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Abstract

In Bilateria, many axons cross the midline of the central nervous system, forming well-defined commissures. Whereas in
mammals the functions of commissures in the forebrain and in the visual system are well established, functions at other
axial levels are less clearly understood. Here, we have dissected the function of several hindbrain commissures using genetic
methods. By taking advantage of multiple Cre transgenic lines, we have induced site-specific deletions of the Robo3
receptor. These lines developed with the disruption of specific commissures in the sensory, motor, and sensorimotor
systems, resulting in severe and permanent functional deficits. We show that mice with severely reduced commissures in
rhombomeres 5 and 3 have abnormal lateral eye movements and auditory brainstem responses, respectively, whereas mice
with a primarily uncrossed climbing fiber/Purkinje cell projection are strongly ataxic. Surprisingly, although rerouted axons
remain ipsilateral, they still project to their appropriate neuronal targets. Moreover, some Cre;Robo3 lines represent potential
models that can be used to study human syndromes, including horizontal gaze palsy with progressive scoliosis (HGPPS). To
our knowledge, this study is one of the first to link defects in commissural axon guidance with specific cellular and
behavioral phenotypes.
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Introduction

At all levels of vertebrate nervous systems, axons cross the
midline to form commissural projections [1,2]. In the visual system
and the corpus callosum in the neocortex, the physiological
importance of brain commissures is well established in large part
due to the “split-brain” studies of Roger Sperry [3] and others.
However, the function of commissural projections in the hindbrain
and spinal cord has been more difficult to assess. Surgically
ablating specific commissures in the hindbrain has proved to be
difficult [4]. In addition, so far, no mutant has been created in
which these connections are disrupted in a region-specific manner.
Therefore, the function of specific commissures in a variety of
hindbrain systems remains uncertain.

By contrast, considerable progress has been made over the past
two decades in understanding how commissures form during
embryonic development. Genetic screens in Drosophila, Caenorhab-
ditis elegans, and mice, as well as biochemical approaches in
rodents, have shown that the molecular mechanisms regulating
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commissure development are highly conserved in evolution [5]
and involve axon guidance molecules, including Netrins, Slits,
Semaphorins, Ephrins, Morphogens, and IgCAMs [6]. Their
functions are tightly regulated by ECM molecules, cytosolic
second messengers, receptor dimerization, and protein degrada-
tion in addition to transcriptional and posttranslational modifica-
tions [6,7].

To broaden our understanding of the function of hindbrain
commissures, we undertook to genetically rewire the hindbrain by
forcing select commissural tracts to remain ipsilateral, and then
examined the cellular and behavioral consequence of these
manipulations. We focused on Robo3, a vertebrate roundabout
receptor involved in the formation of hindbrain and spinal cord
commissures [8,9]. Robo3, also called Rig-/ (retinoblastoma
inhibiting gene 1), was isolated as the product of a gene up-
regulated in retinoblastoma-deficient mice [10]. In humans,
mutations in ROBO3 cause a rare syndrome called horizontal
gaze palsy with progressive scoliosis (HGPPS) [11,12]. HGPPS
patients have both an uncrossed pyramidal tract and dorsal
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Author Summary

Coordination of the left and right sides of the body
requires the action of neurons whose axons cross the
nervous system midline. The precise contributions of
“commissural” neurons to sensory and motor functions
remain poorly understood. To probe these crossing
circuits, we took advantage of the recent finding that
the Robo3 axon guidance receptor is required for midline
crossing by axons at most axial levels. A Robo3 conditional
knockout mouse line was generated, allowing Robo3 to be
deleted in selective neuronal populations. This led to
disruption of specific commissures in the sensory, motor,
and sensorimotor systems, and resulted in severe but
specific functional deficits. Surprisingly, although rerouted
axons do not cross the midline, they still project to their
appropriate neuronal targets, suggesting that midline
crossing is not required to complete the axonal guidance
program of those neurons. Moreover, some of the mouse
lines represent good models for human syndromes,
including horizontal gaze palsy with progressive scoliosis
(HGPPS), which is characterized by deficits in coordinated
eye movements. This study links defects in commissural
axon guidance with specific and dramatic behavioral
phenotypes.

column-medial lemniscus as well as severe scoliosis. Despite defects
in conjugate horizontal eye movements [13], they are reasonably
coordinated and do not present other obvious neurological deficits.
The cause of horizontal gaze palsy, one of two signature traits of
HGPPS syndrome, is still uncertain [11]. In addition, a subset of
HGPPS patients show an unexplained asymmetry of brainstem
auditory evoked potentials and activation of their auditory cortex
[13,14].

Studies in mice show that in hindbrain and spinal cord, Robo3
is required for commissural axons to cross the midline and that
commissural neurons, deficient in Robo3, extend their axons
ipsilaterally [8,9]. The genetic manipulation of Robo3 could thus
provide effective means to characterize roles for hindbrain
commissures and lead to understanding the etiology of the
HGPPS syndrome. Because existing Robo3 knockout mice die
perinatally, precluding behavioral analysis [9], we have undertak-
en the construction of a conditional allele of Robo3 and show that
viable animals lacking specific commissures can be obtained.

Results

A Reduced Internuclear Commissure in Robo3-Deficient
Mice Induces Abnormal Horizontal Compensatory Eye
Movements

In vertebrates, lateral eye movements are controlled by two
pairs of cranial motor nuclei, the abducens (VI) and the
oculomotor (III) nuclei, which project ipsilaterally to the lateral
and medial rectus muscles, respectively [13] (Figure SI).
Conjugate lateral eye movement requires bilateral coordination
of those muscles, which relies in part on abducens interneurons
that project to the contralateral oculomotor nucleus, forming the
abducens-oculomotor (III) internuclear commissural projection
(Figure S1). Furthermore, in functional magnetic resonance
imaging studies of HGPPS patients, nucleus VI is hypoplastic,
whereas cranial nerves III and VI are present bilaterally,
suggesting that this palsy may result from defects in commissural
systems [11]. We, therefore, analyzed the oculomotor system in
the existing Robo3-null mice (Robo3™ ") [9] as well as in a Robo3-
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Dissecting Commissures with Robo3

conditional mouse that lacked Robo3 in rhombomere 5 (r5), the
rhombomere from which abducens neurons are derived. The
latter mice (Krox20::cre;Robo3™"™) were gencrated by creating
Robo3""™ mice (Figure S2) and crossing them with Kiox20::cre
knock-in mice that express Cre recombinase in r3 and r5 [16].
Upon Cre-mediated excision of exons 12-14, a truncated Robo3
protein is produced, which lacks transmembrane and cytoplasmic
domains, thereby disabling it as a receptor. R3-r5—specific Robo3
inactivation was confirmed by performing whole-mount labeling
with a Robo3 exon-specific probe and Robo3 antibody on
embryonic day (E)12 embryos (Figure 1). As expected, severe
reduction of commissural projections in r3 and r5 was observed in
whole-mount (Figure 1; #»=2/2) and coronal sections of
Krox20::cr¢;Robo3™""* E11-E12 embryos labeled with anti-neuro-
filament and anti-Robo3 antibodies (Figure 2 7=3/3). By
contrast, many commissural axons were still observed in adjacent
rhombomeres (Figure 2). A few Robo3-positive axons still crossed
the midline at the r3 and r5 level in Krox20::cre;Robo3"/"* embryos.
These fibers most likely originate in commissural neurons located
outside of r3 and r5 [17] (see Discussion). In Krox20::cre;Robo3"*"*
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Figure 1. Rhombomere-specific deletion of Robo3. Whole-mount
control (A, C, and E) or Krox20::cre;Robo3'*”"** (B, D, and F) E12 embryos
hybridized with a Robo3 riboprobe covering exons 12-14 (A and B) or
immunostained with anti-Robo3 (C and D) or anti-neurofilament (E and
F) antibodies. (B) In Krox20:cre;Robo3 " embryos, Robo3®°"'%'4
transcripts are not expressed in rhombomeres 3 (r3) and 5 (r5). (C
and D) Likewise, there is a severe reduction of Robo3 immunoreactive
commissural axons in r3 and r5. (E and F) Anti-neurofilament
immunostaining confirms the strong reduction of commissures in r3
and r5. The arrowheads in (F) indicate axons that abnormally follow the
midline. Scale bars represent 100 um.

doi:10.1371/journal.pbio.1000325.g001
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Figure 2. Rhombomere-specific deletion of commissures. Coronal sections at the level of r3, r5 and r6 of E11 control (A-C') or
Krox20::cre;Robo3'°/° (D-F’) embryos immunostained with antibodies against Robo3, neurofilament, and Hb9. The midline is indicated by an arrow,
and the Hb9-positive abducens motor neurons by an asterisk. In r3 and r5, there is an almost complete absence of Robo3 and neurofilament-positive
commissural axons in Krox20::cre;Robo3'*7* (D-E’) compared to controls (A-B’). The density of neurofilament-positive axons is also strongly reduced.
By contrast, there is no obvious reduction of commissural axons or Robo3 expression in r6 (C, C’, F, and F’). Note that at E11, abducens shape and
position are not altered in mutants compared to controls (see Figure 3 for later stages). VIl, migrating facial neurons and facial nerve. Scale bars

represent 60 um.
doi:10.1371/journal.pbio.1000325.9002

embryos, the expression of the known floor plate—derived axon
guidance molecules, Netrinl, Sonic Hedgehog (Shh), Shtl, Sht2, and
Shit3 was not perturbed in r3 and r5 (Figure S3; n=2/2).

Unlike Robo3~’~ null mice, which die at birth [9], Krox20::
cre;Robo3"™"™ mice are viable (n=29/29) and do not show any
obvious behavioral defects compared to Robo3™/" or wild-type
controls. To find out whether Robo3 1s expressed in the abducens
nuclei, we performed in situ hybridization and analyzed GFP
immunostaining in Robo3*’~ heterozygous embryos in which GFP
was knocked-in to the Robo3 locus (n=3/3) [9]. We found that
from E12 to E14, Robo3 is expressed by a subset of neurons in the
abducens nucleus, but not in other cranial motor nuclei (Figure 3A
and 3B). Accordingly, in Robo3"~ embryos, GFP was expressed
by Hb9 and BEN/SC1 immunopositive motor neurons (Figure 3C
and 3D; n=2/2). However, it was also detected in Hb9-negative
neurons (Figure 3D), most likely corresponding to commissural
interneurons projecting to the contralateral oculomotor nucleus.
To discern abducens axons from other oculomotor axons and
follow their trajectory, we next crossed Krox20::cre;Robo5"™" mice
to Hb9::GFP transgenic mice [18], which, in the hindbrain,
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selectively express GFP in the VI and hypoglossus (XII) somatic
motor neurons (Figure 3E). Analysis of Hb9::GFP labeling and
immunostaining or in situ hybridization with motor neuron
markers (Hb9, BEN/SCI1, Islet-1, ChAT, CGRP) revealed that,
from E12, the shape and mediolateral position of the abducens
motor nuclei were slightly altered in Robo3™ '~ (n=16/16) and
Kiox20::cre;Robo3"'"* mice (n=9/9; Figure 3F-3I and Figure S4).
However, abducens motor axons still selectively projected to the
lateral rectus muscle (n=3/3 in Robo3 '~ and n=2/2 in
Kiox20::cre;Robo3™'™;  Figure 3J-3L). GFP-positive abducens
axons were never found to cross the midline, suggesting that, as
in controls, the projection remains ipsilateral. In addition, the
numbers of Hb9-positive VI neurons were similar in Arox20::cre;
Robo3™"" and control mice (211+28 and 205+ 19 neurons per
nucleus, respectively, p=0.8, n=4 animals for each genotype;
Student #test with Mann-Whitney hypothesis, see Materials and
Methods).

Commissural axons that crossed the midline at the level of the
abducens nucleus express Robo3 in El3 Robos™'~ embryos
(Figure 4A—4C; n=3/3). To determine the need for Robo3, we
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Figure 3. Normal projection of abducens motor axons in Robo3-deficient mice. (A to I) show coronal hindbrain sections at the level of the
abducens nucleus. (A and B) Robo3 transcripts are detected in the abducens nuclei of E12 (A) and E14 (B) embryos. The arrow in (B) points to the facial
nerve. (C) abducens neurons coexpress BEN and GFP in Robo3"~ E14 embryo. The floor plate (asterisk) also expresses BEN. (D) Hb9/GFP double
labeling in E15 Robo3"~ embryo. Note that some GFP+ cells (arrowhead) do not express Hb9. (E) abducens neurons (VI) and axons (arrow) express
GFP in E14 Hb9:GFP transgenic embryo. (F-1) The abducens nucleus has an abnormal shape and is closer to the floor plate in Robo3™"~ (F) and
Krox20::cre;Robo3'°/'* (G) E14 embryos (compare with [E]). The arrow in (F) points to abducens axons. (H and ) This abnormal shape and position are
also observed in adult animals with ChAT/Hb9 double immunostaining. (J to L) Coronal sections of PO mouse head at eye cup (ec) level. GFP-positive
abducens axons (arrows) still contact the lateral rectus muscle in Robo3-null embryo (K) and Krox20::cre;Robo3'* mutant (L). Scale bars represent

100 um, except in (D), where it indicates 50 um.
doi:10.1371/journal.pbio.1000325.9003

studied the abducens-oculomotor (III) internuclear commissural
projection by injecting 1,1" dioctadecyl-3,3,3",3" tetramethylindo-
carbocyanine (Dil) tracer unilaterally at the level of the III nucleus.
In control newborns (n=6/6), this injection resulted in retrograde
labeling of many neurons at the level of the contralateral abducens
nucleus and of their axons crossing the floor plate (Figure 4 and
Figure S5). On the other hand, in Robo3™ "~ (n=3/3; Figure S5)
and Krox20::cre;Robo3™"™ (n=3/3; Figure 4E) newborn mice,
contralateral labeling was virtually absent, whereas some neurons
were retrogradely labeled in nucleus VI on the ipsilateral side. In
addition, in Robo3 ™'~ embryos (n=3/3), no GFP-positive axons
were found to cross the midline at the level of the abducens nuclei

@ PLoS Biology | www.plosbiology.org

at E14 (unpublished data), and in E15 Krox20:cre;Robo3™""™
embryos (n=4/4), there was a severe reduction of neurofilament-
positive axons crossing the midline at the level of the abducens
nucleus (Figure 4F-4I). Together, these results indicate that
deletion of Robo3 either globally or specifically in r5 neurons
results in loss of the abducens-oculomotor (III) internuclear
commissural projection without markedly affecting the pathfinding
of abducens motor axons.

To analyze the functional consequence of the lack of the VI-III
internuclear commissure we studied compensatory eye movements
in adult Krox20::cre;Robo3"™" mice. The animals were provided
with a pedestal and subjected to optokinetic and/or vestibular
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Figure 4. Reduced internuclear commissure in Robo3 knockout mice. (A to I) show coronal hindbrain sections at the level of the abducens
nucleus, visualized by Hb9 immunostaining (in A, D, E, F, and H). (A, B, and C) illustrate the projection of abducens axons (arrowheads) across the
midline (dashed line) in Robo3™~ E13 embryos. Some GFP+ axons originate from the abducens nucleus (VI) and are immunoreactive for Robo3 (B and
Q). (D) The internuclear commissure (arrowhead) is also observed in PO controls, following Dil injection at the level of the oculomotor nucleus Ill. (E)

This commissure is almost completely absent in PO Krox20:cre;Robo3'°* mice (arrowhead). (VIn): Genu of facial nerve. (F to I) At E15, many
neurofilament+ axons cross the midline at the VI level (arrowheads) in control embryo (F and G), whereas they are rare in Krox20::cre;Robo3'>"*
embryo (H and I). Scale bars represent 100 um, except in (G and ), where they indicate 50 um.

doi:10.1371/journal.pbio.1000325.g004

stimulation in both the horizontal and vertical plane (for Materials
and Methods, see [19], and Text S1 and Table S1 for statistics).
All three reflexes in the horizontal plane, including the horizontal
optokinetic reflex (OKR), the horizontal vestibulo-ocular reflex
(VOR) as well as the horizontal visual VOR (VVOR), showed
striking changes in the mutants (2 =6) compared with control
(n=4) littermates (Figure 5A-5D). Conversely, all eye movement
reflexes in the vertical plane were unaffected (Figure 5E-5G).
During OKR, the impairments in the Krox20::cre:Robo3"™*'"™ mice
appeared to occur predominantly in the low-frequency range,
whereas during VOR, they were most prominent at higher
frequencies. These frequency-specific deficits reflect the potential
role of internuclear commissural connections in high-amplitude

@ PLoS Biology | www.plosbiology.org

eye movements, because OKR and VOR evoke high gain values
at the lower and higher frequencies, respectively [20]. This view is
further supported by the fact that the gain of eye movements in the
Kiox20::cre;Robo3™/™* mice decreased in a virtually linear manner
with respect to stimulus amplitude at higher amplitude values (e.g.,
for OKR, see Figure 5D; p<<0.001 versus control mice curve;
ANOVA for repeated measurements). As a consequence, the
amplitude of the horizontal VVOR, which is high over the entire
frequency range because of its combined OKR and VOR nature,
was significantly affected in mutants at both the lower and higher
frequency ranges. The finding that all horizontal reflexes, but no
vertical reflexes, were disrupted suggests that the abducens-
oculomotor internuclear commissure was selectively affected.

March 2010 | Volume 8 | Issue 3 | 1000325
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were obtained from four control and six Krox20::cre;Robo3'>”" mice.
doi:10.1371/journal.pbio.1000325.9g005

Ipsilateral aVCN-MNTB Projections and Impaired Auditory
Brainstem Responses in Krox20;,Robo3lox Mice

Since Krox20 is also expressed in r3, we next tried to determine
which commissures could be affected at this level. Most auditory
brainstem nuclei send axons across the midline, allowing binaural
sound localization [21]. The projection from globular bushy cells
in the anteroventral cochlear nucleus (aVCN), the first central
auditory relay in the central nervous system, to the principal cells
of the median nucleus of the trapezoid body (MNTB) is one of the
most studied auditory commissures (Figure S6). We found that, at
E13-E15, when aVCN axons first cross the floor plate [22], aVCN
neurons expressed high-level Robo3 mRNA (Figure 6A and 6B)
and their axons expressed Robo3 protein (Figure 6C).

Genetic fate-mapping has shown that aVCN neurons are
generated in the rhombic lip at the r2-r3 level [23]. We therefore

@ PLoS Biology | www.plosbiology.org

studied aVCN-MNTB projections in Krox20::cre;Robo3™"™ mice.
As previously described [24], Dil injections in the aVCN of P12
control mice labeled aVCN axons projecting to the contralateral
MNTB (n=4/4; Figure 6D and 6E), where they form character-
istic giant synapses called “calices of Held.” By contrast, in
Krox20::cre;Robo3"""™ mutants, this projection was exclusively
ipsilateral, although typical calices of Held still formed on MNTB
neurons (n=4/4; Figure 6F and 6G). The numbers of labeled
calices were not significantly different between controls and
mutants (468*£33 and 480%35 calices per side per animal,
respectively, p =0.7; n =4 animals for each genotype; Student ¢-test
with Mann-Whitney hypothesis). The aVCN ipsilateral projection
to the superior olive appeared normal, and the olivocochlear
bundle still crossed the midline (unpublished data). These results
also incidentally show that globular bushy cells originate

March 2010 | Volume 8 | Issue 3 | 1000325
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in (A), where it indicates 150 um, and in (E and G), where it indicates 50 um.

doi:10.1371/journal.pbio.1000325.g006

exclusively from r3 and that the Robo3lox mice can be used for mice and remained in the normal range from 540 kHz (Figure

genetic fate-mapping of hindbrain commissural neurons.

We next examined the consequence of the absence of a crossed
aVCN/MNTB projection on auditory brainstem responses (ABR;
see Materials and Methods) [25]. The detection thresholds of ABR
did not significantly differ in Krox20::cre;Robo3"*'"™ versus control
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S6). In all animals, all waves were detected once the stimulus level
was set above ABR threshold (Figure 6H). This indicates that
neither auditory sensitivity nor gross neural conduction were
affected. In control mice, the ABRs exhibited the four classical
waves (I-1V) ipsilaterally (Figure 6H; for wave interpretation, see
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Materials and Methods and Text S1). Only two waves (Illc and
IVc) were recorded contralaterally, and their detection occurred
with enough delay to be ascribed to contralateral excitation. The
shape of mutant ABR waves was markedly different from controls.
First, only three waves were present ipsilaterally (Figure 6H). At
60 dB sound pressure level (SPL), the latencies and amplitudes of
waves I and II exhibited no significant difference relative to
controls, which was not surprising, because the mutation targeted
neural pathways beyond the cochlear nucleus. In contrast, in
mutants, the next visible wave (III) had a longer latency (Figure 6H)
than in controls. Moreover, in mutants, the IIIrd wave was not
followed by any identifiable waves. Secondly, the contralateral
wave IVc still occurred, but with a 0.42-ms average delay
compared to the normal IVc. Its magnitude tended to be reduced
although not significantly (z=12 wild type versus =28 mutants;
p=0.06). In both mutants and controls, a similar dependency of
wave latency on stimulus level was observed (unpublished data).
These results show that in Krox20::cre;Robo3™* mutants, the
ipsilateral projection of globular bushy cells to MNTB neurons
results in abnormal ABRs both ipsilaterally and contralaterally.

An Impaired Interolivary Commissure Affects Locomotion

Inferior olivary (IO) neurons are the source of climbing fiber
input on cerebellar Purkinje cells. During development, 10
neurons migrate tangentially from the rhombic lip towards the
floor plate. Upon reaching the floor plate, IO neuron cell bodies
stop and only their axons cross it. We showed previously that IO
axons are unable to cross the midline in Robo3™ "~ embryos and, as
a result, project to the ipsilateral cerebellum [8]. However, the
functional consequence of this ipsilateral rerouting of 10 axons is
unknown. To attempt to generate mice lacking the interolivary
commissure, we crossed Robo3"/“* conditional knockout with
mice in which Cre recombinase was knocked into the Pif7a (PifI-
p48) locus (Ptfla::cre) [26], which encodes a bHLH transcription
factor expressed by a majority of IO neuron progenitors. The
resulting Pif7 az:ere;Robo3™"* mice were viable, until at least 7 mo,
but from postnatal day (P)10 onwards, they exhibited profound
locomotor deficits (Figure 6A and 6B; see also Video S1) including
an ataxic gait (35/35 cases) that persisted into adulthood. When
locomotion was tested on the Rotarod, Pif7a::cre;Robo3"™"™ mice
showed a significant deficit in motor performance (Figure 7A and
7B); the Pifiazcre;Robo3"™ "™ mice fell off the Rotarod at highly
significant shorter latencies than controls (p<<0.001, Mann-
Whitney U-test, n=7 mutants versus 9 controls). These motor
performance deficits in the Pyffa:cre;Robo3™
severe that it appeared as if their ataxia was worse than that of
mice that have no cerebellar output at all. We therefore compared
their performance to that of Lurcher mice, which are characterized
by a degeneration of their Purkinje cells and therefore by a virtual
absence of the output from their cerebellar cortex [27,28].
Although not significant (p=0.2; Mann-Whitney U-test), the
impaired locomotion in the Lurcher mice on the Rotarod was
indeed milder than in the Pifla:cre;Robo3™" mice (Figure 7A).
On the more discriminative Erasmus Ladder [29], the difference
in motor performance between Piflazcre;Robo5™™ mice and
Lurcher mice was fully apparent (Figure 7C and 7D); both the step
time and the overall walking pattern (percentage of successful
walking trials) were highly significantly more affected in Pyfla::
cre;Robo3™'™ mice than in Lurcher mice (Pifl az:cre;Robo3™ ™ versus
Lurcher mice for step time in all sessions: p<<0.001, multiple
comparisons; for walking pattern in all sessions: p<<0.001; Mann-
Whitney U-test; see also Table S2). These findings indicate that the
level of cerebellar ataxia induced by rewiring the climbing fiber
projection is more severe than that caused by a functional loss of

mice were So

@ PLoS Biology | www.plosbiology.org

Dissecting Commissures with Robo3

the cerebellar cortex, suggesting a pathological dominant-negative
effect in the Pifla:cre;Robo3"™"™ mice. Despite this clear functional
phenotype, the size and foliation of the cerebellum was unaffected
in Pyflazcre;Robo3"™'"™ mice (Figure 7E-7]; n=3 mutants versus 3
controls). In addition, the distribution, morphology and immuno-
stainings of their Purkinje cells, molecular layer interneurons, and
granule cells (Figure S7) as well as the arborization of their
climbing fibers (Figure 7G and 7]) were unaffected.

When Dil was injected unilaterally in the cerebellum of
newborn controls, it retrogradely labeled IO neurons exclusively
on the side opposite to the injection in control mice (4 out of 4
cases; Figure 7K). In contrast, following injections in PifTa::cre;
Robo3"'" mice (8/8 cases; Figure 7L) about 67% of the Dil-
labeled 10 neurons were situated on the side of the injection,
whereas 33% of the olivary axons projected contralaterally
(Figure 7L). Immunolabeling of E13 Pyffa::cre;Robo3" "™ embryos
(n=4) with antibodies to Brn3.2, a marker of a large subset of IO
neurons, showed that, as previously described in Robo3™"~ mice,
the ipsilateral 10 projection did not result from a migration of IO
cell bodies across the midline (Figure S8). The use of multiple IO
neuron markers (Brn3.2, CaBP, BEN/SC1, CGRP) revealed that
the lamellar organization of the IO was perturbed in Pifla::cre;
Robo3""™ mice (n=4; Figure S8), whercas the mossy fiber inputs
and their neuronal sources developed normally (Figure S7).

To confirm that the ataxic behavior of Pifla::cre;Robo3™""* mice
can be primarily attributed to the ipsilateral rerouting of a majority
of olivocerebellar axons, we crossed these mice to a Tau-lox-Stop-
lox-mGFP-IRES-nis-lacZ knock-in line [30] (here, called Tau™%™.
Upon Cre recombination in neurons, the Stop cassette is excised,
leading to the permanent expression of a myristoylated GFP in
axons and of B-galactosidase (Bgal) in nuclei. This strategy made it
possible to identify the neurons that expressed Cre recombinase
in the Robo3lox background. In the inferior olive of Pifla::cre;
Robo3"'"* E16 embryos (n=3), we found that 87+2% of Brn3.2-
positive neurons also expressed Pgal, whereas the remaining
Brn3.2-positive neurons were completely negative for Pgal
(Figure 8A and 8B). This suggests that Cre is not expressed by
all IO neurons in the Pfla:cre line, and could explain the
maintenance of a contralateral contingent of IO axons in
Piflazcre;Robo3""™* animals (see Discussion). To find out whether
Cre was expressed by spinal cord commissural neurons during
midline crossing, we studied Pgal and GFP expression in thoracic
cross-sections of the spinal cord of E11-E13 Taw"“™ embryos at
the level of the forelimbs (n = 3; Figure 8C—-8L). We found that in
the spinal cord of Pifla:cre;Robo3™ " ; Tar"*™" E11-E13 embryos,
GFP-expressing axons were not immunoreactive for Robo3 and
that commissures were not GFP-positive, with the exception of a
very small ventral subset of axons (Figure 8). Interestingly, this
small subset of GFP axons still crossed the midline in Pifla::cre;
Robo3"™""; Tau“™ embryos (Figure 8; n=3). Moreover, Robo3-
immunoreactive commissural neurons did not express fgal (n=3
animals; unpublished data). The use of additional markers such as
TAG-1 and neurofilament confirmed that spinal cord commis-
sures were similar in control and PifIa::cre;Robo3™'"* E13 embryos
(Figure S9). As shown previously [31], in Piflazcre;Robo3"™;
Ta""™ E12-E16 embryos, we could not detect Bgal or GFP
expression in the main sources of mossy fiber projection, the
pontine neurons, the external cuneatus nucleus, or the lateral
reticular nucleus (unpublished data).

Discussion

We show that a Robo3-conditional allele can be used to
genetically disrupt distinct commissural projections and force
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Figure 7. Uncrossed inferior olivary axons cause ataxic gait. (A) Ptfla:cre;Robo3®”" mice are severely ataxic, which is demonstrated by a

very short latency to fall in the Rotarod test (n =7 mutants versus n=9 for controls). (B) Image of a 4-mo-old Ptf1a:cre;Robo3" ' mouse displaying
an ataxic gait. (C) The step time of Ptf1a:cre;Robo3'>/* mice (light blue; n=6) on the Erasmus Ladder is longer than in controls (violet and red; n=4;
p<<0.001; multiple comparisons) or in Lurcher mice (orange; p<<0.001; multiple comparisons). (D) Ptf1a:cre;Robo3 ' mice (light blue) also show
significantly less successful trials per session than Lurcher mice (orange) (p<<0.001 for all sessions; Mann-Whitney U-test, one-tailed). A trial was
defined as successful if the mice were able to walk on the ladder without disruption (twisting, turning, walking backwards, etc.). (E to J) The
morphology of the cerebellum in controls (E to G) and Ptfla:cre;Robo3"* mice (H to J) is comparable, and in both cases, their climbing fibers (the
terminal arbors of inferior olivary axons) innervate the cerebellar cortex. (F and I) The size of the cerebellum and its foliation are similar as shown on
sagittal sections of P32 control and Ptf1a::cre;Robo3'>/'° mice labeled with anti-calbindin antibodies and Hoechst. (G and J) VGLUT2-positive climbing
fibers properly innervate CaBP+ Purkinje cell dendrites. (K and L) Coronal sections of P1 mice with unilateral injection of Dil in the cerebellum. The
arrow marks the midline. In control (K), Dil-labeled inferior olivary (I0) neurons are exclusively found on the contralateral side, whereas in
Ptf1a:cre;Robo3' ™ mice (L), most 10 neurons are traced on the ipsilateral side, and their axons do not cross the midline. Scale bars represent
500 um except in (G and J), where they indicate 25 um, and in (K and L), where they indicate 150 um.

doi:10.1371/journal.pbio.1000325.g007

axons to project ipsilaterally. In all three systems studied here, reminiscent of those in the human HGPPS patients [12-15].
commissure rewiring induces severe and permanent dysfunction of Likewise, zebrafish Robo3 mutants exhibit oculomotor defect [38].
specific neuronal networks. Unlike surgical ablation of a given Since there is, to the best of our knowledge, no oculomotor center
commissure, this strategy ends up rewiring commissural neurons originating from r3, our results in mice indicate that commissural
on the ipsilateral side, but does not interrupt the activity of the projections from r3, most likely internuclear oculomotor connec-
targeted circuit. We show that for the systems studied here, tions, serve to facilitate large amplitude, compensatory eye
ipsilaterally rerouted axons still connect to their proper targets. movements in the horizontal plane. Our results also suggest that
Moreover, the fact that human HGPPS patients do not exhibit the absence of this commissure is one of the primary causes of the
major motor or cognitive impairments also suggests that the eye movement defects in HGPPS patients, who also suffer from a
ipsilateral axons are fully functional. However, it is difficult to link mutation in the Robo3 gene [11,12]. Accordingly, abducens motor
the observed behavioral phenotypes exclusively to the loss of axons project normally in Krox20::cre;Robo3™ /"™ mice. Moreover,
contralateral connectivity as there is also a rerouting in the we found that horizontal eye movements are not perturbed in
targeting of these neurons that potentially could cause novel and Islet] ::cre;Robo3"" mice, which lack Robo3 in abducens motor
perturbed neuronal signals leading to a defect, which is not caused neurons (unpublished data). These results do not exclude the
by the lack of commissural connections per se but rather by the possibility that oculomotor defects in HGPPS patients may also
new wiring. mvolve other supranuclear centers such as the pons and
Our results and others [8,9] suggest that Robo3 expression is cerebellum, which could henceforth be studied in transgenic mice
required for most, if not all, commissural axons to cross the floor by deleting Robo3 in appropriate regions using the conditional
plate throughout spinal cord and hindbrain. The persistence of allele.
commissural axons that continue to cross the floor plate in We show that in mice, in the absence of Robo3, the aVCN-
domains expected to express cre recombinase in the Robo3 MNTB projection is entirely uncrossed and that this results in
conditional lines presented here may be explained in a number strong defects in ABR. The most striking feature of ABRs in
of ways. In Kiox20::cre;Robo3"/"™* embryos, the few axons crossing Kiox20::cre;Robo3™/* mice is the presence on the ipsilateral side of
at r3 and r) level may originate from neurons located in adjacent a much-delayed wave III not followed by any later wave. This
rhombomeres as it is well known that many commissural axons abnormal wave III could involve wrongly rewired neurons, and its
extend rostrally and caudally before crossing [17,32], and that long delay suggests that the corresponding pathway does not
during development, mixing of neurons from adjacent rhombo- function in a strictly normal manner. Contralaterally, the
meres does occur [33,34] (one example is provided by facial persistence of waves identifiable as IIlc and IVc may be attributed
branchiomotor neurons that migrate from r4 to r6 [35]). Another to crossing pathways originating outside of r3—r5. Although there
reason for incomplete rerouting of commissural axons is that Cre are species differences in the organization of auditory circuits
recombinase may not be expressed by all r3/r5 neurons, as is the [39,40], our results suggest that the trapezoid body could be
case for 1O neurons in PYfTazcre;Robo3™™ knockout. Finally, cre uncrossed in HGPPS patients, at least partially. It will be of
might be expressed too late, after these commissural axons have interest to determine whether sound localization is perturbed in
crossed, an hypothesis we favor to explain the persistence of the HGPPS patients, some of whom also seem to have abnormal ABR
ventral subset of commissural axons in the spinal cord of [15,14].
Piflazere;Robo3™ ™ embryos. Interestingly, HGPPS patients have a hypoplastic pons, an
Although Robo3 is required for commissures to form in the uncrossed corticospinal tract [12,13], and most likely uncrossed
hindbrain and spinal cord, this receptor is not sufficient for spinal cord and interolivary commissures. Yet these patients are
crossing as it is also expressed by many noncommissural neurons still coordinated and not ataxic. This contrasts with the severe
in the forebrain and hindbrain [36], such as the abducens motor ataxic gait of PifIa:cre;Robo3™ "™ mice. In this mouse line, spinal
neurons that project ipsilaterally. This opposite behavior of some cord commissures and the corticospinal tract (unpublished data)
Robo3-expressing axons could be attributed to a differential do not seem to be affected, and among embryonic precerebellar
expression in commissural/noncommissural axons of Robo3 neurons, cre recombinase is only expressed by IO neurons and not
partners, possibly Robol and Robo2, or of a different Robo3 by mossy fiber projection neurons. Possibly, a selective reduction
isoform. A recent study has shown that two Robo3 splice variants of the interolivary commissure results in a more dramatic
that differ in their cytoplasmic tail have distinct activities (pro- locomotion impairment than a nonselective rewiring of multiple
crossing and anti-crossing) in axons [37]. parts of the motor system in which, presumably, the different parts
We found that deletion of Robo3 selectively in two hindbrain of the nervous system are ultimately still connected to the correct
rhombomeres, including that comprising the abducens nucleus, sides of the other relevant parts. Moreover, the selective reduction
yields mice that display selective horizontal eye movement defects of the interolivary commissure in the Piflaz:cre;Robo3"™"* mice also
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Bn3.2 al o Brn3.2 Bgal

Ptfi1a::cre;Robo3x+;
Taymere

Ptf1a::cre;Robo3° o, Taumer

Figure 8. Analysis of Ptfla::cre;Robo3'”°*:Tau™°” mice. (A and B) Coronal sections of the hindbrain at the level of inferior olive of E16
Ptfla:cre;Tau™ ™ embryo labeled with anti-Bgal and Brn3.2 antibodies. Some Brn3.2-positive neurons in the inferior olive do not express the fgal
(arrowheads and inset). (C-L) Coronal sections of the spinal cord at the level of the forelimbs in E13 Ptf1a:cre;Robo3'*:Tau™® (C-E, K, and L) or
Ptf1a:cre;Robo3' " Tau™ " (F-H, |, and J) embryos labeled with anti-GFP and anti-Robo3 antibodies. Most GFP-positive axons are in the dorsal
spinal cord, and only a small subset of GFP-positive axons (short arrows) cross the floor plate in Ptf1a:cre;Robo3*;Tau™™ (C and K) but do not
express Robo3 (E and L). This subset of GFP-positive commissural axons is still observed in Ptfla:cre;Robo3' "% Tau™* embryos (F and J). Scale bars
represent 100 um except in (B and |-L), where they indicate 50 um.

doi:10.1371/journal.pbio.1000325.9g008

results in a stronger locomotion impairment than mice without Many studies have shown that upon entering and crossing the
any cerebellar output (i.e., the Lurcher mice). This phenotype of the floor plate, commissural axons receive signals that induce major
Piflazere;Robo3™ ™ mice on the Erasmus Ladder can be explained and long-term modification of their behavior and prevent them
by the fact that the olivocerebellar system may operate in a push— from re-entering the midline. This is associated with a loss of
pull fashion [41], because converting the “pull” into a “push” by attraction for netrin-1 [42] involving DCGC silencing and DCC/
reversing the modulation of climbing fiber activities should indeed Robo dimerization [43], and an activation of Slit- and Sema-
result in a phenotype that is more severe than having no output of ~ phorin-mediated repulsion [44]. Moreover, there is also evidence
the cerebellar cortex at all. Thus, taken together, our results that the translation of some axon guidance receptors [45] or their
suggest that having only one component of a commissural circuit splicing is modulated by floor plate crossing [37]. However, it was
misrouted and uncrossed may be functionally worse than having not known if all these molecular changes were required for crossed
all of its components affected or having no output at all. axons to recognize and follow their correct pathway on the
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contralateral side and, more importantly, to reach their final target
cells. Our results suggest that even in the absence of midline
crossing, both olivocerebellar axons and aVCN axons still contact
their appropriate target neurons (Purkinje cells and MNTB,
respectively), but on the ipsilateral rather than on the contralateral
side. These findings raise the possibility that midline crossing in
general may not have a major function in axon guidance after
crossing, and that its major importance is only to allow, at a
physiological level, the integration of inputs coming from both
sides of the nervous system. Future studies will have to confirm this
at other axial levels and in other phyla like Protostomia.

Materials and Methods

Mouse Lines

C57BL/6 mice (Janvier) were used for expression studies. Mice
were anesthetized with isofluorane (Abbott). The day of vaginal
plug is embryonic day 0 (EO), and the day of birth corresponds to
postnatal day 0 (P0).

The Robo3 conditional knockout mouse line was established at
the MCI/ICS (Mouse Clinical Institute-Institut Clinique de la
Souris, Illkirch, France; http://www-mci.u-strasbg.fr). To gener-
ate the Robo3 conditional knockout, the targeting vector was
constructed as follows. Three fragments of 5.1, 1.1, and 3.7 kb
(respectively, the 5, floxed, and 3’ arms) were amplified by PCR
using 129S52/SvPas DNA as template and sequentially subcloned
in an MCI proprietary vector. This MCI vector has a floxed
neomycin resistance cassette. The linearized construct was
electroporated in 129S2/SvPas mouse embryonic stem (ES) cells.
After selection, targeted clones were identified by PCR using
external primers and further confirmed by Southern blot with 5’
and 3’ external probes. Two positive ES clones were injected into
C57BL/6] blastocysts, and derived male chimaeras gave germline
transmission. The Robo3-null knockout line was described
previously [9]. Briefly, it consists on a knock-in of the GFP gene
into the first exon of Robo3, leading to the expression of the GFP by
Robo3-expressing cells. However, the GFP signal is too weak to be
seen without the use of an anti-GFP antibody. The Hb9::GFP mice
have a transgene containing a 9-kb-long region of the Hb9
promoter that drives eGFP expression in all postmitotic somatic
motor neurons [18]. The GFP signal is bright enough to be seen
directly. The Pyfla:cre and KRrox20:cre knock-in lines were
previously described [16,26]. Homozygous Kiox20”" are em-
bryonic lethal and were therefore maintained as heterozygous for
Cre. The Ta"“™ knock-in line was obtained by replacing the
coding sequence of the Tau gene by a lox-Stop-lox-mGFP-IRES-nls-
lacg cassette [30]. Unless otherwise mentioned, controls were
Robo3™"~ or Robo3"*"* animals or double heterozygotes that were
always found to be undistinguishable from wild-type mice. All
mice were genotyped by PCR (see Table S3 for primer sequences).
All animal procedures were carried out in accordance with
institutional guidelines (UPMC and INSERM).

Histology and Immunocytochemistry

Embryos and mice were processed as described previously [46].
Tissue sections and whole-mount embryos were hybridized with
digoxygenin-labeled riboprobes as described previously [46].

The following primary antibodies were used: mouse anti-CaBP
(1:2,000, Swant), mouse anti-neurofilament (1:1,000, gift from
Virginia M.-Y. Lee, Philadelphia, PA), mouse anti-Isletl (1:100,
Developmental Studies Hybridoma Bank, University of Iowa),
mouse anti-parvalbumin (1:1,000, Swant), mouse anti-Robo3
(1:200, R&D which recognizes the N-terminal domain of Robo3),
guinea pig anti-VGLUT2 (1:1,000, Millipore), rabbit anti-Hb9
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(1:1,000, Abcam), rabbit anti-CGRP (1:1,000, Peninsula), rabbit
anti-GIP (1:300, Invitrogen), rabbit anti-Tagl (1:3,000, gift from
Dr. Domna Karagogeos, University of Crete Medical School,
Heraklion, Greece), rabbit anti-CaBP (1:5,000, Swant), rabbit
anti-pGal (1:1,000, Cappel), goat anti-mouse Alcam (1:200, R&D),
goat anti-Brn3.2 (1:200, Santa Cruz Biotechnology), goat anti-
Robo3 (1:300, R&D), goat anti-ChAT (1:400, Millipore), and
chicken anti-GFP (1:800, Abcam). The following secondary
antibodies were used: donkey anti-goat, anti-mouse, anti-rabbit,
and anti-guinea pig coupled to CY3 or CY5 (1:600, Jackson
Laboratories), donkey anti-goat, anti-mouse, anti-rabbit and anti-
chicken coupled to Alexa Fluor 488 (1:600, Invitrogen). Sections
counterstained with Hoechst 33258 (10 ug ml™ !, Sigma) were
examined with a fluorescent microscope (DM6000, Leica) coupled
to a CoolSnapHQ camera (Roper Scientific) or a confocal
microscope (FV1000, Olympus).

Quantifications

The number of abducens motor neurons was quantified on 20-
um coronal sections of adult hindbrain double labeled with anti-
ChAT and anti-Hb9. Neurons were counted on alternating
sections and counts multiplied by two to better reflect the total
number of neurons in each abducens nucleus.

Di-labeled IO neurons were counted as follows: on every section
containing the inferior olive, four confocal optic planes were
acquired (two on the contralateral side and two on the ipsilateral
side), and only the cells showing circle-shaped Dil labeling were
counted as positive (see Figure S8). The percentage of ipsilateral
and contralateral neurons represents the number of ipsilateral- or
contralateral-labeled neurons divided by the total number of
traced neurons on both sides.

The percentage of (Bgal—; Brn3.2+) olivary neurons was
calculated as the ratio of (Bgal—; Brn3.2+) on (Bgal+; Brn3.2+)
neurons. Immunolabeled nuclei were counted on 20-pum sections
of E16 inferior olives (one section out of five was considered from
three embryos).

The number of Dil-labeled calyces of Held were counted from
stacked confocal planes (step size: 1.16 pm) encompassing 50 um
of 100-um vibratome sections, on all the sections containing the
MNTB. Only typical “moon crescent’—shaped objects were
counted as calyces (see Figure 6E and 6G). Quantification in the
text are given as the number of calyces per nuclei (only one side)
per animal. This number is an underestimate of the real number of
calyces, because the confocal stack does not encompass the entire
section.

In Situ Hybridization

Antisense riboprobes were labeled with digoxigenin-11-D-UTP
(Roche Diagnostics) as described previously [46] by in vitro
transcription of cDNAs encoding Robo3 [8], Barhll [47], Skt1-Skt3
[46], Netrinl [48], and Shk [49]. A mouse Robo3 cDNA specific for
exons 12-14 was amplified by PCR with the following primers: 5'-
CGGAATTCTGGTATTCAGTGATGACCCC-3" and 5'-GC-
TCTAGAACAGCAGCCTATCTAGGCCA-3" and cloned into
pBluescript vector. The anti-sense probe was synthesized in vitro
by digesting the construct with Xbal and using T7 RNA pol-
ymerase. Control sense probe yielded no signal.

Dil Tracing

The 4% PFA-fixed embryos or postnatal animals were injected
with small crystals of Dil (Molecular Probes) using glass
micropipettes. Injected brains were kept at 37°C for 1 wk
(@VCN-MNTB and VI-III commissures) to 3 wk (olivocerebellar
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projection). Brains were cut in 100-um sections with a vibratome
(Leica) and counterstained with Hoechst.

Eye Movement Recordings

Mice were placed in a restrainer, fixed onto the center of a
turntable, facing a cylindrical screen, and their OKR and VOR
measured as previously described [19]. See Text S1 for a detailed
description of this procedure.

Rotarod Training

Mice were placed on the cylinder of a Rotarod apparatus
(model 7650, Ugo Basile Biological Research Apparatus) that
rotated at four turns per minute, and the time the mice spent on
top of the cylinder was recorded. After 300 s, the recording was
ended. The animals were tested twice, and between the sessions,
there was a 60-min break during which the mice rested in their
cages. Mean values of the two trials were calculated for each
animal. The Mann-Whitney test was used for statistical analyses
(»p<<0.05 was considered significant).

Erasmus Ladder

The Erasmus ladder [29] is a fully automated system designed
to screen motor performance and motor learning. It consists of a
horizontal ladder that is composed of 2x37 rungs (pressure
sensors) and is situated between two sheltered boxes equipped with
pressurized air outlets. In order to test motor performance
Pifla::cre;Robo3™"™ mice (n=6) and their littermates (n=4) were
placed in one of the shelters. After a randomized delay of 9-12 s,
the light was turned on in the box, automatically followed after 3 s
by an air puff from the pressurized air outlet, encouraging the
mice to leave the shelter and walk across the ladder to the shelter
on the other side, where the procedure was repeated. The paw
placement and overall step time (the time needed to transfer the
paw from one sensor to the other) was recorded for each trial in
real time using the pressure sensors. One trial was defined as a
crossing from one shelter to another. A trial was regarded
successful if the mice walked with a consistent pattern, touching
the pressure sensors with all paws, and with no disruptions such as
rearing, twisting, or turning around. One session consisted of at
least 20 trails.

Recordings of Auditory Brainstem-Evoked Responses
Mice were anesthetized with a mixture of ketamine and
levomepromazine. ABRs were collected between subcutaneous
needle electrodes inserted at the vertex and mastoids on both sides,
with the ground electrode in the back (see Text S1). Sound stimuli
were short broadband clicks and frequency-specific tone-bursts
(two-period rise—fall, 20-period plateau, frequency 5, 10, 15, 20,
32, and 40 kHz) presented at a repetition rate of 17 per second,
the sound level varying in 5-dB steps from 10 to 90 dB SPL (with
0 dB SPL=2.10"> N.m ™). The responses from the electrodes
were amplified (x100,000), filtered (10-3,000 Hz), digitally
converted and averaged (x500) by a computerized data-
acquisition system. On the ipsilateral side, wave I reflects the
activity of spiral ganglion cells. Later waves II, III, and IV are
ascribed to the sequential activation of more and more central
neural generators. On the contralateral side, a short latency wave
was observed similar to ipsilateral wave I (Figure 6H), which
precluded its being due to the activation of neural pathways
contralateral to the stimulus and was thus likely due to remote
detection of responses from the ipsilateral spiral ganglion through
electrically conductive neck tissues. The total absence of any
deflection in the contralateral ABRs at the latency corresponding
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to ipsilateral wave II indicates that the artifact affecting this short
latency contralateral wave did not come into play for later waves.

Statistical Analysis

Unless mentioned in the text, results are presented as
means*standard deviation (sd). All differences of the means
between two sample sets were assessed by two-tailed Student #test
with Welsh hypothesis (unequal variances) or a Mann-Whitney U-
test, as appropriate, except for the eye movement results. There
curves were first tested with an ANOVA for repeated measure-
ments for significant differences, and only for the different curves a
Student ttest was used to identify significantly different points.
Statistics were carried out with R software (http://www.r-project.
org/).

Supporting Information

Figure S1 Schematic representation of the oculomotor
system involved in lateral eye movement. (A) In controls,
lateral eye movements are controlled by two pairs of cranial motor
nuclei, the abducens (VI, green) and the oculomotor (III, red),
projecting ipsilaterally to the lateral rectus muscle (LR) and medial
rectus muscle (MR) respectively. Conjugate eye movement
involves a commissural connection (arrow) between VI nucleus
interneurons (black) and nucleus III. (B) In Robo5-null embryos and
Kiox20::cre;Robo3™/™™ mutants, the IIT and VI still project to the
correct muscle, but the internuclear commissure is severely
reduced. It is still unknown whether VI interneurons innervate
the ipsilateral nucleus III.

Found at: doi:10.1371/journal.pbio.1000325.s001 (0.30 MB TTF)

Figure S2 Generation of a Robo3 conditional allele. (A)
To generate the Robo3 conditional allele, loxP sites were inserted
around exons 12, 13, and 14 of the Robo3 gene. Cre excision of
exons 12-14 generates a Robo3 protein interrupted at the
beginning of the second fibronectin type III repeat. This truncated
Robo3 protein, which lacks the transmembrane and cytoplasmic
domains, is unable to act as a receptor. (B) Sequence of the
conditional Robo3 allele around the loxP sites in the targeting
vector. The exons are in red, the primers used for genotyping in
green, the loxP sites in blue, and the Frt sites in violet.

Found at: doi:10.1371/journal.pbio.1000325.s002 (1.88 MB TTF)

Figure S3 Expression pattern of midline-derived axon
guidance factors. Coronal sections at the level of rhombomere
5 of E11 embryos hybridized with riboprobes for Netrinl (A and C),
Shh (C and D), Skt! (E and F), Skt2 (G and H), and S5 (I and ).
The expression pattern is similar in controls and Krox20::cre;
Robo3"</ embryos. Controls are either Robo3" "™ (Netrin1, Shh,
Slitl) or krox20:cre;Robo3™* (Shit2, Skit3). Scale bars represent
50 pum.

Found at: doi:10.1371/journal.pbio.1000325.s003 (3.82 MB TIF)

Figure S4 Normal expression of motoneuron markers.
Coronal sections at the level of the abducens nuclei of adult (A-B’)
and E13 (C-D) control (A, A’, and C) and Krox20::cre;Robo3"*"*
(B, B’, and D) animals. (A-B’) In both cases, abducens
motoneurons are immunoreactive for ChAT (A and B) and
CGRP (A’ and B’). (C and D) They also express isletl
(arrowheads). Note the abnormal shape and position of the
abducens nuclei in Kiox20:cre;Robo3""™" mutants. Scale bars
represent 50 um, except in (C and D), where they indicate 70 um.
Found at: doi:10.1371/journal.pbio.1000325.s004 (1.08 MB TTF)

Figure S5 Reduced internuclear commissure in Robo3-
deficient mice. (A-T) Coronal section of PO brains immuno-
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stained with Hb9 following Dil tracing of the VI-III internuclear
connection. In controls (A and B), the internuclear commissure is
strongly labeled (arrow), and Dil-labeled cells are observed at the
level of the abducens nucleus (VI). (C and D) In Krox20::cre;
Robo3"/" mutants, the Dil-labeled internuclear commissure is
severely reduced. Some Dil-labeled fibers are still found on the
contralateral side, but no cells are traced in the vicinity of the
abducens nucleus. In Robo3~ '~ knockout (E and F), the
commissure is almost completely absent. No cells are traced on
the contralateral side. Scale bars represent 100 pm.

Found at: doi:10.1371/journal.pbio.1000325.s005 (1.87 MB TTF)

Figure S6 ABR thresholds and binaural difference in
control and Krox20::cre;Robo3"°*'** mice. (A) The detec-
tion thresholds of ABR did not significantly differ in Krox20::cre;
Robo3"/™ versus control mice and remained in the normal range
from 5-40 kHz. (B) The binaural-difference wave complex
resulting from the fact that the late ABR waves in response to a
diotic stimulus are smaller than the sum of waves in response to
stimuli in either the right or the left side (see Materials and
Methods), was still present in mutants, with similar amplitudes and
latencies. It suggests that at least part of the functional coupling of
left and right signals remained present in Kiox20::cre;Robo3" "
mice, likely in relation to commissural neurons outside r3 and r5.
(C and D) Schematic representation of the auditory pathway in
control (C) and Kiox20::cre;Robo3"'"™ mice (D). (G) Auditory inputs
(red arrowheads) from the hair cells are transmitted to neurons of
the spiral ganglion that project ipsilaterally into the brainstem on
globular bushy cells in the anterior part of the ventral cochlear
nucleus (aVCN). In controls, these cells send large-diameter axons
to the contralateral medial nucleus of the trapezoid body (MN'TB),
forming calyces of Held synapses (arrow). MNTB neurons then
project to the lateral superior olive (SO). In Kiox20::cre;Robo3" "
mice, globular bushy cell axons only project to the ipsilateral
MNTB but still form calyces. (C) is adapted from [4]

Found at: doi:10.1371/journal.pbio.1000325.s006 (0.63 MB TTF)

Figure S7 Normal cerebellar cortex and pontine nuclei
in Ptfla::cre;Robo3°*/"** mice (A-D) Sagittal sections of the
cerebellar cortex of P32 control (A and C) and Piflazcre;Robo3"™ "™
mice (B and D) labeled with antibodies against parvalbumin (Parv)
and calbindin (CaBP) and counterstained with Hoechst. Purkinje
cells coexpress the two proteins, whereas molecular layer
interneurons only express parvalbumin. (C and D) were obtained
by subtraction of the calbindin channel (green) from the
parvalbumin channel (red). The morphology of Purkinje cells
and the density of molecular layer interneurons are similar. (E and
T) show a ventral view of whole-mount hindbrain of E15 embryos
hybridized with Barhll riboprobe. The stream of migrating
pontine neurons (arrowheads) is comparable. Scale bars represent
25 pum, except in (E and F), where they indicate 500 um

Found at: doi:10.1371/journal.pbio.1000325.s007 (2.25 MB TTF)

Figure S8 Phenotype of inferior olivary neurons in
Ptfla::cre;Robo3"*’'* mice. (A-F) Coronal sections of PO
(A, B, D, and E) and E13.5 (C and F) hindbrain at the level of the
inferior olive labeled with Brn3.2 (A-F) and calbindin (A and D).
The structure of the inferior olivary nucleus is disorganized in
Pif1a::cre;Robo3"' " mice (compare [A and B] with [D and E]), and
many of its subdivisions have an abnormal shape. The arrows in
(D) show the position of dorsal cap of Kooy (DC in [A]) and the B-
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nucleus (B in [A]) neurons, and the arrows in (E) indicate the
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of Dil-labeled IO neurons in control PO mouse with Hoechst
counterstaining. (H and I) Schematic representation of the
olivocerebellar projection in control (H) and PyfIaz:cre;Robo3" "
mice (I). In control, all IO neurons project across the ventral
midline to the contralateral cerebellum (Cer) where their terminal
arborization, the climbing fibers (CF), synapse on Purkinje cells. In
Pifla:cre;Robo3™ "™ mice, most 10 axons project into the
ipsilateral cerebellar cortex. Scale bars represent 100 pm, except
in (G), where it indicates 20 um a, b, and c indicate the subnuclei
a, b, and c, respectively, of the MAO. DAO, dorsal accessory
olive; DC, Dorsal Cap of Kooy; MAO, medial accessory olive.

Found at: doi:10.1371/journal.pbio.1000325.5008 (3.31 MB
DOC)
Figure 89 Normal spinal cord commissures in Pifla::

cre;Robo3°*''°* embryos. (A-H) are coronal sections of the
spinal cord of E13 embryos immunolabeled with neurofilament
and Robo3 (A, B, E, and F) or TAG-1 and Robo3 (C, D, G, and
H). Commissures are not reduced and still express Robo3 in
Pifla::cre;Robo3"'"™ mice. Scale bars represent 200 pm.

Found at: doi:10.1371/journal.pbio.1000325.s009 (2.74 MB TTF)

Table S1

Found at: doi:10.1371/journal.pbio.1000325.s010 (0.44 MB PDF)
Table S2

Found at: doi:10.1371/journal.pbio.1000325.5s011 (1.59 MB PDF)
Table S3

Found at: doi:10.1371/journal.pbio.1000325.s012 (0.02 MB
DOC)

Text S1 Supplemental Methods. Eye movement and ABR
recordings.

Found at: doi:10.1371/journal.pbio.1000325.5013 (0.02 MB
DOC)

Video S1 Ataxic gait of Ptfla::cre;Robo3"*’"** mice. Two
P15 littermates: the Pyl a:.'cre;Robob’l’”/)r mouse walks normally,
whereas the Pifla::cre;Robo3™"* mouse has an ataxic gait.

Found at: doi:10.1371/journal.pbio.1000325.5014 (1.36 MB
MOV)
Acknowledgments

We thank Chris Wright for the gift of the Pif7a::cre line, Tom Jessell for the
Hb9::GFP line, Patrick Charnay for the Krox20::cre line, Silvia Arber for the
tau” " line, and Dr. Jean Livet and Filippo Rijli for helpful discussions.
We also thank Dr MLF. Vinueza Veloz for helping with the analysis of the
Erasmus Ladder data.

Author Contributions

The author(s) have made the following declarations about their
contributions: Conceived and designed the experiments: NR MTL PA
CIDZ AC. Performed the experiments: NR MS FG AB PA. Analyzed the
data: NR MS FG AB PA CIDZ AC. Wrote the paper: NR MS MTL PA
CIDZ AC.

2. Williams SE, Mason CA, Herrera E (2004) The optic chiasm as a midline choice
point. Curr Opin Neurobiol 14: 51-60.

March 2010 | Volume 8 | Issue 3 | 1000325



o

20.

21.

22.

23.

24.

Sperry R (1982) Some effects of disconnecting the cerebral hemispheres. Science
217: 1223-1226.

. Buchwald JS, Huang C (1975) Far-field acoustic response: origins in the cat.

Science 189: 382-384.

. Goodman CS (1994) The likeness of being: phylogenetically conserved

molecular mechanisms of growth cone guidance. Cell 78: 353-356.

. Dickson BJ, Senti KA (2002) Axon guidance: growth cones make an unexpected

turn. Curr Biol 12: R218-220.

. Yang L, Garbe DS, Bashaw GJ (2009) A frazzled/DCC-dependent transcrip-

tional switch regulates midline axon guidance. Science 324: 944-947.

. Marillat V, Sabatier C, Failli V, Matsunaga E, Sotelo C, et al. (2004) The slit

receptor Rig-1/Robo3 controls midline crossing by hindbrain precerebellar
neurons and axons. Neuron 43: 69-79.

Sabatier C, Plump AS, Le M, Brose K, Tamada A, et al. (2004) The divergent
Robo family protein rig-1/Robo3 is a negative regulator of slit responsiveness
required for midline crossing by commissural axons. Cell 117: 157-169.

. Yuan SS, Cox LA, Dasika GK, Lee EY (1999) Cloning and functional studies of

a novel gene aberrantly expressed in RB-deficient embryos. Dev Biol 207:
62-75.

. Bosley TM, Salih MA, Jen JC, Lin DD, Opystreck D, et al. (2005) Neurologic

features of horizontal gaze palsy and progressive scoliosis with mutations in

ROBOS3. Neurology 64: 1196-1203.

. Jen JC, Chan WM, Bosley TM, Wan ], Carr JR, et al. (2004) Mutations in a

human ROBO gene disrupt hindbrain axon pathway crossing and morpho-
genesis. Science 304: 1509-1513.

. Haller S, Wetzel SG, Lutschg J (2008) Functional MRI, DTT and neurophys-

iology in horizontal gaze palsy with progressive scoliosis. Neuroradiology 50:
453-459.

. Amoiridis G, Tzagournissakis M, Christodoulou P, Karampekios S, Latsoudis H,

et al. (2006) Patients with horizontal gaze palsy and progressive scoliosis due to
ROBO3 E319K mutation have both uncrossed and crossed central nervous
system pathways and perform normally on neuropsychological testing. J Neurol
Neurosurg Psychiatry 77: 1047-1053.

. Engle EC (2007) Oculomotility disorders arising from disruptions in brainstem

motor neuron development. Arch Neurol 64: 633-637.

. Voiculescu O, Charnay P, Schneider-Maunoury S (2000) Expression pattern of

a Krox-20/Cre knock-in allele in the developing hindbrain, bones, and
peripheral nervous system. Genesis 26: 123-126.

. Clarke JD, Lumsden A (1993) Segmental repetition of neuronal phenotype sets

in the chick embryo hindbrain. Development 118: 151-162.

. Wilson JM, Hartley R, Maxwell DJ, Todd AJ, Lieberam I, et al. (2005)

Conditional rhythmicity of ventral spinal interneurons defined by expression of
the Hb9 homeodomain protein. J Neurosci 25: 5710-5719.

Stahl JS, van Alphen AM, De Zeeuw CI (2000) A comparison of video and
magnetic search coil recordings of mouse eye movements. J Neurosci Methods
99: 101-110.

van Alphen AM, Stahl JS, De Zeeuw CI (2001) The dynamic characteristics of
the mouse horizontal vestibulo-ocular and optokinetic response. Brain Res 890:
296-305.

Cant NB, Benson CG (2003) Parallel auditory pathways: projection patterns of
the different neuronal populations in the dorsal and ventral cochlear nuclei.
Brain Res Bull 60: 457-474.

Howell DM, Morgan W], Jarjour AA, Spirou GA, Berrebi AS, et al. (2007)
Molecular guidance cues necessary for axon pathfinding from the ventral
cochlear nucleus. J Comp Neurol 504: 533-549.

Farago AF, Awatramani RB, Dymecki SM (2006) Assembly of the brainstem
cochlear nuclear complex is revealed by intersectional and subtractive genetic
fate maps. Neuron 50: 205-218.

Hsiech CY, Hong CT, Cramer KS (2007) Deletion of EphA4 enhances
deafferentation-induced ipsilateral sprouting in auditory brainstem projections.
J Comp Neurol 504: 508-518.

. Delmaghani S, del Castillo EJ, Michel V, Leibovici M, Aghaie A, et al. (2006)

Mutations in the gene encoding pejvakin, a newly identified protein of the
afferent auditory pathway, cause DFNB39 auditory neuropathy. Nat Genet 38:
770-778.

@ PLoS Biology | www.plosbiology.org

15

26.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

Dissecting Commissures with Robo3

Kawaguchi Y, Cooper B, Gannon M, Ray M, MacDonald R], et al. (2002) The
role of the transcriptional regulator Ptfla in converting intestinal to pancreatic
progenitors. Nat Genet 32: 128-134.

. Cendelin J, Korelusova I, Vozeh F (2008) The effect of repeated rotarod training

on motor skills and spatial learning ability in Lurcher mutant mice. Behav Brain
Res 189: 65-74.

. Wilson DB (1976) Histological defects in the cerebellum of adult lurcher (Lc)

mice. ] Neuropathol Exp Neurol 35: 40-45.

. Van Der Giessen RS, Koekkoek SK, van Dorp S, De Gruijl JR, Cupido A, et al.

(2008) Role of olivary electrical coupling in cerebellar motor learning. Neuron

58: 599-612.

. Hippenmeyer S, Vrieseling E, Sigrist M, Portmann T, Laengle C, et al. (2005) A

developmental switch in the response of DRG neurons to ETS transcription
factor signaling. PLoS Biol 3: €159. doi:10.1371/journal.pbio.0030159.

. Yamada M, Terao M, Terashima T, Fujiyama T, Kawaguchi Y, et al. (2007)

Origin of climbing fiber neurons and their developmental dependence on Ptfla.
J Neurosci 27: 10924-10934.

Goulding M (2009) Circuits controlling vertebrate locomotion: moving in a new
direction. Nat Rev Neurosci 10: 507-518.

. Birgbauer E, Fraser SE (1994) Violation of cell lineage restriction compartments

in the chick hindbrain. Development 120: 1347-1356.

. Cambronero F, Puelles L (2000) Rostrocaudal nuclear relationships in the avian

medulla oblongata: a fate map with quail chick chimeras. J Comp Neurol 427:
522-545.

Song MR, Shirasaki R, Cai CL, Ruiz EC, Evans SM, et al. (2006) T-Box
transcription factor Thx20 regulates a genetic program for cranial motor neuron
cell body migration. Development 133: 4945-4955.

Barber M, Di Meglio T, Andrews WD, Hernandez-Miranda LR, Murakami F,
et al. (2009) The role of Robo3 in the development of cortical interneurons.
Cereb Cortex 19: 122-431.

Chen Z, Gore BB, Long H, Ma L, Tessier-Lavigne M (2008) Alternative splicing
of the Robo3 axon guidance receptor governs the midline switch from attraction
to repulsion. Neuron 58: 325-332.

Burgess HA, Johnson SL, Granato M (2009) Unidirectional startle responses and
disrupted left-right co-ordination of motor behaviors in robo3 mutant zebrafish.
Genes Brain Behav 8: 500-511.

Irving R, Harrison JM (1967) The superior olivary complex and audition: a
comparative study. J Comp Neurol 130: 77-86.

Melcher JR, Kiang NY (1996) Generators of the brainstem auditory evoked
potential in cat. IIL: identified cell populations. Hear Res 93: 52-71.

De Zeeuw CI, Koekkoek SKE, van Alphen AM, Luo C, Hoebeek F, van der
Steen J, et al. (2004) Gain and phase control of compensatory eye movements by
the vestibulo-cerebellar system. In: Highstein SM, Fay RR, Popper AN, eds. The
Vestibular System. New York (New York): Springer. pp 375-421.

Shirasaki R, Katsumata R, Murakami F (1998) Change in chemoattractant
responsiveness of developing axons at an intermediate target. Science 279:
105-107.

Stein E, Tessier-Lavigne M (2001) Hierarchical organization of guidance
receptors: silencing of netrin attraction by slit through a Robo/DCC receptor
complex. Science 291: 1928-1938.

Zou Y, Stoeckli E, Chen H, Tessier-Lavigne M (2000) Squeezing axons out of
the gray matter: a role for slit and semaphorin proteins from midline and ventral
spinal cord. Cell 102: 363-375.

. Brittis PA, Lu Q, Flanagan JG (2002) Axonal protein synthesis provides a

mechanism for localized regulation at an intermediate target. Cell 110: 223-235.
Marillat V, Cases O, Nguyen-Ba-Charvet KT, Tessier-Lavigne M, Sotelo C,
et al. (2002) Spatiotemporal expression patterns of slit and robo genes in the rat
brain. J Comp Neurol 442: 130-155.

Li S, Qiu F, Xu A, Price SM, Xiang M (2004) Barhll regulates migration and
survival of cerebellar granule cells by controlling expression of the neurotrophin-
3 gene. J Neurosci 24: 3104-3114.

Serafini T, Kennedy TE, Galko MJ, Mirzayan C, Jessell TM, et al. (1994) The
netrins define a family of axon outgrowth-promoting proteins homologous to C.
clegans UNC-6. Cell 78: 409-424.

Charron F, Stein E, Jeong J, McMahon AP, Tessier-Lavigne M (2003) The
morphogen sonic hedgehog is an axonal chemoattractant that collaborates with
netrin-1 in midline axon guidance. Cell 113: 11-23.

March 2010 | Volume 8 | Issue 3 | 1000325



