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Duane retraction syndrome (DRS) is the most common form of congenital paralytic strabismus in humans and can result
from a.2-chimaerin (CHNT) missense mutations. We report a knockin ¢2-chimaerin mouse (Chn7¢/¥') that models DRS.
Whole embryo imaging of Chn1/¥ mice revealed stalled abducens nerve growth and selective trochlear and first cervical
spinal nerve guidance abnormalities. Stalled abducens nerve bundles did not reach the orbit, resulting in secondary aberrant
misinnervation of the lateral rectus muscle by the oculomotor nerve. By contrast, Chn1*®/* mice did not have DRS, and
embryos displayed abducens nerve wandering distinct from the Chn7/*' phenotype. Murine embryos lacking EPH receptor
A4 (Epha4'©/%), which is upstream of a2-chimaerin in corticospinal neurons, exhibited similar abducens wandering that
paralleled previously reported gait alterations in Chn1“/%C and Epha4"®*® adult mice. Findings from Chn1“/*' Epha4"“/*° mice
demonstrated that mutant a2-chimaerin and EphA4 have different genetic interactions in distinct motor neuron pools:
abducens neurons use bidirectional ephrin signaling via mutant a2-chimaerin to direct growth, while cervical spinal neurons
use only ephrin forward signaling, and trochlear neurons do not use ephrin signaling. These findings reveal a role for ephrin
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abducens motor neurons in this disorder.

Introduction

Despite the complexity of axon guidance during neurodevelop-
ment and its importance for proper circuit formation and normal
behavior, few human disorders have been shown with certainty to
result from abnormalities in this process. The precise alignment
and coordinated movement of the eyes create a sensitive system
to identify pathologic innervation of the extraocular muscles
(EOMs) that arises during development (1, 2). Neurogenic forms
of strabismus serve as models to investigate axon guidance mech-
anisms that are relevant to human development.

The ocular motor system comprises the oculomotor, trochlear,
and abducens cranial nerves, which project to 7 EOMs (3) (Supple-
mental Figure 1A; supplemental material available online with this
article; https://doi.org/10.1172/JCI88502DS1). Duane retraction
syndrome (DRS) is a form of paralytic strabismus that results from
altered ocular motor circuitry. Affected individuals cannot move
one or both eyes laterally toward the ear (limited abduction), and
upon attempted medial eye movement toward the nose (adduc-
tion), the globe(s) retract into the orbit. Autopsy, MRI, and elec-
tromyography studies of affected individuals have revealed loss of
abducens motor neurons and nerve, which normally innervates the
lateral rectus muscle to abduct the eye (4-6), and aberrant innerva-
tion of the lateral rectus by axons from the oculomotor nerve, which
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bidirectional signaling upstream of mutant a2-chimaerin in DRS, which may contribute to the selective vulnerability of

causes co-contraction of the medial and lateral recti on attempted
adduction and retraction of the globe into the orbit (5-7) (Supple-
mental Figure 1B).

Genetic studies of pedigrees segregating DRS as an autosomal
dominant trait identified gain-of-function missense mutations
in CHNI that enhance the normal activity of the encoded protein
a2-chimaerin (3, 8, 9). 02-Chimaerin-encoding mRNA is expressed
in nearly all central and peripheral developing neurons in rodent
embryos (10) and displays widespread neuronal expression at Car-
negie stage 15/16 in developing human embryos, including rhom-
bomere 5, where abducens neurons are located (3). Remarkably,
despite broad neuronal expression of 02-chimaerin, the phenotype
of affected individuals with CHNI mutations is limited to disor-
dered eye movements. While clinical data and CHNI mutations
support a neurogenic rather than myogenic etiology for DRS (3, 4,
9), the precise cellular and molecular mechanisms underlying its
neurogenic etiology remain unknown.

02-Chimaerin is a Rac GTPase-activating protein (RacGAP)
reported to regulate cytoskeletal dynamics (11-15) and exists in an
autoinhibited form until it is recruited to the plasma membrane
and activated by upstream signaling (16, 17). Once activated, the
a2-chimaerin GAP domain induces hydrolysis of Rac-GTP to inac-
tive Rac-GDP, which alters actin dynamics and generates growth
cone collapse (12-14, 16). Reported human CHNI mutations
enhance RacGAP activity to further reduce Rac-GTP levels when
overexpressed in heterologous cells (3,9). a2-Chimaerinis reported
to act downstream of several receptors implicated in axon growth
and guidance, including EPH receptor A4 (EphA4), TrkB, and neu-
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ropilin 1/plexinA (11-16, 18). Epha4*%/%° and Chnl*%/%° adult mice
have a rabbit-like hopping gait, resulting from aberrant re-crossing
of the corticospinal tract and miswiring of spinal interneurons that
regulate central pattern generator (CPG) circuitry within the spi-
nal cord (12, 14, 15, 19-22). 02-Chimaerin, furthermore, has been
shown to interact with phosphorylated residues on EphA4 to alter
cytoskeletal dynamics and elicit growth cone collapse (12, 13, 15).

Overexpression of DRS-mutant a2-chimaerin in the oculo-
motor nerve of chick and zebrafish was reported to cause oculo-
motor nerve stalling and/or branching defects (3, 18, 23). The pri-
mary DRS phenotype, however, was recently shown to arise from
developmental absence of the abducens nerve and the subsequent
ectopic innervation of its lateral rectus muscle target by the ocu-
lomotor nerve (24). These data suggest that CHNI mutations are
more likely to cause primary defects in abducens rather than ocu-
lomotor nerve development. Thus, the developmental etiology
and molecular mechanisms underlying DRS in the abducens and
oculomotor nerves in the presence of endogenously hyperactive
a2-chimaerin required further investigation.

Here, we establish a Chnl mutant knockin mouse model of
DRS and find that Chnl mutations alter the primary development
of the abducens, trochlear, and C1 nerves. Mechanistically, we
find that these three different motor neuron populations harness
ephrin/EphA4-mediated signaling pathways upstream of mutant
02-chimaerin in distinct manners to guide developing axons. Our
data illustrate the neurodevelopmental pathology and etiology of
DRS, provide insight into the selective vulnerability of the abdu-
cens nerve to gain-of-function a2-chimaerin mutations, and high-
light the complexity of motor neuron guidance.

Results

a2-Chimaerin mutations in DRS are gain-of-function and alter
abducens nerve development. To investigate the etiology of DRS,
we generated a Chnl-knockin mouse model harboring an L20F
amino acid substitution (ChnI</), which is specific to the a2 iso-
form of chimaerin. This substitution segregated in a family with
DRS and, following activation with PMA, enhanced a2-chimaerin
membrane translocation, dimerization of WT and mutant o2-
chimaerin, and RacGAP activity in vitro (3). We flanked exon 3
of the knockin construct with LoxP sites to permit generation
of a conditional o2-chimaerin-knockout mouse upon exposure
to Cre-recombinase (Chnl®9/%0) (Supplemental Figure 1, C-E).
ChnI®/¥ mice were born at the expected Mendelian frequency,
were fertile, and had a normal lifespan.

In order to determine whether a2-chimaerin was constitutively
active in neurons under endogenous expression of mutant protein,
we cultured cortical neurons to assess Rac-GTP levels. We found
that Rac-GTP levels did not differ between Chnl"""* and ChnI¥/X
cultured cortical neurons without stimulation, demonstrating that
a2-chimaerin is not constitutively active in cortical neurons. How-
ever, upon addition of PMA to broadly activate a2-chimaerin irre-
spective of upstream pathway activation, mutant cultures had a
marked reduction in Rac-GTP levels compared with WT cultures,
demonstrating that the endogenous L20F amino acid substitution
enhances GAP activity of a2-chimaerin upon activation (Supple-
mental Figure 1F), similar to previous overexpression experiments
in non-neuronal cells (3, 9).
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Chnl""¥ and ChnI®¥® mice exhibited unilateral or bilateral
globe retraction of 61% and 72% penetrance that was not detect-
ed in Chn1"7"T or Chn1®°/%° mice (Figure 1, A-C), confirming that
human mutations are gain-of-function. Human DRS eye move-
ment abnormalities were present from birth, and a2-chimaerin
was expressed in oculomotor, trochlear, abducens, and spinal
motor neurons by E11.5 (Supplemental Figure 2, A-D), as well as
nearly all other neuronal types during embryonic and early postna-
tal development (3, 10). Humans carrying CHNI-DRS mutations
are cognitively normal (25), and Chnl*VX mice displayed normal
brain morphology (Supplemental Figure 2, E-H). Thus, we hypoth-
esized that DRS-mutant a2-chimaerin selectively perturbs ocular
motor system development. We crossed ChnI® and ChnI¥o/k0
mice to existing motor neuron and pancreas homeobox 1-
GFP (Hb9-GFP) transgenic mice, as Hb9 expression marks the
abducens motor neurons but is absent from neighboring facial
motor neurons (26), and used 3D visualization of whole mount
E11.5 Hb9-GFP embryos stained with neurofilament to evaluate
initial cranial nerve development (27) (Figure 1, D-F, and Supple-
mental Videos 1-3).

At E11.5, the Chnl1""”"T abducens nerve exited the hindbrain as
multiple defasciculated nerve bundles (Figure 1G, area 1), which
then fasciculated midway between the hindbrain and orbit (Figure
1G, area 2) before defasciculating again upon reaching the primi-
tive EOM anlage at the orbit (Figure 1G, area 3, and Supplemental
Video 1). Compared with CAnIV7%?, the Chnl*/X abducens nerve
had fewer exiting bundles that appeared to be over-fasciculated in
area 1 (Figure 1, H, and ]) and stalled with variable penetrance in
area 2 (Figure 1H, Supplemental Figure 21, and Supplemental Vid-
€0 2). Measurements of the abducens nerve from its hindbrain exit
to the orbit indicated a 21% reduction in Chnl"7X embryos and
30% reduction in Chnl*X embryos compared with WT (Figure
1K, n = 5 embryos per genotype). Chnl"7< and Chnl*/¥' embryos
also displayed absence or thinning of the abducens nerve at area
3, reflected by a significant reduction in abducens nerve diameter
near the orbit (Figure 1L and Supplemental Figure 2J).

By contrast, the ChnI®%° abducens nerve exited with an
increased number of defasciculated bundles within area 1, some
of which wandered dorsally toward the hindbrain or ventrally to
track along the developing buccal branch of the facial nerve, also
with variable penetrance (Figure 1, I and J). A subset of bundles in
all Chnl*/% embryos, however, successfully fasciculated within
area 2 and innervated the EOM anlage within area 3 (Figure 1I and
Supplemental Video 3). While ChnI*®% abducens nerve length
did not significantly differ from that in WT (Figure 1K), abducens
nerve diameter was significantly greater (Figure 1L). Thus, the
ChnI®/X and Chnl*%/%° mice had different phenotypes, confirm-
ing that the L20F human amino acid substitution was not loss-of-
function and demonstrating both loss and gain of a2-chimaerin
function caused defects in abducens development.

The Chnl"/X oculomotor nerve aberrantly innervates the lateral
rectus muscle. Autopsy and electromyographic studies of individuals
with DRS suggest that a subpopulation of oculomotor axons ecto-
pically innervate the lateral rectus in the absence of the abducens
nucleus and nerve (5-7), leading to the observed eye movement
phenotypes. To examine this model further, we crossed Chnl</«
mice to Is/-GFP reporter mice — an allele of the ISL1 transcrip-
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Figure 1. Chn1" mutations are gain-of-function and alter abducens development. (A-C) Eyes of Chn1V™7"T (A), Chn1¥/¥! (B), and Chn1*%/¥? (C) adult mice
(Chn1WWT: n = 0/44 affected; Chn1""/X; 61.3% affected, n = 144/186; Chn1/¥': 71.8% affected, n = 28/39; Chn1*/k%; n = 0/9 affected). (D-F) Whole mount
neurofilament staining of E11.5 Chn1"""T (D), Chn1</%' (E), and Chn1*/X° (F) embryos. Scale bars: 500 pm. White box, enlargement in G-1. Scale bars: 500
um. (G-1) Developing abducens nerve (V1) in E11.5 Chn1W"T (G), Chn1</¥' (H), and Chn1<9/%° (1) embryos. Arrow, stalling region in H or aberrant fasciculation
with facial nerve (VI1) in I; arrowhead, dorsally projecting nerve bundles. Area 1, abducens hindbrain exit region; area 2, abducens fasciculation region; area
3, abducens EOM innervation region. I, oculomotor, VI, abducens, VI, facial nerves; O, orbit. Scale bars: 100 um. (J-L) Number of abducens nerve bundles
immediately after exit from the hindbrain within area 1 (J); abducens length measured from hindbrain exit to nerve terminus at the orbit (K); and abducens
diameter measured at line denoting area 3 (L). Chn71"™"": n = 20/20 nerves reach orbit (n = 10 embryos); ChnT</¥: 3/10 nerves reach orbit (n = 5 embryos);
Chn1%o/k2;10/10 reach orbit, 7/10 nerves fasciculate with the facial nerve (n = 5 embryos). Data represent mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001,
1-way ANOVA with Tukey's test. Red, neurofilament; green, Hb9-GFP (26).
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Figure 2. Oculomotor nerve misinnervates lateral rectus muscle, and abducens motor neurons undergo apoptosis following abducens nerve stalling in
Chn1/"' mice. (A-C) Inferior view of EOM innervation in E16.5 Chn1"V""T (A; n = 8 orbits), Chn1/¥' (B; n = 7 orbits), and Chn1*’X? embryos (C; n = 5 orbits). lII,
oculomotor; IV, trochlear; VI, abducens. LR, lateral rectus muscle; dotted line, abducens; arrow, aberrant branch from division between superior and inferior IlI;
arrowhead, aberrant branch from inferior Il branching region; red, smooth muscle actin (EOM); green, /s/"N-GFP (28). Scale bars: 100 um. (D) Number of E10.5
abducens motor neurons in Chn1"T and Chn1“/¥' embryos. n = 3 embryos; P = 0.231, 2-tailed t test. (E) Number of E13.5 abducens motor neurons for the
indicated genotypes. n = 3 embryos each; ***P < 0.001, 1-way ANOVA with Tukey's test. (F) Representative images of Hb9-GFP abducens motor neurons at
E13.5 in indicated genotypes; red, ISL1; green, Hb9-GFP. Scale bar: 50 um. (G) Whole mount staining of E11.5 Chn1W"”"T Bax~- and Chn1</¥' Bax~- embryos. Red,
neurofilament; green, Hb9-GFP; arrow, abducens nerve stalling. Scale bars: 100 pm. (H) Abducens length measurements in whole mount Chn1V""T Bax~/-

(n =16 nerves, 8 embryos) and ChnT/X Bax~/- embryos (n = 12 nerves, 6 embryos). ***P = 0.001, 2-tailed t test. Graphs represent mean + SEM.

tion factor gene fused to GFP and tagged with a Ras farnysylation
sequence for membrane localization (28) —in order to visualize all
cranial motor nuclei and nerve projections and determine whether
Chnl®/¥ mice exhibit misinnervation by the oculomotor nerve.

In WT embryos, the abducens nerve crossed the oculomotor
nerve in close proximity to the lateral rectus prior to its innerva-
tion (Figure 2A). The abducens nerve was absent from the orbit
in E16.5 Chnl*/X embryos, consistent with primary stalling rath-
er than delayed outgrowth as the cause of the initial lateral rec-
tus innervation deficit (Figure 2B). While the oculomotor nerve
had a normal trajectory to the orbit (Figure 1, D and E, and Sup-
plemental Videos 1 and 2), the lateral rectus was subsequently

innervated by one or two aberrant oculomotor nerve branches
arising at established oculomotor growth cone decision regions
(27): the proximal branch formed from the superior oculomo-
tor nerve division branch-point off the main oculomotor trunk,
while the distal branch arose from the inferior oculomotor nerve
division branch-point to the medial rectus, inferior rectus, and
inferior oblique muscles (Figure 2B). Thus, the oculomotor
nerve provides compensatory misinnervation to the lateral rec-
tus in the absence of the abducens nerve, confirming human
autopsy and electromyographic data. In Chnl<?/%° embryos, the
lateral rectus received innervation from the abducens nerve,
and there was no stalling or aberrant branching of the oculomo-
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Figure 3. EphA4 is required for normal abducens nerve development. (A) Model of balanced WT attractant and repellent guidance cues surrounding
developing abducens nerve. Left: hindbrain and black abducens nucleus, right: black orbit and red EOM; left and right connected by abducens nerve in black.
Green triangles, attractant cues; orange triangles, repellent cues. (B and C) Percentage of WT axons in abducens explants exhibiting growth cone collapse (B)
and axon shaft retraction (C) after addition of FC, ephrin-AS5, ephrin-B1, or ephrin-B2 (n > 95 axons from >3 experiments for each cue). *P < 0.05, **P < 0.01,
***P < 0.001, 1-way ANOVA with Tukey's test; data represent mean + SEM. (D and E) Images of abducens growth cones before (D) and after (E) addition of
200 ng/ml ephrin-AS. (F) Ephrin-A5-AP binding to bilateral E11.5 WT abducens nuclei (nVI) in an open-book hindbrain preparation. Top: Hb9-GFP-positive
abducens nuclei before assay; bottom: ephrin-A5-AP binding to same tissue; n = 2. (G) Epha4 (red) and Hb3-GFP (green) fluorescence ISH on sagittal section
of E11.5 WT abducens nucleus. Scale bar: 50 pm. (H and I) Whole mount neurofilament staining in E11.5 Epha4""”"" (H) and Epha4*°/¥° (I) embryos. n =5
embryos; arrow, misprojection with facial nerve; arrowhead, dorsal projections to hindbrain; red, neurofilament; green, Hb9-GFP. Scale bar: 100 um.

tor nerve (Figure 2C); thus, a2-chimaerin is not necessary for
final target EOM innervation.

ChnI¥® abducens motor neurons undergo apoptosis following
abducens nerve stalling. Since the abducens nerve stalls and fails to
innervate the lateral rectus in Chnl®/*' mice, we predicted abducens
motor neurons would undergo subsequent apoptosis due to lack of
trophic support. Indeed, while the number of ChnI¥¥ abducens
motor neurons was not significantly different from WT at E10.5
immediately prior to abducens stalling (Figure 2D), the number
was greatly reduced compared with WT by E13.5, 2 days after the
abducens phenotype was observed (Figure 2, E and F). To deter-
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mine whether abducens stalling is primary and independent of
subsequent cell death, we crossed Chnl*/*' mice to Bax”~ mice, thus
inhibiting apoptosis during embryogenesis. Abducens motor neu-
ron number was comparable to WT in E13.5 Chnl*/¥ Bax”~ embryos
(Figure 2, E and F), yet we observe similar abducens nerve stalling
in E11.5 Chnl®¥ Bax”/- and Chnl®/¥ embryos (Figure 2, G and H,
and Figure 1H). Inhibiting apoptosis did not enable abducens nerve
innervation of the lateral rectus during later development, as E16.5
ChnI®¥/¥ Bax”- embryos lacked abducens nerves in the orbital area
and displayed oculomotor misinnervation of the lateral rectus sim-
ilar to that seen in ChnI</¥ embryos (Supplemental Figure 2, K and
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Figure 4. Chn1"/*° Epha4"°/*° embryos display reduced abducens nerve diameter and enhanced nerve wandering. (A-E) Whole mount staining of E11.5
abducens nerves in Chn1"7% Epha4""*° (A; n = 3 embryos), Chn1*k% Epha4""/x° (B; n = 4 embryos), Chn1""k Epha4*%/k° (C; n = 4 embryos), and Chn1<o/k°
Epha4*®/*° (D and E; n = 5 embryos) embryos. Arrows, abducens nerve fasciculation with buccal branch of facial nerve; 3/5 Chn1*/X Epha4*%/X° E11.5 embryos
have abducens phenotypes similar to that in D and 2/5 are similar to that in E. Scale bar: 100 um. (F-H) Abducens nerve length from hindbrain exit to most
distal projection (F); abducens diameter at orbit (G); and number of wandering abducens nerve bundles (H). *P < 0.05, **P < 0.01, 1-way ANOVA with Tukey's

test; data represent mean + SEM.

L, and Figure 2B). These data support primary abducens nerve stall-
ing at E11.5, failure of lateral rectus target innervation, and subse-
quent secondary abducens motor neuron apoptosis by E13.5.
Epha4*9/%° gnd Chn1*%/%° mice exhibit a similar abducens pheno-
type. There is strong in vivo and in vitro evidence that a2-chimaerin
acts downstream of EphA4 in developing upper and lower motor
neurons to elicit growth cone collapse (12-15, 29). Corticospinal
and central pattern generator neuronal tracts in both Chnl*o/x°
and Epha4*9/%° mice aberrantly cross the spinal cord midline, as
their axons lack responsiveness to ephrin midline repellents (12,
14, 15, 21). We hypothesized that gain-of-function Chnl<! muta-
tions could act downstream of EphA4 to increase repulsion to
ephrins and further enhance growth cone collapse (Figure 3A). We
used abducens explant cultures to assess growth cone collapse and

axon retraction in response to ephrin-A and -B guidance factors
in vitro. Abducens neurons exhibited significant growth cone col-
lapse and axon retraction upon bath application of recombinant
ephrin-A5 and ephrin-B1 and trended toward collapse and retrac-
tion with ephrin-B2 (Figure 3, B-E, and Supplemental Video 4).
Using an ephrin-A5-AP binding assay, we found that ephrin-A5
bound to the abducens nucleus at E11.5 (Figure 3F). We focused
specifically on the involvement of EphA4 in ephrin-mediated bind-
ing and repulsion because 02-chimaerin is reported to act down-
stream of EphA4 and not EphB isoforms (13, 29). In situ hybridiza-
tion (ISH) in E11.5 embryosrevealed Epha4 expressionin abducens
motor neurons (Figure 3G). We reasoned that if ephrin/EphA4 sig-
naling is the main regulator of abducens development upstream
of 02-chimaerin, we could expect Epha4*X° and ChnI¥o/k0
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Figure 5. Complex genetic interaction between EphA4 and ¢:2-chimaerin in abducens nerve development. (A-D) Whole mount staining of E11.5 abducens
nerves in Chn1"7 Epha4"""T (A), Chn1"7X Epha4*%/x° (B), Chn1“/¥' Epha4"'"/"T (C), and Chn1/K' Epha4"9/x° (D) embryos. n = 10 nerves (5 embryos) for all geno-
types; arrowhead, exited abducens nerve bundles counted in E; white arrow, location of abducens stalling measured in F; yellow arrow, location of abducens
diameter at orbit measured in G; red, neurofilament; green, Hb9-GFP. (E-H) Number of abducens nerve bundles at hindbrain exit (E); abducens length from
hindbrain exit to most distal projection (F); abducens diameter at orbit (G); and number of wandering abducens nerve bundles (H) as measured from trans-
verse images in M-P. *P < 0.05, **P < 0.01, ***P < 0.001, 1-way ANOVA with Tukey's test; data represent mean + SEM. C, ChnT; A4, Epha4. (1-L) Abducens
fasciculation with mandibular and cervical branches of the facial nerve in E11.5 Chn1""WT Epha4*%/¥ (]) and Chn1/K' Epha4*%/*° (L) embryos. Arrows, Hb9-GFP
abducens axons tracking with red (neurofilament) facial nerve; n = 5 embryos per genotype. (M-P) Transverse view of bilateral abducens nerves in E11.5
Chn1WTWT Epha4™W™WT (M), Chn1W"/WT Epha4X®/k% (N), Chn1</ Epha4™""T (0), Chn1</ Epha4®/*° (P) embryos. Green, Hb9-GFP; n = 4 embryos per genotype;
nVI, abducens nucleus; O, orbit; arrows, wandering abducens nerve bundles. (Q and R) Orbital imaging of oculomotor (l1), trochlear (IV), and abducens (VI)
nerves innervating EOM at E16.5. LR, lateral rectus. Chn1/K' Epha4*9/*° (Q): n = 5/5 orbits without abducens nerve and with aberrant oculomotor nerve
branching to LR; arrows, aberrant oculomotor branching toward LR. Chn1"""T Epha4*%/X° (R): n = 4/6 orbits with normal LR innervation and 2/6 with thin
abducens nerve and minor aberrant oculomotor nerve branching. Red, actin smooth muscle; green, Is/""-GFP. All scale bars: 100 pm.
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nerve bundles. Red, ephrin-A5; green, Hh9-GFP-positive abducens projections; blue, DAPI. Scale bar: 50 um; n = 2. (C-J) Sample images of E11.5 Chn1W7/W"
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ml FC+25 ng/ml GDNF (E and F), 50 ng/ml ephrin-A5+25 ng/ml GDNF (G and H), or 1 ug/ml EphA4+25 ng/ml GDNF (I and J). Scale bars: 100 pm. (K-M)
Sholl analysis of E11.5 Chn1W""T (blue, n = 28 explants) and Chn1¥"/¥ (green, n = 23 explants) abducens explants cultured in 50 ng/ml FC (K: 7 experiments).
(L and M) Quantification of average maximum outgrowth (L) and total outgrowth (M) from K. (N-R) Sholl analysis of E11.5 Chn1"""T (blue) and Chn1"7/¥!
(green) abducens explants cultured in 50 ng/ml FC with 25 ng/ml GDNF (Chn1"""T: n =13, Chn1"™¥; n = 7, 4 experiments) (N); 50 ng/ml ephrin-A5 with 25
ng/ml GDNF (Chn1W™WT: n = 11, Chn1""X; n = 13, 5 experiments) (0); and 1 ug/ml EphA4 with 25 ng/ml GDNF (Chn1"""T: n =19, Chn1""X: n = 19, 6 experi-
ments) (P). (Q and R) Quantification of average maximum outgrowth (Q) and total outgrowth (R) from N-P. 1P < 0.07, *P < 0.05, ***P < 0.001; black aster-
isks, comparisons within Chn1"""T explant between three cues; red asterisks, comparisons within Chn1"" between cues, 1-way ANOVA with Dunnett’s
test; blue asterisks, comparisons between Chn1"""T and Chn1""/% within each cue by unpaired 2-tailed t test.
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embryos to have a similar abducens phenotype. We crossed
Epha4"# (30) to E2A-Cre mice (31) to create a germline knockout
of EphA4 (Epha4X/%°; Supplemental Figure 3A). Indeed, whole
mount neurofilament imaging of Epha4X%%° embryos revealed
abducens nerve wandering strikingly similar to that in Chnl*o/%°
embryos (Figure 3, H and I, Figure 11, and Supplemental Video 5).
There were, however, subtle phenotypic differences: Epha4o/x0
abducens nerves appeared less defasciculated than ChnI*o/X0;
aberrant fascicles wandered more; and some aberrant fascicles
tracked with the mandibular and cervical branches of the facial
nerve, rather than the buccal branch. Moreover, E13.5 Epha4Xo/x0
embryos had approximately half the number of abducens motor
neurons than WT embryos (Supplemental Figure 3, B and C),
consistent with survival of only those motor neurons whose
axons successfully reached the EOM anlage within area 3. These
results confirm that EphA4 signaling is important for proper
abducens nerve development and may act within an o2-
chimaerin-mediated pathway.

Abducens nerve phenotype is slightly altered in ChnIXo/%0
Epha4X/% embryos compared with embryos harboring individual

jci.org  Volume127  Number5  May 2017

Chnl®/%0 or Epha4X/%© alleles. To further investigate potential
pathway interactions between Chnl and Epha4, we generated and
examined Chnl"7%° Epha4W"X0, Chnl"V*° Epha4X%/%, Chnl¥o/x0
Epha4VVk0, and Chnl*° Epha4*®/%° double mutant embryos.
Chnl"V7X0 Epha4"7X° embryos appeared like WT embryos (Fig-
ure 4A and Figure 1G); ChnI*9%° Epha4""/° embryos appeared
like Chnl*9/%0 embryos (Figure 4B and Figure 1I); and Chnl""*°
Epha4*9/%° embryos appeared like Epha4*%/*° embryos (Figure 4C
and Figure 3I) — demonstrating that haploinsufficiency of both
pathways is not sufficient to elicit a phenotype, and haploinsuffi-
ciency of either allele combined with a knockout of the other allele
does not alter the knockout phenotype. Chnl<%° Epha4""%° and
Chnl"7X0 Epha4*%/%° embryos were not statistically different from
one another, and a subset of abducens nerve bundles consistently
reached the orbit (Figure 4, B, C, and F-H). There were, however,
trends toward increased wandering and reduced abducens diam-
eter in Chnl"VVX0 Epha4X/%0 compared with Chnl<%X° Epha4W7xo
embryos (Figure 4, G and H), which recapitulated the subtle phe-
notypic differences between Chnl*%° and Epha4°/%° embryos
(Figure 11 and Figure 3I).
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The double homozygous Chnl*%° Epha4X%/%° embryos were
qualitatively most similar to Epha4*®/*° and Chnl"VVX° Epha4Xo/k0
embryos (Figure 4, C-E). While there were no statistically signif-
icant differences between Chnl*?%° Epha4X%/%0 and Chnl"VX0
Epha4X9/k0 embryos (Figure 4, F-H), there was a trend toward
reduced abducens nerve diameter at the orbit, which appeared to
result from a higher incidence of orbital innervation failure (2 of 5
embryos, Figure 4E). Compared with Chn1*%%° Epha4"7*° embry-
os, the double mutants had significantly reduced abducens nerve
length and diameter at the orbit (Figure 4, F and G). Thus, while

a2-chimaerin and EphA4 share a common pathway, the mild dif-
ferences between the single mutants and mild alterations in the
phenotype of the double mutant compared with the single mutants
suggest that additional pathways either upstream of a2-chimaerin
and/or downstream of EphA4 may also be involved in abducens
nerve development.

ChnI¥/KIEpha4X/%° embryos have normalized abducens nerve
exit, increased nerve stalling compared with Chnl*/¥, and similar
abducens nerve wandering compared with Epha4X%/%°. We next
explored the Chnl/X abducens nerve in ChnIV"¥ Epha4*°/x0
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or ChnI/XI Epha4¥%/%0 embryos, anticipating we would find
one of several potential phenotypes. First, although mutant a2-
chimaerin was not constitutively hyperactive in cortical neu-
rons (Supplemental Figure 1F), it remained possible that mutant
a2-chimaerin was constitutively hyperactive in abducens neu-
rons irrespective of receptor activation. Second, it is possible
that mutant o2-chimaerin was not constitutively active, but
could be recruited to full hyperactivity downstream of a non-
EphA4 pathway. Either scenario would be predicted to result in

jci.org  Volume127  Number5  May 2017

the ChnI*/¥ abducens nerve stalling phenotype in the double
mutant. Third, if a2-chimaerin were not constitutively active
in abducens neurons and EphA4 were the only upstream recep-
tor that activates a2-chimaerin, we would predict to find the
Epha4X°/%° agbducens phenotype in double mutant mice. Finally,
if a2-chimaerin were not constitutively active and, in addition
to EphA4, a non-EphA4 receptor-meditated pathway were also
able to activate mutant o2-chimaerin, we would predict restored
abducens outgrowth or potentially a more complex phenotype,
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depending on the extent of activation and the role each receptor
plays in abducens development.

mental area of the abducens nerve (as outlined in Figure 1G), sup-
portingbothEphA4-andnon-EphA4receptor-meditated pathways

We found that the Chnl""® Epha4*%/%° or ChnI/¥ Epha4*%/%0
embryos had different alterations in growth within each develop-

upstream of a2-chimaerin and absence of constitutive activa-
tion. Upon nerve exit in area 1 (Figure 1G), Chnl""X Epha4Xo/x0
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and ChnI*/¥! Epha4X%/%° embryos displayed normalized abducens
exit and fasciculation (Figure 5, A-E), indicating there is a poten-
tial re-balancing of mutant o2-chimaerin signaling upon removal
of EphA4 within area 1. By contrast, stalling at area 2 worsened
in Chnl"7X Epha4X/%0 compared with Chnl""® embryos (Fig-
ure 5, A and B), reflected both in reduced abducens nerve length
(Figure 5F) and thinner nerve diameter near the orbit (Figure 5G).
Moreover, stalled projections in Chnl"7X Epha4*%/%° and Chnl*/X!
Epha4*°/%° embryos did not stay within normal WT nerve boundar-
ies (Supplemental Video 6), but instead wandered to track with the
mandibular and cervical branches of the facial nerve, similar to the
Epha4*9/%° embryos (Figure 5,1-L). There was a trend toward fewer
wandering abducens bundles in Chnl""¥ Epha4*%/%° and Chnl*/X
Epha4*/%° compared with Epha4*%/%° embryos (Figure 5H), pre-
sumably from enhanced nerve stalling. A transverse (top-down)
view of abducens whole mount projections revealed wandering
abducens projections in more detail (Figure 5, M-P, and Supple-
mental Figure 3, D-G), demonstrating that the abducens nerve
stalling and wandering phenotype in Chnl</X! Epha4X%/%° embryos
(Figure 5P and Supplemental Figure 3G) is distinct from, but has
features of, Epha4*%/%° abducens nerve wandering (Figure 5N and
Supplemental Figure 3E) and ChnI</® nerve stalling (Figure 50 and
Supplemental Figure 3F). Finally, within area 3 at E16.5, Chnl</X!
Epha4*9/%° innervation was indistinguishable from ChnI</X
orbits (Figure 2B): the abducens nerve failed to innervate the lat-
eral rectus, which instead was innervated by aberrant branches
of the oculomotor nerve (Figure 5Q). This area 3 phenotype was
worse than that of Epha4X%° embryos. In Epha4X%/X° orbits, the
lateral rectus muscle was appropriately innervated by the abdu-
cens nerve (Figure 5R), although occasionally the nerve appeared
thinner than in WT embryos and had minor aberrant innervation
of the lateral rectus from the oculomotor nerve (data not shown).

Thus, there appears to be a complex genetic interaction
between 02-chimaerin and EphA4 driving the growth of the abdu-
cens nerve; in Chnl""X Epha4*9/%° or Chnl/X! Epha4*%/%° embry-
os, some features of the abducens phenotype were rescued, some
were worsened, and others were unaltered. These data support
interactions between mutant a2-chimaerin and EphA4 signaling
pathways that alter development of the abducens nerve differently
than each individual allele. Additionally, similar to the slight abdu-
censnerve phenotypemodificationseeninthe ChnI*%*0 Epha4Xo/x0
cross, these results suggest other pathways could be involved
either upstream of mutant a2-chimaerin or downstream of EphA4.

Abducens axons respond to ephrin forward and reverse signal-
ing in explant cultures, and both responses are altered in Chnl</
K explants. In addition to traditional EphA4 repulsive forward
signaling, whereby EphA4 acts as a neuronally expressed recep-
tor to generate axon repulsion, EphA4 can also function as an
attractant ligand for ephrin reverse signaling, working in coor-
dination with glial cell-derived neurotrophic factor (GDNF) and
its receptors to guide spinal motor neurons. In this system, the
coordinated signaling between ephrin-A/Ret and GFRal/Ret
co-receptor pathways upon EphA4+GDNF co-ligand stimula-
tion elicits an outgrowth response beyond that achieved solely
by mesenchymal EphA4 signaling through an ephrin-A5/Ret
complex or by GDNF signaling through its cognate GFRal/Ret
receptors (32).
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The complex genetic interaction between o2-chimaerin and
EphA4 in the abducens nerve of our double mutant crosses led us
to ask whether abducens neurons use bidirectional EphA4 signal-
ing upstream of a2-chimaerin to guide development. Epha4 and
ephrin-A5 expression at E11.5 supported this possibility: Epha4
was expressed in the orbital EOM anlage, which was the target-
ed innervation area of the abducens nerve (Figure 6A), while
ephrin-A5 was expressed in E11.5 abducens neurons (Figure 6B
and Supplemental Figure 4A), suggesting EphA4 may be used as a
ligand to mediate attraction via neuronally expressed ephrin.

In order to test the effects of ephrin forward and reverse sig-
naling on abducens outgrowth, we developed a modified Sholl
analysis approach to compare maximum outgrowth (average max-
imum neurite distance) and total outgrowth (average area under
the entire curve) of WT and mutant embryonic abducens explants
maintained in culture with recombinant growth factors and/or
guidance cues (Supplemental Figure 4, B and C). There were no
differences in outgrowth between ChnI"7" and Chnl"”* abdu-
cens explants cultured without growth factors, demonstrating
again that mutant a2-chimaerin is not constitutively hyperactive
at baseline (Figure 6, C, D, and K-M).

For ephrin signaling experiments, abducens explants were
grown in GDNF because explants grown in ephrin-A5 without
growth factor displayed extremely diminished levels of out-
growth (Supplemental Figure 4, D-H). Explants grown in EphA4
alone displayed slightly increased outgrowth, similar to previous
reports of spinal motor neurons (32) (Supplemental Figure 4, I-M).
ChnI"”WT and ChnI""® abducens explant outgrowth did not dif-
fer in high concentrations of GDNF (25 ng/ml GDNF+ immuno-
globin FC [fragment, crystallizable] domain to control for recom-
binant FC-fusion proteins) (Figure 6, E, F, N, Q, and R). Thus,
the addition of 25 ng/ml GDNF permitted reliable quantification
of outgrowth in both forward and reverse ephrin signaling con-
ditions, and permitted testing of the combinatorial effects from
EphA4+GDNF stimulation on abducens outgrowth.

ChnI"7"T explants grown in ephrin-A5+GDNF displayed a
significant reduction in maximum outgrowth compared with WT
explants grown in FC+GDNF (Figure 6, C, G, N, O, and Q), con-
firming that abducens explants are repelled by ephrin-A5. ChnI"7/&
explants displayed significantly less maximum and total explant
outgrowth in ephrin-A5+GDNF than ChnI"7" explants (Figure 6,
G, H, O, Q, and R), supporting the hypothesis that gain-of-function
a2-chimaerin mutations increase ephrin-A5-mediated repulsion
through canonical ephrin forward signaling. Notably, ChnIXo/x0
and Epha4*%/%° abducens explants had maximum and total out-
growth in ephrin-A5+GDNTF similar to that observed in FC+GDNF
(Supplemental Figure 4, N-W, and Figure 6, E and N). The lack of
responsiveness to ephrin-A5 was similar in the two knockouts, again
suggesting that EphA4 is an upstream regulator of a2-chimaerin-
mediated repulsive signaling to ephrin-A5 in abducens neurons.

Abducens outgrowth differences were also noted with ephrin
reverse signaling. Chnl"”"* abducens explants displayed signifi-
cantly increased total outgrowth in EphA4+GDNF compared with
FC+GDNF (Figure 6, E, I, N, P, and R), indicating that abducens
neurons are capable of using ephrin reverse signaling to potentiate
axon outgrowth in vitro. Remarkably, ChnI"7X explants did not
have increased outgrowth in the presence of EphA4+GDNF and
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instead had outgrowth similar to that in FC+GDNF (Figure 6, E, F,
I, ], N, and P-R). These results indicate that mutant a2-chimaerin
is recruited downstream of ephrin reverse signaling to attenuate
the normal increase in abducens outgrowth that is seen upon addi-
tion of EphA4 in WT abducens cultures.

We cultured ChnlX9%° explants to investigate whether o2-
chimaerin was necessary for ephrin reverse signaling. We found
that when grown in EphA4+GDNF, outgrowth increased to a sim-
ilar extent in Chnl*”%° and WT explants (Supplemental Figure 4,
X-BB). Thus, while WT o2-chimaerin is not necessary for ephrin
reverse signaling in abducens motor neurons, mutant a2-chimaerin
generates an alternate, gain-of-protein-function that dampens abdu-
cens outgrowth in response to ephrin reverse signaling, which may
support the recruitment of 02-chimaerin via an indirect feedback loop.

Ret and p75"™® are candidate co-receptors to mediate ephrin
reverse signaling upstream of mutant a2-chimaerin in abducens neu-
rons. While the involvement of o2-chimaerin in ephrin forward
signaling has been previously characterized (12-15, 29), to our
knowledge the role of mutant o2-chimaerin in ephrin reverse sig-
naling is novel. Ephrin-A lacks an intracellular signaling domain
and requires a co-receptor for reverse signaling. In addition to
the Ret/GDNEF/GFRal spinal motor neuron signaling pathway
described above (32), p75¥™ has been shown to act as an ephrin-A
co-receptor in retinal ganglion cells (RGCs) (33).

The small number of abducens neurons precludes biochem-
ical pathway analysis to directly ascertain whether Ret and/or
p75~™® are recruited for ephrin reverse signaling upstream of
a2-chimaerin in mutant abducens neurons. Thus, to gain initial
insight into these pathways, we harnessed the Sholl analysis meth-
od to characterize outgrowth of Chnl WT and mutant abducens
explants upon stimulation of Ret or p75NT® pathways.

From our EphA4+GDNF abducens Sholl analysis (Figure
6, 1, ], and P-R), it appears likely that Ret is used as a co-recep-
tor for ephrin reverse signaling in abducens neurons. To further
investigate the contribution of Ret signaling upstream of mutant
a2-chimaerin in abducens neurons, we cultured explants in a low
concentration of GDNF (1 ng/ml), as previous studies have indi-
cated that the exogenous concentration of GDNF is important
for regulating robust GDNF signaling (34). Intriguingly, we found
that at low GDNF concentrations there was a significant differ-
ence in outgrowth between WT and mutant explants. WT abdu-
cens explants trended toward increased outgrowth in low GDNF
concentrations compared with conditions without growth factor
(FC alone), whereas Chnl"7X explants showed outgrowth similar
to that without growth factor and significantly reduced outgrowth
compared with WT (Figure 7, A-E, and Figure 6K). Thus, the low-
er concentration of GDNF reveals altered activity of mutant a2-
chimaerin downstream of GDNEF/Ret signaling. Differences
between WT and mutant explants were eliminated at higher
GDNF concentrations, as both showed significantly increased
outgrowth compared with control (Figure 7, D and E, and Figure
6, K and N). Future pathway analyses will elucidate the signaling
mechanisms of mutant o2-chimaerin either directly or indirectly
downstream of ephrin-A/Ret receptor signaling.

To ascertain whether p75“™®-mediated co-receptor path-
ways might also activate mutant a2-chimaerin to alter abducens
outgrowth in vitro, we added NGF as a p75"™® ligand to WT and
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Chn1""7¥ abducens explants. Interestingly, WT abducens explants
grown in NGF (5 ng/ml) showed significantly increased outgrowth
compared with conditions without growth factors (Figure 7, F, H,
L, and M, and Figure 6, C and K). By contrast, ChinI"”* abducens
explants displayed significantly reduced outgrowth compared
with WT controls, instead exhibiting outgrowth similar to that
of explants without growth factor (Figure 7, F-H, L, and M, and
Figure 6, C, D, and K). Higher concentrations of NGF (25 ng/ml)
reduced outgrowth of WT explants to control levels, such that the
differences between WT and mutant abducens outgrowth were
eliminated (Figure 7, I-M, and Figure 6, C, D, and K). These exper-
iments reveal that both Ret and p75~™ have the potential to be
used as ephrin co-receptors in abducens neurons.

Neuronal and mesenchymal Epha4 conditional knockouts reveal
abducens phenotypes that differ from each other and from Epha4*/<,
Our in vitro explant data support the hypothesis that the complex
genetic interaction between o2-chimaerin and EphA4 in abducens
could result, at least in part, from the recruitment of a2-chimaerin
in both ephrin forward and reverse signaling. Thus, we condition-
ally knocked out Epha+4 selectively in motor neurons or in the mes-
enchyme surrounding the peripheral nerve to evaluate the out-
growth of abducens axons with loss of ephrin forward or reverse
signaling, respectively. We selectively removed EphA4-mediat-
ed ephrin forward signaling using an Is/°“* mouse (35), in which
Cre is present in Isl-expressing cranial and spinal motor neurons
and not in the surrounding mesenchyme (Supplemental Figure
5A). To confirm Isi®* activity in abducens neurons, we generated
ChnlI®/X [s[°* mice, in which Chnl is knocked out of motor neu-
rons. Indeed, we detected the anticipated Chnl*%° abducens
phenotype (Supplemental Figure 5B). Next, to determine the
effect of removing EphA4-mediated ephrin forward signaling in
motor neurons, we analyzed Epha4"#? Is/°* embryos and found
that, similar to Epha4X%/*° embryos, Epha4"’ IsI°* embryos had
a significant increase in the number of wandering bundles com-
pared with controls (Figure 8, A-D and L, and Figure 5H). Com-
pared with Epha4X/%0 embryos, however, Epha4™/ Is/°** embryos
also displayed a significant increase in the number of abducens
nerve bundles following exit from the hindbrain compared with
WT Isi°* controls (Figure 81 and Figure 5E), significant reductions
in both abducens nerve length and diameter at the orbit (Figure 8,
Jand K, and Figure 5, F and G), and visibly larger wandering abdu-
cens nerve bundles that exhibited enhanced nerve pausing at the
midpoint decision within area 2 (Figure 8, A-D, Supplemental Fig-
ure 5, H, I, and L, Figure 5N, and Supplemental Video 7). There-
fore, selectively removing Epha4 from motor neurons results in
an abducens phenotype distinct from Epha4*%%°. These data
alone support a role for both EphA4-mediated ephrin forward and
reverse signaling in abducens development.

In an analogous approach, to directly investigate the role of
EphA4-mediated ephrin reverse signaling in abducens develop-
ment, we knocked out mesenchymal Epha4 expression by generat-
ing Epha4™f Twist2¢?* mice. Twist2°* had broad expression in the
E11.5 mesenchyme through which the abducens and other cranial
and spinal nerves grow, but was absent from the brain, hindbrain,
and spinal cord (36) (Supplemental Figure 5C). Epha4 expression
was greatly reduced in the mesenchymal tissue through which the
abducens nerve projects in Epha4”f Twist2¢?* embryos, but was
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preserved in the abducens nucleus and CNS (Supplemental Fig-
ure 5, D-G). The abducens nerve phenotype in Epha4" Twist2¢/*
embryos was very severe and distinct from that in the Epha4¥%/%0
and Epha4™f Isi®* phenotypes. The abducens nerve exited with
significantly fewer nerve bundles (Figure 81 and Figure 5E), which
initially wandered in the mesenchymal area adjacent to the hind-
brain exit before completely stalling in the mesenchyme (Figure 8,
E-H, Supplemental Figure 5, ] and K, Figure 5N, and Supplemen-
tal Video 8). This led to a dramatic reduction in abducens length
and complete lack of both abducens innervation near the orbit
and aberrant tracking with the facial nerve (Figure 8, J-L, Figure 5,
F-H, and Supplemental Figure 5M).

Together, these in vivo data support that EphA4 isused as arecep-
tor and ligand for ephrin forward and reverse signaling to guide abdu-
cens nerve development. Moreover, our in vitro data indicate that
WT and mutant a2-chimaerin modulate abducens neuron growth
downstream of ephrin forward signaling, while mutant (but not WT)
a2-chimaerin modulates abducens neuron growth downstream of
ephrin reverse signaling. We anticipate that the complex abducens
phenotype in Chnl"V"¥ Epha4*®/%0 and ChnlVX! Epha4*%/° embry-
os arises, at least in part, from recruitment of mutant a2-chimaerin
downstream of both ephrin forward and reverse signaling.

ChnI"/X embryonic mice display trochlear nerve abnormalities,
which are unaltered by removing EphA4. Individuals with DRS har-
boring CHNI mutations can also have mild vertical eye movement
abnormalities (3, 9). Thus, we investigated whether DRS-mutant
Chnl in mouse alters oculomotor or trochlear nerve development.
Notably, while we found aberrant innervation by the oculomotor
nerve of the lateral rectus muscle within the orbit secondary to
absence of the abducens nerve (Figure 2, A and B) (24), its trajec-
tory was otherwise indistinguishable from WT (Figure 1, D, E, G,
and H, and Supplemental Videos 1 and 2). Thus, our results with
endogenous mutant Chnl expression differ from the reported
oculomotor stalling that follows overexpression of mutant Chnl
in chick and zebrafish (3, 18, 23). We did, however, find errors in
trochlear nerve projection in ChnI</¥ embryos at E11.5, consistent
with hypoplasia of its target, the superior oblique muscle, reported
in some affected individuals (4, 9).

In E11.5 WT embryos, trochlear axons projected dorsally,
crossed the midline in the tectum, exited the brainstem, and
fasciculated into a single nerve bundle that projected anteriorly
toward the contralateral superior oblique (Figure 9A and Sup-
plemental Video 1). In E11.5 ChnIV7* and Chnl*’¥ embryos,
trochlear axons crossed the midline and exited dorsally as in
WT embryos, but the axons formed multiple fascicles instead
of one nerve bundle, most of which extended appropriately
toward the contralateral orbit, but some of which turned back
and misprojected toward the ipsilateral orbit (Figure 9B and
Supplemental Video 2).

Trochlear nerve projections in ChnI*9%° and Epha4*%° embry-
os were unaffected (Figure 9, C and D, and Supplemental Videos
3 and 5), suggesting that WT o2-chimaerin and EphA4 may not be
necessary for trochlear nerve guidance, even though mutant o2-
chimaerin altered trochlear nerve development. However, trochlear
neurons/axons expressed Chnl, Epha4, and ephrin-A5 (Supplemen-
tal Figure 2A and Figure 9, E-G), and ephrin-A5 was expressed in a
strong graded pattern in the midbrain tectum near where trochle-
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ar nerve projections crossed the dorsal midline (Figure 9H). Thus,
expression indicates it is possible for trochlear neurons to use bidi-
rectional ephrin signaling via mutant o2-chimaerin, and we returned
to the modified Sholl approach to investigate this possibility.

ChnI"”"Tand ChnI""® trochlear explants cultured under con-
trol conditions did not have significantly different outgrowth; thus,
a2-chimaerindid notappeartobe constitutively hyperactive atbase-
line (Figure 91 and Supplemental Figure 6, A and B). Outgrowth of
ChnI"7"T trochlear explants grown in ephrin-A5+GDNF was indis-
tinguishable from outgrowth in FC+GDNF (Figure 9,1, ], and L, and
Supplemental Figure 6, A and C). Chnl""* explants had a modest,
but significant, reduction in outgrowth in ephrin-A5+GDNF com-
pared with WT explants (Figure 9, ] and L, and Supplemental Fig-
ure 6, C and D). Thus, in the correct circumstances, hyperactive 0.2-
chimaerin can be recruited downstream of ephrin forward signaling
to alter trochlear outgrowth. Outgrowth of WT trochlear explants
grown in EphA4+GDNF did not significantly differ from that in
FC+GDNF (Figure 9,1, K, and L, and Supplemental Figure 6, A and
E), and there was no difference in outgrowth between Chnl""/"*
and Chn1"7® explants in EphA4+GDNF (Figure 9, K and L, and
Supplemental Figure 6, E and F). These in vitro experiments indi-
cate that trochlear neurons do not predominantly use ephrin for-
ward or reverse signaling, despite expression of Epha4 and ephrin-
A5introchlear axons. In vivo, trochlear nerve projections were nor-
mal in Epha4"? Isi°* and Epha4™# Twist2°* embryos (Figure 9, M
and N), further indicating that bidirectional signaling using EphA4
is not critical for trochlear nerve development. Finally, we crossed
Chnl' and Epha4*°lines to determine whether loss of EphA4 mod-
ified the Chnl¥ trochlear nerve projection abnormalities. ChnI</X!
Epha4*9/%0 embryos had trochlear abnormalities similar to those of
ChnI1®/¥ embryos (Figure 9, B, O, and P), and thus the Chn1¥ troch-
lear phenotype was largely unaltered by the Epha4*© allele. Thus,
distinct from the use of bidirectional ephrin signaling upstream of
a2-chimaerin in abducens neurons, mutant a2-chimaerin likely
acts downstream of non-ephrin-mediated pathways to modulate
trochlear nerve development.

ChnI"/K embryonic mice display first cervical spinal (C1) nerve
abnormalities, which are restored by removing EphA4. Finally, we
examined non-ocular motor neuron populations in E11.5 ChnI</&
embryos and found a selective defect in the projection of the first
cervical spinal (C1) nerve. In ChnI"”"T E11.5 mice, C1 exited the
spinal cord ventrally to meet with projections of the hypoglossal
nerve (Figure 10A and Supplemental Video 1). In ChnI""¥ and
ChnI®/Xl embryos, Cl exited the brainstem appropriately, but
turned dorsally toward the dermomyotome with variable bilateral
penetrance (Figure 10B and Supplemental Video 2).

By contrast to ChnI® embryos, C1 nerve projections were sim-
ilar to WT controls in ChnI®o/%0| Epha4*%/%0 | Epha4®f Isi®"*, and
Epha4"? Twist2¢* embryos (Figure 10, C-F, and Supplemental
Figure 7, A and B). Therefore, we asked whether C1 neurons are
similar to trochlear neurons and do not rely on WT ¢2-chimaerin
or EphA4 for proper development. C1 neurons/nerve bundles
expressed Chnl, Epha4, and ephrin-A5 (Supplemental Figure 2C
and Figure 10, G-]), and Epha4 was expressed in the mesenchyme
through which C1 axons extend and target in E11.5 embryos (Fig-
ure 10I), demonstrating proper expression that could support
bidirectional ephrin signaling. Thus, we cultured Chnl WT and
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mutant C1 explants to further examine the contribution of bidirec-
tional ephrin signaling upstream of a2-chimaerin in C1 neurons.

ChnI"7"T and ChnI"7X C1 explants have similar outgrowth in
FC+GDNF, supporting lack of constitutively hyperactivate Chnl in
mutant C1 motor neurons (Figure 10, K, N, and O, and Supplemental
Figure 7, C and D). Unlike trochlear explants but similar to abducens
explants, Chnl"”WT C1 explants exhibited significantly reduced ini-
tial outgrowth in ephrin-A5+GDNF compared with FC+GDNF out-
growth (Figure 10, K, L, and N, and Supplemental Figure 7, C and
E), demonstrating that WT C1 neurons respond to ephrin forward
signaling. ChnI"7X' C1 explants grown in ephrin-A5+GDNF had
a significant further reduction in outgrowth compared with WT
explants (Figure 10, L, N, and O, and Supplemental Figure 7, E and
F), supporting enhanced repulsion of mutant C1 axons to ephrin-A5.
By contrast, C1 explant outgrowth in EphA4+GDNF did not differ
in WT, mutant, and FC+GDNF conditions (Figure 10, K, M, and
0O, and Supplemental Figure 7, C, D, G, and H), demonstrating that
similar to trochlear explants and distinct from abducens explants,
Cl neurons do not use EphA4 as a ligand for ephrin reverse signal-
ing to guide C1 projections in vitro.

Because we found that C1neurons use repellent ephrin forward
signaling and not attractant ephrin reverse signaling upstream of
a2-chimaerin in vitro, we asked whether removing Epha4 would
rebalance the activity of mutant a2-chimaerin in Chnl</X embry-
os. Remarkably, ChnlV7® Epha4*%/%0 or Chnl*V¥ Epha4X°/x0
embryos had normal C1 projections (Figure 10P), demonstrating
that removal of Epha4 reverses the Chnl</¥ C1 guidance defects
and restores normal C1 guidance. These in vitro and in vivo data
support that aberrant C1 turning in Chnl*/X' embryos is mediat-
ed through ephrin forward signaling and indicate it is possible to
restore the normal growth of Chnl mutant projections by remov-
ing key upstream repellent receptors.

Discussion

ChnI®¥Xt mice reveal abducens guidance defect as a primary etiol-
ogy of DRS. Neuronal pathfinding is essential for establishing
functional circuits to elicit normal behavior. We report that
CHNI mutations identified in human patients, when modeled
in the mouse, cause primary abducens nerve stalling within the
mesenchyme, preventing the abducens nerve from contacting
the lateral rectus muscle. Within the orbit, the oculomotor nerve
sends stereotypical aberrant branches to misinnervate the later-
al rectus, which has recently been shown to also occur second-
arily to the absence of abducens motor neurons (24). Together,
these studies strongly indicate that DRS results from a primary
developmental insult to the abducens nucleus or nerve that pre-
vents its innervation of the lateral rectus. Following this inner-
vation failure, the oculomotor nerve secondarily substitutes
innervation to the lateral rectus.

The Duane syndrome phenotype arises during early embry-
onic development at stages that correspond with approximately 5
weeks human gestation (37), and the early embryonic onset likely
precludes practical therapeutic intervention. However, mecha-
nisms that guide opportunistic innervation of the lateral rectus by
the oculomotor nerve may provide insights into principles of mis-
innervation that are involved in other disorders, such as inappro-
priate facial nerve innervation following injury or surgery. More-
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over, the ChnI®*/*! mouse provides a tool with which to further
investigate cellular and circuit mechanisms underlying DRS and
to elucidate general principles of axon guidance that are relevant
to human neurodevelopment and neuromuscular innervation.

02-Chimaerin is critical for proper abducens guidance during
embryonic development. We demonstrate that loss and gain of
a2-chimaerin function alter abducens nerve guidance, proving
that WT o2-chimaerin activity is essential for normal abducens
development. Removing or enhancing a2-chimaerin signaling in
abducens neurons causes different nerve guidance phenotypes,
as well as distinct phenotypes in different populations of motor
neurons. Chnl*/¥ mice have altered abducens, trochlear, and C1
projections, whereas ChnI®9/%° mice display a different abducens
nerve guidance phenotype, normal C1 and trochlear projections,
but altered gait circuitry and limb innervation (12, 14, 15, 29). Thus,
anincrease or decrease in 02-chimaerin activity has unique conse-
quences on different neuronal cell types, which may lend insight
into its specific functions in different motor neuron populations.

EphA4-mediated ephrin forward and reverse signaling are both
critical for proper abducens guidance during embryonic development.
Ephrin forward and reverse signaling has been characterized as
guiding the axonal projections of limb-innervating motor neu-
rons (32, 38, 39), and a2-chimaerin is known to act downstream
of ephrin forward signaling in several neuronal types (12-15),
including limb motor neurons (29). We expand on these findings
to define the involvement of EphA4-mediated ephrin forward
and reverse signaling in abducens nerve development and in a
human developmental disorder. We find that selective reduction
of ephrin forward signaling by knocking out EphA4 in motor neu-
rons reduces successful lateral rectus targeting of the abducens
nerve, perhaps because axons lose the appropriate level of repul-
sion from incorrect targets. Selectively reducing ephrin reverse
signaling by knocking out EphA4 in the mesenchyme causes
severe abducens stalling, likely because the nerve is not proper-
ly recruited through the mesenchyme toward its target. Both of
these abducens phenotypes are more severe than the complete
Epha4*o/%0; therefore, disrupting the balance of attraction or
repulsion alone during axon navigation can be more detrimental
than interfering with both simultaneously.

02-Chimaerin and EphA4 exhibit varied genetic interactions in dif-
ferent motor neuron populations. We have identified a complex genet-
icinteraction between Epha4 and ChnI in abducens nerve develop-
ment, which we find can be explained, in part, by the role of mutant
a2-chimaerin downstream of both ephrin forward and reverse sig-
naling. Intriguingly, abducens, trochlear, and C1 nerve phenotypes
are reversed to varying degrees in ChnI®¥/X! Epha4X/%° mice, which
our in vitro experiments demonstrate can be partially accounted
for by the different recruitment of mutant a2-chimaerin in ephrin
forward and reverse signaling in these motor neuron subtypes. Our
data provide insight into potential mechanisms that generate selec-
tive vulnerability of abducens neurons to non-constitutively hyper-
activating a2-chimaerin mutations. We propose four nonexclusive
scenarios to account for the varying degrees of EphA4/02-chimaerin
genetic interaction in abducens, trochlear, and C1 neurons:

First, ChnI¥/" Epha4*%/*° may reverse a Chnl</X phenotype
to normal WT patterns when EphA isoforms are used only as neu-
ronal receptors for ephrin forward signaling to mediate repulsion,
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and not as ligands in ephrin reverse signaling, as supported by our
Clneuronal experiments.

Second, additional non-ephrin signaling pathways likely sig-
nal through a2-chimaerin, as indicated by the slight differences
in ChnI¥9/%0 and Epha4X®/%° abducens nerve phenotypes and by
the unaltered trochlear phenotype in CAnI¥/® Epha4*%/° embry-
os. BDNF/TrkB and semaphorin/plexin/neuropilin signaling
pathways have been shown to act upstream of a2-chimaerin in
various neuronal types (11, 16, 18); it will be of future interest to
determine the contribution of these and other guidance path-
ways in Chnl®/X phenotypes.

Third, distinct receptor composition in different neuronal
subtypes may mediate integration of different ligands that act
through a2-chimaerin to yield different phenotypes. We show
that abducens neurons use ephrin reverse signaling upstream of
mutant o2-chimaerin in vitro to mediate increased outgrowth.
The signaling mechanisms underlying this phenomenon remain
an area for further investigation, as it appears that a2-chimaerin
may not normally act downstream of ephrin reverse signaling,
but rather is recruited under gain-of-function mutant condi-
tions. Similar to reports in limb motor neurons (32), ephrin-A5
could use Ret as a co-receptor for reverse signaling in concert
with GFRal/Ret signaling to mediate potentiated outgrowth of
abducens neurons in response to EphA4 and GDNF ligands. In
this case, DRS-mutant o2-chimaerin may misregulate signaling
pathways downstream of Ret to dampen increased outgrowth.
Alternatively, if abducens neurons use p75"™® as a co-receptor
for ephrin reverse signaling similar to RGCs (33), mutant a2-
chimaerin may act downstream of p75N™® to enhance axon repul-
sion. Ret and p75N™® co-receptor pathways could be recruited
simultaneously in abducens neurons to modulate ephrin reverse
signaling, thus combining elements of RGC and limb motor
neuron axon guidance and accounting for an additional layer of
phenotype specificity and complexity.

Last, expression of different cytoskeletal regulatory pathways
(i.e., RacGAPs/GEFs) in specific motor neuron populations may
modulate the signaling contribution of a2-chimaerin. The varied
expression and recruitment of diverse RacGAP/GEF pathways in
different motor neuron populations may further influence pheno-
type rescue and selective vulnerability.

Further investigation into the mechanisms underlying the
selective ephrin- and non-ephrin-mediated signaling pathways
upstream of a2-chimaerin may lead to the identification of addi-
tional genetic contributions to DRS.

Mutant o2-chimaerin informs the complexity of axon guidance
signaling pathways in neuronal development. Our data highlight
the importance of investigating molecular mechanisms in a cell
type-specific manner. Despite the technical challenges posed by
the limited number of abducens motor neurons that project to a
discrete muscle target (40), we are able to combine in vivo genet-
ic interaction studies and motor neuron subtype-specific in vitro
cultures to assess the implications of altered signaling pathways
on abducens development. We find that even this simple neuro-
nal circuit uses intricate guidance pathways to establish connec-
tivity, which can serve as a model from which to investigate the
breadth of signaling complexity that exists between various guid-
ance receptors during development. By using a gain-of-function
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DRS-causing mutation in CHNI, we identify the importance of
signaling balance in neuronal circuit formation. In our experimen-
tal paradigm, a2-chimaerin loss of function does not appear to
perturb ocular motor circuit formation nearly as much as altered
function, highlighting the sensitivity of neuronal guidance mech-
anisms and the importance of investigating physiologic gain-of-
function mutations in neurological disorders. Thus, our investi-
gation into the effects of hyperactivated o2-chimaerin on motor
neuron development not only provides insight into DRS etiology
and selective vulnerability, but also informs broad principles that
guide neuronal circuit formation.

Methods

Chnl¥ mouse construct. InGenious Targeting Laboratory Inc. created
the Chnl¥ targeting vector to introduce an 60A>T missense change
in exon 3 of Chnl and inserted it into a mouse 129 (RP22:77N16) BAC
clone. The mutation-containing BAC construct was confirmed by
restriction analysis and sequencing and injected into mouse embry-
onic stem (ES) cells by the Boston Children’s Hospital Intellectual
and Developmental Disabilities Research Center (IDDRC) Mouse
Gene Manipulation Core. Targeted ES cells were screened using
PCR, Southern blot analysis, and sequencing for proper insertion
and correct sequence. Knockin mice were confirmed by genotyping.

Generation of Chnl*9/%° mice. Chnl</¥ mice were crossed with
E2a-Cre and Prm-Cre transgenic mice to create germline-knockout
ChnIX/%0 mice. Removing Chnl exon 3 preserves promoter and regu-
latory elements required for al-chimerin expression (41).

Additional mouse strains. Littermate controls were used whenev-
er possible; controls from the same genetic background were always
used for any given experiment. See Supplemental Table 1 for detailed
strain information.

Antibodies. The following antibodies were used: mouse anti-
neurofilament (Developmental Studies Hybridoma Bank [DSHB], 2H3
ascites fluid), rabbit anti-GFP (Invitrogen, al1122), rabbit anti-CHN1
(Abcam, EPR9906), rabbit anti-GAPDH (Santa Cruz Biotechnolo-
gy Inc., sc-25778), rabbit anti-ephrin-A5 (R&D Systems, AF3743-SP),
anti-actin a-smooth muscle-Cy3 antibody (Sigma-Aldrich, C6198),
mouse anti-Isl1 concentrate (DSHB, 39.4D5), chicken anti-GFP (Abcam,
ab13970), DAPI (Invitrogen, D1306), goat anti-mouse Alexa Fluor 546
(Invitrogen, A-11030), goat anti-rabbit Alexa Fluor 488 or 647 (Invitro-
gen, A-21311 or A21244), Peroxidase AffiniPure donkey anti-rabbit and
donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories Inc.,
715-035-151), goat anti-chicken FITC (Abcam, ab46969).

Whole mount embryo staining. E11.5 embryos were fixed in 4%
PFA and prepared as previously described (42). Whole embryos were
stained with primary 1:500 mouse anti-neurofilament (DSHB) and
1:500 rabbit anti-GFP (Invitrogen); secondary 1:1,000 goat anti-
mouse Alexa Fluor 546 (Invitrogen) and 1:1,000 goat anti-rabbit
Alexa Fluor 488 or 647 (Invitrogen). Embryos were cleared with 1 part
benzyl alcohol:2 parts benzyl benzoate (Sigma-Aldrich) and imaged
using a Zeiss LSM710 confocal microscope. Images were processed in
3D using Imaris (Bitplane) to identify similar z-planes between embry-
os. See Supplemental Methods for measurement parameters (27).

Orbital dissections. E16.5 IsI"N-GFP-positive mouse embryos from
the indicated genetic crosses were prepared as previously described (24).

ChnI®/X Bax”~ immunohistochemistry. E10.5 and E13.5 ChnI/&
Bax”"Hb9-GFP embryos were immunostained for ISL1 as previously
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described (27). Counts represent bilateral number of motor neurons.
Experiments were performed in a blinded manner.

ISH. Digoxigenin-labeled (DIG-labeled) mRNA antisense probes
to a2-chimaerin-specific Chnl, Epha4, ephrin-A5, and eGFP were gen-
erated as specified in Supplemental Methods. ISH on 20-pm sections
was performed by the RNA In Situ Hybridization Core at Baylor Col-
lege of Medicine using an automated robotic platform as previously
described (43), with modifications for double ISH.

Alkaline phosphatase binding assay. The ephrin-A5-AP expression
construct was shared by John G. Flanagan (Harvard Medical School,
Boston, MA, USA). HEK293-T cells were transfected with the expres-
sion construct, then lysate was applied to open-book hindbrain sam-
ples as previously described (44).

Recombinant proteins. Recombinant proteins included: GDNF, BDNF,
CNTF (ProSpec); mouse EphA4, mouse ephrin-Bl, mouse ephrin-B2,
human ephrin-A5 (R&D Systems), human IgG FC fragment (EMD Mil-
lipore). FC, ephrin-AS5, and EphA4 were pre-clustered 1:5 (concentration
ratio) with goat anti-human IgG, Fcy fragment-specific Cy3 (Jackson
ImmunoResearch Laboratories Inc.) for 30 minutes at room temperature.

Rac-GTP ELISA. Cortical neuronal cultures were generated as
described in Supplemental Methods. Experiments were conducted
simultaneously with WT and mutant littermates. Cells were serum
starved in DMEM/penicillin/streptomycin for 2 hours, then DMEM
or 10 uM PMA in DMEM was added (DMEM: 30 minutes, PMA: 15
or 30 minutes). Cells were washed once with cold PBS, then lysed in
ice-cold RIPA. Samples were processed for Rac-GTP levels using a
Racl G-LISA Activation (Colorimetric Based) Assay Kit (Cytoskele-
ton Inc.). When possible, 2 replicates per condition were run on the
same plate, and O.D. output values were averaged. Averaged values
were normalized to O.D. from WT DMEM within each experiment.

Abducens, trochlear, and C1 explant culture. Coverslips were coated
with 20 pg/ml poly-D-lysine (Millipore), 10 pg/ml laminin (Invitro-
gen). GFP* embryos were harvested in ice-cold PBS and microdissect-
ed in ice-cold HBSS. Microdissection techniques are outlined in Sup-
plemental Methods. Both nuclei were placed into PDL/laminin-coated
wells with HBSS on ice during dissection of the remaining littermates.
For each well, the 2 explants were positioned at opposite sides of the
coverslip, and HBSS was removed and quickly replaced with Neuro-
basal (Invitrogen), B27 (Invitrogen), 2 mM L-glutamine (Invitrogen),
100 pg/ml penicillin/streptomycin (Invitrogen) containing indicated
growth factors and /or proteins.

Growth cone collapse experiments. Abducens explants were grown
in 25 ng/ml GDNF, 25 ng/ml BDNF, and 25 ng/ml CNTF for 12-14
hours; transferred to a Nikon Perfect Focus Eclipse Ti live cell fluo-
rescence microscope; and maintained at 37°C with 5% CO,/95% air.
100 ul of media was removed, recombinant proteins were added, and
the mixture was applied. Explants were reimaged once a minute for 30
minutes to assess growth cone dynamics. Measurement parameters
are outlined in Supplemental Methods.

Sholl analysis. Abducens, trochlear, and C1 explants were grown in
the proteins noted for 18 hours, then fixed with 4% PFA /4% sucrose/
PBS. Background fluorescence was subtracted uniformly, and a stan-
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dard threshold was applied to images. Explant body was outlined man-
ually in Fiji, concentric circles were drawn using a macro at 20-pm
intervals, and intersecting axons were counted. WT controls were
present in each replicate within every condition, and different pro-
tein combinations were compared within at least one experiment per
group. Individual samples were graphed, then averaged across exper-
iments within each condition to obtain final outgrowth curves. Out-
growth calculations are discussed in Supplemental Methods.

Statistics. All data were analyzed and graphed using SPSS soft-
ware (IBM). Statistical methods are provided in each figure legend
and include one way ANOVA with Tukey’s or Dunnett’s test and
unpaired two tailed ¢ test. P < 0.05 was considered statistically sig-
nificant, except where indicated based on Bonferroni correction.
Graphs represent mean £ SEM.

Study approval. All animal work was performed in compliance
with protocols approved by the Boston Children’s Hospital Institution-
al Animal Care and Use Committee.
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