across
the cranial mesoderm as early as E8.5 (Shih et al., 2007). Therefore, cells fated to become
EOMs may play some early role in initial nerve guidance. Previous research has
identified the expression of several cues expressed in and around the developing chick
eye (Ferrario et al., 2012; Lerner et al., 2010; Ojeda et al., 2013). Future research may
investigate whether these cues mediate muscle precursor influences on motor axons.
Clinical significance of early muscle precursor interaction
In the last decade, there have been significant advances in elucidating the mechanisms
that underlie several forms of strabismus, termed congenital cranial dysinnervation
disorders (CCDDs) (Graeber et al., 2013; Whitman and Engle, 2017). Several human
mutations that predispose to strabismus have been identified. Testing the function of
these genes has been examined in mouse and zebrafish models. These animal models
suggest that the waiting zone where oculomotor axons stall, reorient toward muscle
targets and initiate branching is a critical period that may be particularly sensitive to
disruption (Cheng et al., 2014; Clark et al., 2013; Ferrario et al., 2012; Miyake et al.,
2008). Investigation into the role these genes play in guiding the motor nerves has
brought renewed attention to not only development of the oculomotor system but
mechanisms of neuromuscular connectivity (Chilton and Guthrie, 2017).
Our data demonstrates that the ‘waiting zone’ is a region where the nerve is
associated with muscle precursors that are actively signaling to ocular nerves. Therefore,
CCDDs that are thought to originate in errors in the ‘waiting zone’ or ‘distal decision
zone’ may include defects in guidance cues derived from muscle precursor cells.
Conclusions
Our study investigates the role that muscle precursors play in motor nerve
development in mammals. We find that an important intermediate target of the
oculomotor nerve is the mass of eye muscle precursors. Early interaction with muscle
precursor cells provides a pause signal to inhibit further growth, and provides a substrate
to hold the nerve in a plexus during the previously described ‘waiting period’ or ‘decision
region’. Primary myogenesis initiates after muscle precursors migrate away from the
mass to positions around the eye. Nerve growth resumes with branching occurring
shortly after the formation of myofibers. Ablating muscle precursors early in
development results in overshooting the target, while disrupting precursors after plexus
formation results in local but aberrant branching of the nerve. This study suggests that
muscle precursor cells play an active role in motor nerve development.

bioRxiv preprint doi: https://doi.org/10.1101/483396; this version posted November 29, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

11
References
Ball, E.E., Ho, R.K., Goodman, C.S., 1985. Development of neuromuscular specificity in
the grasshopper embryo: guidance of motoneuron growth cones by muscle
pioneers. J Neurosci 5, 1808-1819.
Bjorke, B., Shoja-Taheri, F., Kim, M., Robinson, G.E., Fontelonga, T., Kim, K.-T., Song,
M.-R., Mastick, G.S., 2016. Contralateral migration of oculomotor neurons is
regulated by Slit/Robo signaling. Neural Development 11.
Carpenter, F., 1906. The development of the oculomotor nerve, the ciliary ganglion, and
the abducent nerve in the chick. Cambridge, Mass., Bulletin of the museum of
comparative zoology.
Cheng, L., Desai, J., Miranda, C.J., Duncan, J.S., Qiu, W., Nugent, A.A., Kolpak, A.L.,
Wu, C.C., Drokhlyansky, E., Delisle, M.M., Chan, W.M., Wei, Y., Propst, F.,
Reck-Peterson, S.L., Fritzsch, B., Engle, E.C., 2014. Human CFEOM1 Mutations
Attenuate KIF21A Autoinhibition and Cause Oculomotor Axon Stalling. Neuron
82, 334-349.
Chilton, J.K., Guthrie, S., 2004. Development of oculomotor axon projections in the
chick embryo. Journal of Comparative Neurology 472, 308-317.
Chilton, J.K., Guthrie, S., 2017. Axons get ahead: Insights into axon guidance and
congenital cranial dysinnervation disorders. Dev Neurobiol 77, 861-875.
Clark, C., Austen, O., Poparic, I., Guthrie, S., 2013. α2-Chimaerin regulates a key axon
guidance transition during development of the oculomotor projection. J Neurosci
33, 16540-16551.
Comai, G., Sambasivan, R., Gopalakrishnan, S., Tajbakhsh, S., 2014. Variations in the
efficiency of lineage marking and ablation confound distinctions between
myogenic cell populations. Dev Cell 31, 654-667.
Farmer, W.T., Altick, A.L., Nural, H.F., Dugan, J.P., Kidd, T., Charron, F., Mastick,
G.S., 2008. Pioneer longitudinal axons navigate using floor plate and Slit/Robo
signals. Development 135, 3643-3653.
Ferrario, J.E., Baskaran, P., Clark, C., Hendry, A., Lerner, O., Hintze, M., Allen, J.,
Chilton, J.K., Guthrie, S., 2012. Axon guidance in the developing ocular motor
system and Duane retraction syndrome depends on Semaphorin signaling via
alpha2-chimaerin. Proc Natl Acad Sci U S A 109, 14669-14674.
Gage, P.J., Rhoades, W., Prucka, S.K., Hjalt, T., 2005. Fate maps of neural crest and
mesoderm in the mammalian eye. Invest Ophthalmol Vis Sci 46, 4200-4208.
Graeber, C.P., Hunter, D.G., Engle, E.C., 2013. The genetic basis of incomitant
strabismus: consolidation of the current knowledge of the genetic foundations of
disease. Semin Ophthalmol 28, 427-437.
Haldar, M., Hancock, J.D., Coffin, C.M., Lessnick, S.L., Capecchi, M.R., 2007. A
conditional mouse model of synovial sarcoma: insights into a myogenic origin.
Cancer Cell 11, 375-388.
Haldar, M., Karan, G., Tvrdik, P., Capecchi, M.R., 2008. Two cell lineages, myf5 and
myf5-independent, participate in mouse skeletal myogenesis. Dev Cell 14, 437445.
Ho, R.K., Ball, E.E., Goodman, C.S., 1983. Muscle pioneers: large mesodermal cells that
erect a scaffold for developing muscles and motoneurones in grasshopper
embryos. Nature 301, 66-69.

bioRxiv preprint doi: https://doi.org/10.1101/483396; this version posted November 29, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

12
Hollyday, M., Morgan-Carr, M., 1995. Chick wing innervation. II. Morphology of motor
and sensory axons and their growth cones during early development. J Comp
Neurol 357, 254-271.
Ivanova, A., Signore, M., Caro, N., Greene, N.D., Copp, A.J., Martinez-Barbera, J.P.,
2005. In vivo genetic ablation by Cre-mediated expression of diphtheria toxin
fragment A. Genesis 43, 129-135.
Lance-Jones, C., Landmesser, L., 1981. Pathway selection by chick lumbosacral
motoneurons during normal development. Proc R Soc Lond B Biol Sci 214, 1-18.
Landgraf, M., Baylies, M., Bate, M., 1999. Muscle founder cells regulate defasciculation
and targeting of motor axons in the Drosophila embryo. Curr Biol 9, 589-592.
Lerner, O., Davenport, D., Patel, P., Psatha, M., Lieberam, I., Guthrie, S., 2010. Stromal
Cell-Derived Factor-1 and Hepatocyte Growth Factor Guide Axon Projections to
the Extraocular Muscles. Developmental Neurobiology 70, 549-564.
Lescroart, F., Kelly, R.G., Le Garrec, J.F., Nicolas, J.F., Meilhac, S.M., Buckingham, M.,
2010. Clonal analysis reveals common lineage relationships between head
muscles and second heart field derivatives in the mouse embryo. Development
137, 3269-3279.
Lewcock, J.W., Genoud, N., Lettieri, K., Pfaff, S.L., 2007. The ubiquitin ligase Phr1
regulates axon outgrowth through modulation of microtubule dynamics. Neuron
56, 604-620.
Melancon, E., Liu, D.W., Westerfield, M., Eisen, J.S., 1997. Pathfinding by identified
zebrafish motoneurons in the absence of muscle pioneers. J Neurosci 17, 77967804.
Michalak, S.M., Whitman, M.C., Park, J.G., Tischfield, M.A., Nguyen, E.H., Engle, E.C.,
2017. Ocular Motor Nerve Development in the Presence and Absence of
Extraocular Muscle. Invest Ophthalmol Vis Sci 58, 2388-2396.
Miyake, N., Chilton, J., Psatha, M., Cheng, L., Andrews, C., Chan, W.M., Law, K.,
Crosier, M., Lindsay, S., Cheung, M., Allen, J., Gutowski, N.J., Ellard, S., Young,
E., Iannaccone, A., Appukuttan, B., Stout, J.T., Christiansen, S., Ciccarelli, M.L.,
Baldi, A., Campioni, M., Zenteno, J.C., Davenport, D., Mariani, L.E., Sahin, M.,
Guthrie, S., Engle, E.C., 2008. Human CHN1 mutations hyperactivate alpha 2chimaerin and cause Duane's retraction syndrome. Science 321, 839-843.
Noden, D.M., Francis-West, P., 2006. The differentiation and morphogenesis of
craniofacial muscles. Dev Dyn 235, 1194-1218.
Ojeda, A.F., Munjaal, R.P., Lwigale, P.Y., 2013. Expression of CXCL12 and CXCL14
during eye development in chick and mouse. Gene Expr Patterns 13, 303-310.
Park, J.G., Tischfield, M.A., Nugent, A.A., Cheng, L., Di Gioia, S.A., Chan, W.M.,
Maconachie, G., Bosley, T.M., Summers, C.G., Hunter, D.G., Robson, C.D.,
Gottlob, I., Engle, E.C., 2016. Loss of MAFB Function in Humans and Mice
Causes Duane Syndrome, Aberrant Extraocular Muscle Innervation, and InnerEar Defects. Am J Hum Genet 98, 1220-1227.
Prokop, A., Landgraf, M., Rushton, E., Broadie, K., Bate, M., 1996. Presynaptic
development at the Drosophila neuromuscular junction: assembly and localization
of presynaptic active zones. Neuron 17, 617-626.

bioRxiv preprint doi: https://doi.org/10.1101/483396; this version posted November 29, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

13
Sambasivan, R., Gayraud-Morel, B., Dumas, G., Cimper, C., Paisant, S., Kelly, R.G.,
Tajbakhsh, S., 2009. Distinct regulatory cascades govern extraocular and
pharyngeal arch muscle progenitor cell fates. Dev Cell 16, 810-821.
Shih, H.P., Gross, M.K., Kioussi, C., 2007. Expression pattern of the homeodomain
transcription factor Pitx2 during muscle development. Gene Expr Patterns 7, 441451.
Tallquist, M.D., Weismann, K.E., Hellström, M., Soriano, P., 2000. Early myotome
specification regulates PDGFA expression and axial skeleton development.
Development 127, 5059-5070.
Tosney, K.W., Landmesser, L.T., 1985a. Development of the major pathways for neurite
outgrowth in the chick hindlimb. Dev Biol 109, 193-214.
Tosney, K.W., Landmesser, L.T., 1985b. Specificity of early motoneuron growth cone
outgrowth in the chick embryo. J Neurosci 5, 2336-2344.
Wahl, C.M., Noden, D.M., Baker, R., 1994. Developmental relations between sixth nerve
motor neurons and their targets in the chick embryo. Dev Dyn 201, 191-202.
Wang, G., Scott, S.A., 2000. The "waiting period" of sensory and motor axons in early
chick hindlimb: its role in axon pathfinding and neuronal maturation. J Neurosci
20, 5358-5366.
Whitman, M.C., Engle, E.C., 2017. Ocular congenital cranial dysinnervation disorders
(CCDDs): insights into axon growth and guidance. Hum Mol Genet 26, R37-R44.
Zacharias, A.L., Lewandoski, M., Rudnicki, M.A., Gage, P.J., 2011. Pitx2 is an upstream
activator of extraocular myogenesis and survival. Dev Biol 349, 395-405.

bioRxiv preprint doi: https://doi.org/10.1101/483396; this version posted November 29, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

14

Figure legends.
Figure 1. The initial developmental target of the oculomotor nerve is a mass of
Pitx2+ precursor cells. The developing oculomotor nerve projections were compared
with the location of muscle precursor cells in both whole mounts (A-D) and sections
(E,F). Motor neurons were labeled with GFP driven by the Islet promoter (green), and
muscle and tendinous precursor cells labeled with an antibody against the transcription
factor Pitx2 (red). A. On E9.5, oculomotor nerve fibers projected out of the ventral
neural tube into peripheral mesenchymal tissue toward the eye. B. On E10.0,
oculomotor nerve fibers made first contact with Pitx2+ cells ventrolateral to the eye. C,
D. On E11.5, oculomotor nerve fibers fasciculated into a compact nerve bundle. At the
tip, the nerve fanned out to form a plexus embedded within the mass of Pitx2+ precursor
cells. E. The trochlear nerve formed a plexus in a distinct area ventrolateral and deep to
the oculomotor plexus. F. The abducens nerve fibers interacted with Pitx2+ precursors
dorsal to the oculomotor plexus. Abbreviations: nIII, oculomotor nerve; TN, trochlear
nIV nucleus; MB, midbrain; HB, hindbrain; FB, forebrain; D, dorsal; V, ventral; L,
lateral; M, medial; nVI, abduscens nerve; nIV, trochlear nerve. Each image shown is
representative of successful labels of 3 (or more) biological replicates. Scale bar, 100
μm.

Figure 2. Oculomotor nerve fibers, centrally located in the Pitx2+ precursor mass,
wait for extraocular muscle myogenesis before branching to innervate distinct
muscle targets. (A-I) To characterize the timing and interaction between oculomotor
nerve fibers and developing muscle fibers, we immunolabeled sections through the
developing eye with βΙΙΙ−tubulin (nerve, green), and either Pitx2 or Myosin Heavy Chain
(MyHC, muscle cells, red). Myogenesis was determined by the appearance of myofibers
that continue to express Pitx2, or by activation of MyHC in fibers. A-C. In coronal
sections on E12.5, the nerve maintained a plexus centrally located within the Pitx2+
precursor mass, while precursor cells along the periphery of the mass began to stream to
positions around the eye, followed by fiber formation and Myosin heavy chain
expression. B. On E12.5, a small inferior branch of the oculomotor nerve could be seen
projecting ventrally (arrow). C. A representative E12.5 sagittal section through
extraocular muscles with no nerve fibers found within the developing muscles. ON, optic
nerve; MR, medial rectus. D-F. On E13.0, most Pitx2 precursor cells fused to form
distinct muscle fibers located around the eye. However, all muscles were devoid of nerve
fibers except the superior rectus (SR) which was innervated by the superior branch (SB)
of the oculomotor nerve. IR, inferior rectus; LR, lateral rectus; RB, retrobulbar. G-I. By
E13.5, nerve fibers grew to contact each of the muscles. IO, inferior oblique; SO,
superior oblique. J, K. Whole mount DiI tracing of the oculomotor nerve revealed a
similar timeline of initial nerve branching toward the superior rectus muscle on E12.5,
and a more developed superior (SB) and inferior (IB) division of the nerve on E13.5. The
DiI label images were over-exposed in the main nerve branches (white) to reveal the
smaller branches (red). L. In E14.5 whole mount immunolabeled preparations viewed
from behind the eye, a mature innervation pattern is apparent, with each muscle receiving
innervation. Each image shown is representative of successful labels of 3 (or more)
biological replicates. Scale bars, 100 μm.
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Figure 3. Time course of oculomotor development in mouse embryos. Schematic
summarizing the main events in the development of the oculomotor nerves and
extraocular muscles. The oculomotor nerve, nIII, is the first motor nerve to exit the CNS,
from the midbrain (MB) on E9.5. Before E10.5, the nIII nerve contacts a mass of Pitx2
muscle precursors (pink) at the ventro-lateral side of the eye (dashed circles), with the
axons spreading to form a plexus. The trochlear nIV and abduscens nVI nerves arrive a
day later to contact separate areas within the muscle precursor mass. On E12.5, the
muscle precursors migrate around the eye and begin to form muscle fibers at coordinate
positions around the eye, while the main bifurcation of the oculomotor nerve begins to
form the superior and inferior branches. On E13.5, the main branches of the oculomotor
nerve contact and penetrate the muscles, completing this process by E14.5. (The cartoon
disregards the rapid growth in embryo and eye size during this time course.)
Figure 4. Extraocular muscle precursors are required to halt nerve growth and
guide nerve branching. To examine the function of nerve contact with eye muscle
precursors, we traced oculomotor nerve projections with diI on E12.5, in mouse embryos
either lacking in extraocular muscle precursors in Pitx2 mutants (A-D), or having a
severe reduction in extraocular precursors as described for Myf5-DTA mice (D-H). A. In
Pitx2 homozygous wild type embryos, muscle precursor cells were left intact and a
distinct inferior (IB) and superior branch (SB) was apparent ventrolateral to the eye. B,
C. In Pitx2 homozygous mutant embryos that lacked muscle precursors, the nerve
navigated to the ventrolateral region and along the ventral side of the eye, but then shot
far past the eye in most cases (n= 5 out of 7 embryos, representing independent biological
replicates). Side branches were absent (n=6 out of 7)(C), and the main nerve bundle
projected abnormally past the eye (B, C). D-G. In Myf5-DTA mouse embryos that
expressed diphtheria toxin under the Myf5 promoter, the main trunk of the oculomotor
nerve generally did not overshoot the eye (n=5), but displayed large random branch
patterns generally dorsal to the main nerve, including abnormal branches before the eye,
and around the eye. In one case, a small branch extended past the eye (E). Control
embryos (n=3) showed the expected initial bifurcation into relatively short and superior
and inferior branches. Scale bar, 100 μm.
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