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Abstract
Axon pathfinding is essential for the establishment of proper neuronal connections during
development. Advances in neuroimaging and genomic technologies, coupled with animal
modeling, are leading to the identification of an increasing number of human disorders that result
from aberrant axonal wiring. In this review, we summarize the recent clinical, genetic and
molecular advances with regard to three human disorders of axon guidance: Horizontal gaze palsy
with progressive scoliosis, Congenital mirror movements, and Congenital fibrosis of the
extraocular muscles, Type III.

Introduction
The field of axon guidance has expanded dramatically over the past few decades. Animal
models and in vitro neuronal culture techniques have fostered the discovery of many
molecules that are essential for the correct guidance and target innervation of exploring
axonal processes during neurodevelopment. Surprisingly, there are still relatively few
identified human disorders resulting from axon guidance defects, and most of the identified
disorders are rare. This does not necessarily mean that aberrant axon guidance does not
cause common human disorders, but rather that, until recently, technology has hindered the
identification of subtle white matter tract miswiring in the human nervous system. The
advent of high-resolution magnetic resonance imaging (MRI) and diffusion tensor imaging
(DTI), along with advances in genetic technologies, have now helped to define the first
series of human genetic disorders of axon guidance [1,2], and will likely contribute to the
discovery of many additional axon guidance disorders in the future. This article is an update
to the Engle 2010 review [1] and predominantly highlights recent work that contributes to
the further understanding of Horizontal gaze palsy with progressive scoliosis (HGPPS),
Congenital mirror movements (CMM), and Congenital fibrosis of the extraocular muscles,
Type III (CFEOM3).
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Horizontal Gaze Palsy with Progressive Scoliosis
Horizontal gaze palsy with progressive scoliosis (HGPPS) is a rare disorder that results from
axonal midline crossing defects of specific populations of neurons in the hindbrain and
possibly spinal cord. The disorder presents with congenital bilateral absence of horizontal
eye movement. During childhood, patients develop debilitating scoliosis. There are reported
delays in motor development, but otherwise patients are intellectually and physically
normal, and mirror movements have not been reported [3,4]. This autosomal recessive
disorder was described as early as 1970 [5], but it was not until 2004 that loss of function
mutations in the axon guidance receptor ROBO3 were found to underlie HGPPS [3,6–11].

MRI, functional MRI, DTI, and evoked potential studies of HGPPS patients reveal a normal
corpus callosum [12–15], but a virtually pathognomonic hindbrain malformation that
correlates with failure of the corticospinal tracts (CST) and dorsal column tracts to decussate
in the hindbrain (Fig. 1) [4,6,10,12–15]. A HGPPS patient harboring ROBO3 mutations who
suffered a stroke in the motor cortex resulting in ipsilateral limb weakness and facial palsy
further confirmed uncrossed CST in this disorder [10]. Sensorimotor evoked potential
studies in a second patient revealed ipsilateral CST but partial crossing of the dorsal column
tracts, suggesting there may be some variability in midline crossing defects within and
between patients [4]. DTI of HGPPS patients revealed that cerebellar tracts are also
uncrossed or abnormally located, which may contribute to progressive scoliosis [12,14,15].
FMRI and brainstem auditory evoked potential (BAEP) studies indicate that HGPPS patients
also have abnormal activation of auditory pathways [4,13]. Two patients exhibited high-
frequency hearing loss in the right ear, which may contribute to abnormal BAEPs [4].
However, if these findings are not a result of unilateral sensorineural hearing loss, they may
reflect auditory circuit rewiring in HGPPS patients. Future advances in imaging technology
should help continue to define axon guidance abnormalities in this disorder.

Robo3 (Rig1) is a transmembrane protein predominantly expressed in hindbrain and spinal
cord commissural axons during embryonic development, and exists in two splice variants,
Robo3.1 and Robo3.2 [6,16–18]. Slit is expressed by the floorplate and normally transmits a
repellent response upon binding to Robo1 and Robo2 receptors expressed on crossing
commissural axons [19]. As commissural axons approach the floorplate, Robo3.1 is thought
to interfere with Slit repulsion to allow midline crossing [17,18]. Once axons cross the
floorplate, Robo3.1 is quickly downregulated and Robo1, Robo2, and Robo3.2 transmit
responses that propel growing axons away from the midline to prevent recrossing [17,18].
ROBO3 mutations underlying HGPPS include nonsense, frameshift, splice site, and
missense changes that are spread across the gene [3,6–11]. To date, none map to residues
that would alter expression of one splice variant over the other, and thus HGPPS mutations
are predicted to result in loss of both ROBO3.1 and ROBO3.2 function.

Studies of Robo3−/− mice have provided extensive insights into the molecular mechanisms
and anatomical miswiring underlying HGPPS. In Robo3−/− mice, commissural axons fail to
cross both the spinal cord and hindbrain midline at E11.5 [17]. Robo3−/− die at birth,
however, and it has not been determined whether the CST, which decussates just prior to
birth, is also uncrossed. Interestingly, Robo3 does not appear to be expressed in developing
upper motor neurons, which form the CST [16,20], although a more detailed spatiotemporal
expression analysis is needed to formally conclude this. Thus, the lack of CST decussation
in HGPPS may be secondary to the failure of earlier populations of commissural neurons to
form a midline bridge for CST axons to cross later in development [17,21].

Subsequent studies of Robo3−/− mice have identified additional defects in the crossing of
cerebellar, auditory, and breathing circuitry [21–24]. Cerebellar neuronal migration, axonal
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and neuronal midline crossing, and nucleus cytoarchitecture are abnormal in Robo3−/− mice,
which further substantiates abnormal cerebellar tracts noted in DTI of HGPPS patients
[12,14,15,25]. Interestingly, mouse precerebellar neurons require a translational regulatory
protein, Musashi1, for protein expression of Robo3.1 and 3.2 in order to permit proper
cerebellar neuron and axonal midline crossing events [26]. If Musashi1 proves to have a
similar regulatory role in human hindbrain horizontal gaze circuitry, its corresponding gene,
MSI1, would be an interesting candidate disease gene for patients with horizontal gaze palsy
with or without scoliosis who do not harbor mutations in ROBO3. It is particularly relevant
for patients with additional clinical or imaging evidence of central nervous system guidance
errors, as the msi1−/− mouse develops hydrocephalus and has variable agenesis of the corpus
callosum with Probst’s bundles [27].

To directly investigate the etiology of horizontal gaze palsy in HGPPS, Renier et al [24]
used a conditional knockout approach in mice to selectively remove Robo3 expression in
rhombomeres 3 and 5 of the hindbrain (Robo3:Krox20Cre). These animals survive, and
consistent with human MRI data [6,28], the abducens motor neurons in Robo3:Krox20Cre
mice form normally and axons appear to correctly innervate the lateral rectus muscle [24].
However, there is reduced axonal midline crossing at the level of the abducens nucleus and a
paucity of projections between the abducens nucleus and contralateral oculomotor nucleus,
with occasional sparse ipsilateral projections. This suggests that the medial longitudinal
fasciculus and the paramedian pontine reticular formation interneuron populations, which
cross the midline of the hindbrain to control oculomotor and abducens motor nuclei and
permit horizontal gaze, are unable to cross in Robo3:Krox20Cre mice, resulting in disrupted
lateral and medial gaze. Indeed, horizontal eye movements are limited in Robo3:Krox20Cre
mice, while vertical gaze is preserved [24], recapitulating eye motility defects seen in
HGPPS patients.

Similar to human studies, BAEPs were also found to be abnormal in Robo3−/− mice. Closer
anatomical investigation revealed that axons from the anteroventral cochlear nucleus, the
main auditory projections that decussate in the hindbrain, do not cross in Robo3−/− mice, but
rather form ipsilateral Calyx of Held synapses [24]. In addition, Bouvier et al [23] identified
asynchronous breathing in P0 Robo3−/− mice, resulting from an absence of interneuron
crossing in the hindbrain. The group hypothesizes that scoliosis in patients could result from
asynchronous muscle contraction, however it remains to be determined whether humans
with HGPPS breathe asynchronously.

It is remarkable that HGPPS patients have relatively normal gross motor, sensory, and
proprioceptive behavior considering human patient imaging and mouse anatomical studies
have identified ROBO3/Robo3 as a critical regulator of midline crossing in the hindbrain
and spinal cord. This suggests that axons innervate targets correctly, but on the ipsilateral
rather than contralateral side of the body, as demonstrated in studies of Robo3−/− mice
[23,24]. There is mounting evidence that horizontal gaze palsy results from uncrossed and/or
absent oculomotor and abducens internuclear tracts. The etiology of scoliosis remains more
elusive, and may arise from the combined absence of CST, reticulospinal, and/or cerebellar
tract crossing events, or perhaps asynchronous breathing.

Congenital mirror movements
Congenital mirror movements (CMM) are a synkinesis in which pathological involuntary
movements on one side of the body occur simultaneously with intentional movements on the
contralateral side. Mirror movements typically occur in the fingers, hands, and forearms and
can be observed in young children, but normally disappear by 7 years of age unless there is
underlying pathology [29,30]. There are two primary hypotheses as to the anatomic correlate
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of pathologic CMM. First, fMRI data has supported aberrant signaling across the corpus
callosum, resulting in decreased interhemispheric inhibition of the contralateral motor cortex
[31]. Second, transcanial magnetic stimulation (TMS) studies have supported either
incomplete decussation of the CST, or abnormal distal branching of axons within the
contralateral CST, such that projections from the primary motor cortex synapse
simultaneously on both ipsilateral and contralateral interneurons or motor neurons within the
spinal cord [29,32–34].

CMM occurs as a component of various syndromes, including X-linked Kallmann syndrome
and some forms of Joubert syndrome [35–37]. Non-syndromic, isolated CMM also occurs,
and can be sporadic or segregate as an autosomal dominant trait with incomplete penetrance.
Recently, heterozygous mutations in the DCC gene were reported to underlie isolated CMM
in 3 unrelated families of French-Canadian, Iranian and Italian descent [34,38]. Affected
family members have MM primarily in the hands and fingers, with only a few reporting
lower extremity involvement or disability as a result of the MM. Several individuals
harboring heterozygous DCC mutations are reported to have normal brain MRI scans
without corpus callosal or hindbrain abnormalities [34]. TMS studies of affected individuals
harboring DCC mutations reveal simultaneous bilateral muscle contractions, with no latency
in muscle response from either side, supporting the presence of both ipsilateral and
contralateral CST, or aberrant axonal branching of CST axons, rather than abnormal
signaling across the corpus callosum (Fig. 1) [32,34,38]. Notably, 3 autosomal dominant
families and 2 sporadic individuals with CMM do not harbor DCC mutations or deletions,
one of which is a large pedigree that does not map to the DCC locus [34,38,39]. Thus, CMM
is a genetically heterogeneous disorder, and future studies will likely identify additional
causative genes.

The DCC gene encodes an axon guidance receptor that responds to netrin, a well-
characterized axon guidance cue involved in attractive midline guidance decisions in cortex,
brainstem, and spinal cord [2]. DCC mutations identified in all 3 dominant CMM families
produce frameshifts and introduce premature stop codons. Two mutations are predicted to
truncate the DCC protein near the N-terminus, producing a very short transcript that would
encode only a few extracellular immunoglobulin-like domains and would lack the netrin
binding, transmembrane, and cytoplasmic domains. As predicted, in vitro data confirms that
one mutation significantly decreases netrin binding when expressed in COS-7 cells [34]. It is
not known, however, whether the truncated DCC proteins are secreted, sequestered
intracellularly, or degraded, or whether the mutant transcripts may be subject to nonsense-
mediated mRNA decay. The third reported mutation, in exon 26, is predicted to truncate
only the last two intracellular domains (P2 and P3) while retaining the netrin-binding and
transmembrane domains [38]. If translated, it would produce a DCC protein lacking the
portion of the cytoplasmic domain required for DCC dimerization and netrin-1-induced
attractive axonal turning [40]. Given that all CMM patients have indistinguishable
phenotypes regardless of their specific mutation, and 2 of the mutations would produce
short, truncated proteins lacking most functional domains and unlikely to dimerize with full-
length DCC, it can be argued that the mutations likely result in DCC haploinsufficiency.

The importance of netrin/DCC signaling in axon guidance is highlighted by studies of
Dcc−/− mice, which die at P0 and exhibit agenesis of the corpus callosum, absence of CST
pyramidal decussation, and misprojection of the anterior commissure and spinal
commissural axons [41,42]. At P0, the CST has only reached the upper cervical spinal cord,
and thus it is not known if the CST axons would follow the correct trajectory and synapse on
the appropriate motor neurons, albeit ipsilaterally. Notably however, a spontaneous mouse
mutant, DccKanga, harbors a deletion of Dcc exon 29, truncating the protein prior to the last
cytoplasmic functional domain (P3), similar to the third heterozygous human mutation that
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truncates both P2 and P3 [38,42]. Unlike Dcc−/− mice, DccKanga/Kanga mice are viable,
possibly because they were studied on a different genetic background. The DccKanga/Kanga

exhibit axon guidance defects within the corpus callosum, as well as failed decussation of
the CST resulting in aberrant ipsilateral projections [42]. Phenotypically, the mice cannot
alternate movement of their hindlimbs and exhibit a hopping gait. While a hopping gait has
been offered as the mouse equivalent of human mirror movements, the DccKanga/Kanga mice
have fully uncrossed, ipsilateral CST projections. Thus, for the DccKanga/Kanga mice to
phenocopy CMM in humans, in which TMS studies reveal simultaneous contralateral and
ipsilateral CST innervation, one would need to hypothesize that the ipsilateral CST axons
branch within the spinal cord to innervate both ipsilateral and contralateral interneurons and
motor neurons. However, it is possible that the mouse hopping gait and human mirror
movements are not equivalent. Of note, DccKanga/Kanga mice with hopping gait harbor
homozygous, while humans with CMM harbor heterozygous Dcc mutations, and perhaps
this dosage effect results in partial CST decussation in humans. If this were the case,
analyzing CST decussation in heterozygous Dcc mutant mice may prove informative.

An alternative explanation for the DccKanga/Kanga hopping phenotype is that it results from
alterations in the central pattern generator circuitry caused by aberrant commissural
interneuron (CIN) migration across the spinal cord midline. In vitro electrophysiological
studies show that loss of netrin-1 induces synchronous, rather than alternating, firing in
equivalent left and right regions of isolated netrin-1−/− spinal cords [43]. A similar
synchronous firing phenomenon is observed in spinal cords harvested from mice lacking
ephrinB3, EphA4 or alpha2-chimaerin and, in contrast to the netrin-1−/− mouse which dies
at P0, these mice survive and have hopping gaits [44–46]. Additionally, in ephrinB3−/−,
EphA4−/−, and Chn1−/− mice, both CST and CIN axons aberrantly cross the spinal midline
[44–47], though it is not clear whether aberrant CST or CIN, or both, contribute to the
synchronous limb movement and hopping gait. It remains to be determined whether CIN
and central pattern generator abnormalities exist in Dcc mutant mice, and if these pathways
exist in humans and are disrupted in CMM. Finally, DCC is also expressed in corpus
callosum axons as they cross the midline, and Dcc−/− mice are acollosal [41]. Thus it
remains possible that humans with CMM have additional abnormalities in interhemispheric
connectivity. It will be interesting to review DTI scans from individuals with CMM who
harbor DCC mutations, as this may help to localize the anatomic pathway underlying their
mirror movements.

Congenital fibrosis of the extraocular muscles type 3 (CFEOM3) and the
TUBB3 syndromes

CFEOM3 is an autosomal dominant congenital eye movement disorder with variable
penetrance. Affected individuals are born with variable unilateral or bilateral
ophthalmoplegia, limited vertical ductions, and blepharoptosis (drooping eyelids) (Fig. 2A)
[48,49]. MRI shows hypoplasia of the oculomotor nerve and the muscles innervated by its
superior branch, the levator palpebrae superioris and superior rectus (Fig. 2B) [49,50]. The
oculomotor nerve can also aberrantly innervate the lateral rectus muscle, which is normally
innervated by the abducens nerve [50]. CFEOM3 can occur in isolation, or in association
with facial weakness, progressive axonal sensorimotor polyneuropathy, and/or social and
intellectual disabilities. In patients with social and intellectual disabilities, MRI reveals
agenesis or hypoplasia of the anterior commissure and corpus callosum, as well as
malformed basal ganglia (Fig. 2C–G) [49]. Both isolated and syndromic CFEOM3 result
from specific, repetitive heterozygous missense mutations in TUBB3, which encodes the
neuronal-specific beta-tubulin isotype III, a subunit of microtubules [49].
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Tubb3 is expressed in all post-mitotic neurons and is upregulated during the period of axon
growth and guidance [51]. A knock-in mouse model harboring the most common TUBB3
mutation, and resulting in the Tubb3 R262C amino acid substitution, recapitulates the
human phenotype and confirms misguidance of the oculomotor nerve, corpus callosum, and
anterior commissure without alterations in cortical architecture, suggesting a primary defect
in axon pathfinding. When modeled in yeast, these mutations increase microtubule stability,
alter microtubule dynamics, and a subset also decrease kinesin plus-end movement [49].
Given the pan-neuronal expression of TUBB3, it is not yet clear why certain populations of
axons are selectively affected by these mutations. These data suggest, however, that this
tubulin isoform may be downstream of a subset of axon guidance receptors, and critical for
the cytoskeleton to respond correctly to upstream signaling. Future molecular and functional
studies will help to further elucidate the etiology of CFEOM3, and the additional TUBB3
mutation-specific neurologic disorders, referred to as the TUBB3 syndromes.

Conclusion
HGPPS, CMM, and CFEOM3 are examples of the contribution that human disease can
provide for the elaboration of basic scientific principles, and the insight that mouse models
provide toward the understanding of human disorders. These disorders arise primarily from
axonal midline crossing defects or peripheral nerve misprojections, which are easier to
characterize using current research techniques and technologies. Certainly advances in
human genetics and sequencing methodologies, technological developments in human
neuroimaging, and continued animal model research will foster the characterization of
additional human disorders that arise from subtler axon guidance defects. Preliminary
research has hinted that axon guidance abnormalities may contribute to schizophrenia, and
autism spectrum disorders such as tuberous sclerosis [52–54]. Perhaps high resolution DTI
of humans will help to clarify whether axonal targeting abnormalities contribute to these,
and other, disorders.

Highlights

• We review recent advances in understanding three human disorders of axon
guidance.

• ROBO3 mutations cause HGPPS and hindbrain/spinal cord midline crossing
defects.

• DCC mutations cause congenital mirror movements and likely midline crossing
defects.

• TUBB3 mutations cause syndromic strabismus and callosal and cranial nerve
defects.
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Figure 1.
Schematic of axon guidance defects in HGPPS, CMM, and CFEOM3. With normal
guidance (purple): corticospinal tract (CST) axons navigate from the motor cortex to the
spinal cord, decussating in the medulla (cell bodies labeled ‘1’); corpus callosum (CC) and
anterior commissure axons cross from one hemisphere to the other (cell bodies labeled ‘2’);
interneuron populations decussate in the hindbrain (cell bodies labeled ‘3’); and oculomotor
axons extend to their target extraocular muscles (EOM, cell bodies labeled ‘4’). In HGPPS
(blue), CST and hindbrain interneuron axons fail to decussate, resulting in ipsilateral
projections. In CMM (green), it is proposed but not proven that while some CST axons
decussate appropriately, others fail to do so and project ipsilaterally. In CFEOM3 (brown),
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there is variable thinning of the CC and anterior commissure axons, supporting abnormal
guidance of these axonal tracts and the oculomotor nerve (CNIII) has abnormal guidance,
resulting in the dysinnervation of EOM. AR = autosomal recessive; AD = autosomal
dominant.
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Figure 2.
TUBB3 mutation-specific abnormalities in white matter tracts and basal ganglia. (A)
Photograph of a child harboring a TUBB3 R262H amino acid substitution who exhibits
severe CFEOM3 and facial weakness. (B) Brainstem MRI from a patient with
predominantly left-sided CFEOM3 reveals unilateral hypoplasia of the left oculomotor
nerve (arrow; D417N substitution). (C–H) Sagittal and axial MR images from individuals
harboring R62Q, R262C, and R262H TUBB3 substitutions as indicated. (C,D) R62Q results
in normal appearance of the corpus callosum (CC) and anterior commissure (AC); (E,F)
R262C causes CC posterior thinning (E) and AC hypoplasia (F); (G,H) while R262H causes
CC hypoplasia (G), AC agenesis and dysmorphic basal ganglia (H). (Reprinted, with
permission, from [49]).
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