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The UNC5C Netrin Receptor Regulates Dorsal Guidance of
Mouse Hindbrain Axons

Doyeun Kim and Susan L. Ackerman
Howard Hughes Medical Institute and The Jackson Laboratory, Bar Harbor, Maine 04609

The cerebellum receives its input from multiple precerebellar nuclei located in the brainstem and sends processed information to other
brain structures via the deep cerebellar neurons. Guidance molecules that regulate the complex migrations of precerebellar neurons and
theinitial guidance of their leading processes have been identified. However, the molecules necessary for dorsal guidance of precerebellar
axons to the developing cerebellum or for guidance of decussating axons of the deep nuclei are not known. To determine whether Unc5¢
playsarolein the dorsal guidance of precerebellar and deep cerebellar axons, we studied axonal trajectories of these neurons in Unc5¢ '~
mice. Our results show that Unc5c is expressed broadly in the precerebellar and deep cerebellar neurons. Unc5c deletion disrupted
long-range dorsal guidance of inferior olivary and pontine axons after crossing the midline. In addition, dorsal guidance of the axons
from the medial deep cerebellar and external cuneate neurons was affected in Unc5c ~'~ mice, as were anterior migrations of pontine
neurons. Coincident with the guidance defects of their axons, degeneration of neurons in the external cuneate nucleus and subdivisions

of the inferior olivary nucleus was observed in Unc5c ™/

neurons by the Atohl promoter rescued defects of the medial deep cerebellar and pontine axons observed in Unc5c ™

~ mice. Lastly, transgenic expression of Unc5c in deep neurons and pontine

'~ embryos,

demonstrating that Unc5c acts cell autonomously in the guidance of these axons. Our results suggest that Unc5c plays a broad role in

dorsal guidance of axons in the developing hindbrain.

Introduction
The cerebellum processes information received from precerebel-
lar neurons in the brainstem and conveys this information to
other brain areas. The circuitry of the cerebellar system is de-
veloped through complicated steps of neuronal and axonal
migrations. Precerebellar axons, as well as some soma, migrate
ventrally and cross midline. These axons continue moving dor-
sally to project to contralateral cerebellum (Altman and Bayer,
1987a,b,c; Sotelo, 2004). Within the cerebellum, the direction of
axonal projections of the deep cerebellar neurons (DCNs) corre-
lates with their future position. Axons from lateral/intermediate
deep neurons extend ventrally out of the cerebellum via the su-
perior cerebellar peduncle (SCP) and project to target neurons in
the thalamus. In contrast, axons from medial deep neurons mi-
grate dorsally, crossing the cerebellar midline via the hook bundle
to project to their targets in the brainstem (Altman and Bayer,
1985).

Molecular determinants of some of these complex events in
vivo have been demonstrated using knock-out mice. Both
netrin-1 and its receptor DCC and members of the Slit/Robo
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guidance system have been shown to regulate the ventral guid-
ance and midline crossing of precerebellar neurons and their
axons (Bloch-Gallego et al., 1999; Causeret et al., 2002; Marillat et
al., 2004; Di Meglio et al., 2008; Marcos et al., 2009). Similarly,
ventral guidance and/or crossing of migrating axons of lateral/
intermediate deep neurons have been shown to be under RIG-1/
ROBO1/2 control (Tamada et al., 2008).

In contrast to our understanding of ventral axon guidance
mechanisms in the nervous system, the molecular cues responsi-
ble for dorsally directed axon guidance, including that of the
precerebellar and hook bundle axons, are largely unknown. Like
attraction, dorsal repulsion has been suggested to be driven by
cues derived from the floor plate (Serafini et al., 1996; Shirasaki et
al., 1996). In addition, studies in invertebrates suggest that differ-
ent mechanisms exist for dorsal repulsion of axons depending on
the distance of the growth cones from the floor plate (Keleman
and Dickson, 2001; MacNeil et al., 2009). By extension to verte-
brates, many hindbrain axons require long-range repulsion from
the floor plate, depending on their axonal trajectories and the
location of their soma. In contrast, distinct molecular mecha-
nisms might govern the short-range repulsion of spinal commis-
sural axons from the floor plate (Long et al., 2004; Jaworski et al.,
2010).

Unc5c is a repulsive receptor for netrin, a bifunctional axon
guidance cue (Hong et al., 1999). Here, we demonstrate that
Unc5cis expressed widely in precerebellar and cerebellar neurons
and is necessary for dorsal guidance of their axons. First, we dem-
onstrate that Unc5cis required for the long-range dorsal guidance
of axons of the inferior olivary (IO) neurons and pontine neurons
after crossing midline. We also show that axons of Uncsc ™'~
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external cuneate neurons fail to navigate the dorsal turn that is
necessary for their projection to the cerebellum. Further, Unc5¢
disruption leads to migration defects of the pontine neurons.
Lastly, we demonstrate that Unc5cis required for the initial dorsal
guidance of the hook bundle. Together, our results demonstrate
that Unc5c plays a major role in hindbrain development via its
function in dorsal axonal guidance.

Materials and Methods

Mice. C57BL/6] (B6);SJL Unc5c ~'~ mice were generated by backcrossing
F1 Unc5¢™’~ mice obtained from a B6.Unc5c ™/~ X SJL/] mating to
B6.Unc5¢ ™~ mice. These mice were used for all experiments involving
adult mice, and both male and female mice were used. B6.Unc5¢ '~ mice
were used for all experiments involving embryos or neonates [the latter
designated as postnatal day 0 (P0)] and were obtained from heterozygous
matings. Embryos were generated by timed matings, and the day on
which a vaginal plug was detected was designated as embryonic day 0.5
(E0.5). B6.129S7-Atoh1""*"*°[] (Atoh1"*“’*) and Atohl/tauGFP trans-
genic mice (TgAtohl-tauGFP) were obtained from The Jackson Labora-
tory and Dr. Jane Johnson (University of Texas Southwestern Medical
Center, Dallas, TX), respectively (Imondi et al., 2007).

To express Unc5c in Atohl-expressing neurons, a transgenic construct
was made by subcloning the mouse Unc5c cDNA into the Atohl pro-
moter cassette containing the 1.7 kb AtohI enhancer (Helms et al., 2000).
The first 46 aa of UNC5C, including the signal peptide, were replaced by
a Myc tag and an immunoglobulin IgkB leader sequence. The construct
was microinjected into the pronuclei of B6 embryos and founders were
identified by PCR using 5'-CCTCGTAGACAGCCTTGCTCG-3" and 5'-
GCTCAGGTGGGTCAGATGGA-3' primers that are complimentary to
the Atohl promoter and the Unc5c coding sequence, respectively. When
necessary, B6.TgAtoh1-Unc5c;Unc5c */~ mice were crossed to F1 B6;SJL-
Uncsc ™~ mice to generate viable TgAtohl-Unc5c;Unc5c '~ mice. All
other experiments involving AtohI-Unc5c transgenic mice were done on
an inbred B6 background. The Animal Care and Use Committee of The
Jackson Laboratory approved all animal protocols.

Histology. Adult mice were perfused transcardially with Bouin’s fixa-
tive and decapitated, and heads were immersion fixed in the same fixative
overnight. Brains were dissected out, processed, and embedded in paraf-
fin. Sections (7 wm) were cut from paraffin-embedded brains and
stained with cresyl violet and/or Luxol fast blue.

In situ hybridization. In situ hybridization was performed as described
previously (Welch et al., 2004). Briefly, embryonic heads (or brains, if
older than E14.5) were dissected, embedded in OCT (Tissue-Tek), and
frozen using liquid nitrogen. Tissues were cryosectioned at 15 um and
mounted onto SuperFrost Plus slides (Fisher Scientific). Frozen sections
were fixed with 4% paraformaldehyde (PFA), acetylated, bleached, and
hybridized with digoxigenin (DIG)-labeled Unc5c riboprobes at 68 °C
overnight. Riboprobes corresponding to the Unc5c cDNA were labeled
using a DIG RNA labeling kit (Roche) and diluted 1:1000 in buffer for
hybridization (Ackerman et al., 1997). Riboprobes were detected using
an anti-DIG-POD fragment (Roche) followed by tyramide signal ampli-
fication (TSA)-plus procedures (PerkinElmer). After optimal staining
was obtained (~15 min), sections were washed, counterstained with
Hoechst dye (1 pg/ml), and mounted using Fluoromount-G (Southern
Biotech). Images were taken with a fluorescent microscope (Olympus)
equipped with the Retiga 2000R camera (QImaging).

Immunohistochemistry. Embryonic heads or dissected embryonic/
neonatal brains (if older than E16.5) were fixed in 4% PFA, at 4 °C over-
night. Adult mice were transcardially perfused with 4% PFA, and brains
were dissected before immersion fixation. Tissues were processed, paraf-
fin embedded, and sectioned at 7 um thickness. After deparaffinization,
antigen retrieval was performed by boiling sections for 5 min in sodium
citrate solution (0.01 M, pH 6). Sections were incubated at 4 °C overnight
with primary antibodies including rabbit anti-UNC5C (1:300, generated
using the C terminus 400 aa of recombinant mouse protein as immuno-
gen), mouse anti-BRN3A (1:50, Santa Cruz Biotechnology), mouse anti-
calbindin D-28k (1:200, Sigma), rabbit anti-calretinin (1:400, Millipore
Bioscience Research Reagents), rabbit anti-RIG1 (1:500, Sigma), rabbit
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anti-TBR1 (1:800, Millipore Bioscience Research Reagents), rabbit anti-
cleaved caspase 3 (1:200, Cell Signaling Technology), guinea pig anti-
vGLUT2 (1:400, Millipore Bioscience Research Reagents), mouse anti-
MYC (1:500, Zymed), and mouse 2H3 or 3A10 (1:200, supernatant,
Developmental Studies Hybridoma Bank, University of Iowa, Iowa City,
IA) in PBST (0.3% Triton X-100 in PBS) containing 5% donkey serum.
For BARHLI immunostaining, frozen sections were made as described
above. Sections were postfixed with 4% PFA for 5 min and washed and
incubated with rabbit anti-BARHLI1 (1:200, Sigma) antibodies at 4 °C
overnight. After washing, sections were incubated with Cy3-conjugated
donkey anti-rabbit IgG (1:200; Jackson ImmunoResearch Laboratories)
or Alexa Fluor 488-conjugated donkey anti-mouse IgG (1:200; Invitrogen)
antibodies at room temperature (RT) for 1 h. For 3,3’-diaminobenzidine
detection of bound neurofilament and calbindin antibodies, sections
were incubated with biotin-conjugated anti-mouse IgG (1:100, Sigma)
antibody and ExtrAvidin-peroxidase (1:50, Sigma) at RT for 1 h each.
After washing in PBST, sections were counterstained and imaged as de-
scribed above.

Cell counting. To count embryonic medial deep neurons and inferior
olivary neurons, serial sections (7 um) in the coronal plane were col-
lected from E16.5 paraffin-embedded wild-type and Unc5c ~'~ hind-
brains. Sections were immunostained with anti-TBR1 or anti-BRN3A
antibodies to visualize medial deep neurons or inferior olivary neurons,
respectively. TBR1-positive neurons in the cerebellum and BRN3A-
positive neurons in the inferior olivary nucleus (ION) were counted in 5
sections spaced every 100 and 112 wm through the medial deep nucleus
and ION, respectively. Inferior olivary neurons were counted in adult
mice in a similar manner, except that calbindin-positive neurons were
counted in sections spaced every 200 um through the ION. To count
developing external cuneate nucleus (ECN) neurons, coronal serial frozen
sections (15 wm) were collected and immunostained with anti-BARHL1
antibodies. Immunoreactive cells in the ECN region (dorsolateral medulla)
were counted in four sections spaced every 180 um. Cells were counted using
the Image] cell counter program (National Institutes of Health, Bethesda,
MD), and ¢ tests were performed to statistically analyze results. For all exper-
iments, three brains per each genotype were used.

X-Gal staining. Wholemount X-Gal (5-bromo-4-chloro-3-indolyl-3-
D-galactopyranoside) staining was performed as described previously
(Wang et al., 2005). In brief, E16.5 embryonic brains were dissected out
and fixed by immersion in 4% PFA for 20 min. After washing with PBS,
brains were incubated at 37°C in X-Gal staining solution overnight.
Wholemount images were taken under the dissecting microscope (Ni-
kon) equipped with Spot camera (Diagnostic Instruments).

Neurotracer labeling. Dil (1,1'-dioctadecyl 3,3,3',3'-tetramethylindo-
carbocyanine) labeling was performed as described by Bloch-Gallego et
al. (1999). In brief, E16.5 embryos or PO neonates were transcardially
perfused with 4% PFA. A cerebellar hemisphere was carefully exposed
and 4-5 crystals of Dil (Invitrogen D282) were implanted. Tissues were
incubated in 4% PFA at 37°C in the dark for 4 weeks for distal labeling of
the ECN/lateral reticular nucleus (LRN) and the ION and 1 week for
proximal labeling of the hook bundle and the SCP. After incubation,
brains were dissected, embedded in 4% low melt agarose (Bio-Rad), and
vibratome sectioned (120 wm). Sections were mounted on the glass slide
and coverslipped using PBS containing 20 ug/ml Hoechst dye. For direct
placement of Dil into the ION or ECN, perfused neonatal heads were
carefully dissected at the neck to expose the ventral or dorsal medulla. A
crystal of Dil was implanted in the medulla at midline caudal to the
basilar-vertebral artery branch for the ION or in the dorsolateral region
just under the caudal cerebellum for the ECN. Tissues were incubated for
2 d before vibratome sectioning. For direct labeling of the pontine nu-
cleus (PN), E16.5 embryos were perfused with 4% PFA and brains were
dissected. Dil was placed into the PN that was visualized in some em-
bryos using GFP expression from the Atohl-tauGFP transgene. To visu-
alize the normal and ectopic position of the PN in Unc5¢ '~ embryos,
GFP expression from the Atohl-tauGFP transgene was always used as a
guide. Tissues were incubated for 5 d, and Dil-labeled axons were ob-
served in wholemount brains. Images were taken under the fluorescent
dissecting microscope using a Cy3 filter set (Nikon) equipped with Spot
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camera (Diagnostic Instruments). For all Dil labeling experiments, at
least three mice were used per each genotype.

Fluorogold labeling procedures followed previously described meth-
ods with small modifications (Yamada et al., 2007). In brief, mice were
anesthetized by an intraperitoneal injection of 2% tribromoethanol. In-
cisions were made in the skin overlaying the cerebellum and two small
holes were made in one side of the skull over the declive in the vermis and
the crus I lobule of the hemisphere. Fluorogold solution (0.2 ul, 4% in
PBS; Fluorochrome) was injected at a depth of 2 mm using a 1 ul Ham-
ilton syringe. The syringe was held vertically in place for 5 min to prevent
leakage. After 3 d, brains were dissected out and cryosectioned (15 um)
as described above. Sections were postfixed with 4% PFA and immuno-
stained with antibodies to calbindin D-28k before mounting with
Fluoromount-G. For olivocerebellar topographic analysis, a single injec-
tion of Fluorogold was made in either crus I in the hemispheres or the
declive in the vermis. Six cryosections spaced every 150 um were col-
lected, and Fluorogold puncta were counted in each section using the
Image] cell counter program (National Institutes of Health). Fluorogold
labeling in P5 animals was done similarly with a single injection in crus I,
and mice were killed 2 d later. Sections were counterstained with anti-
bodies against BRN3A to visualize the ION. Images were taken with an
Axiocam camera (Zeiss) using a wide band UV filter set 02. For all exper-
iments, three mice were analyzed per each genotype.

Fluorescein-conjugated dextran amine labeling was performed using
the same injection procedure for Fluorogold with the following modifi-
cations. Two small holes were made in one side of the skull over the
declive in the vermis and the sulcus paravermis to target the medial and
intermediate deep cerebellar nuclei. Fluorescein-conjugated dextran
amine solution (0.2 ul, 50 mg/mlin PBS, 10 kDa; Invitrogen D1820) was
injected vertically into the cerebellum at a depth of 3 mm. Two days later,
mice were transcardially perfused with 4% PFA, and brains were dis-
sected and vibratome sectioned. Images were taken under the fluorescent
dissecting microscope using FITC filter set (Nikon) equipped with Spot
camera (Diagnostic Instruments). Injection into the medial/intermedi-
ate deep nuclei was confirmed by the position of the needle mark and the
location of the region of intense staining. Three mice were analyzed per
each genotype.

Results

Abnormalities in the cerebellar commissure and inferior
cerebellar peduncle in the Unc5¢ ™'~ hindbrain

We have previously demonstrated that Unc5c is necessary for
granule cell and Purkinje cell migrations during cerebellar devel-
opment (Ackerman et al., 1997; Przyborski et al., 1998). How-
ever, Unc5c is strongly expressed in additional cerebellar and
other hindbrain neuronal precursors, suggesting it may play
further roles in hindbrain development. To investigate this
possibility, we performed histological analysis of wild-type
and Unc5¢ '~ hindbrains. We observed that the inferior cerebel-
lar peduncle (ICP), the axonal tract by which medullary precer-
ebellar neurons send information to the cerebellum, was absent
in mutant mice (Fig. 1A, B). This finding was consistent with a
previous report on the cerebellar vermis defect (cvd) mutant rat
that was later demonstrated to have a spontaneous mutation in
the Unc5c gene (Kuwamura et al., 1997; Kuramoto et al., 2004).
However, both the SCP, which projects from the cerebellum to
the midbrain and pons, and the middle cerebellar peduncle,
which is composed of mossy fibers projecting from the pontine
nucleus to the cerebellum, were present in mutant mice (Fig.
1A, B) (data not shown). In addition to ICP abnormalities, the
cerebellar commissure, which conveys cerebellar output from
deep neurons to several nuclei in the contralateral brainstem,
including the vestibular nuclei and the LRN, was dramatically
reduced in the mutant brain (Ito, 1984) (Fig. 1C,D). While com-
missural defects were apparent in the Unc5c '~ cerebellum, the
size and medial/lateral position of the three deep nuclei appeared
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The ICP and the cerebellar commissure are defective in Unc5c '~ mice. A-D,

Figure 1.
Sagittal (4, B) or horizontal (C, D) sections of wild-type (WT) (A, €) or Unc5c '~ (B, D) hind-
brain were stained with Luxol fast blue to visualize axon tracts. Sections were counterstained

with cresyl violet. Note the absence (indicated by an asterisk) of the ICP (B) and reduction in the
cerebellar commissure (flanked by arrowheads) (D) in the Unc5c ~/~ brain. The deep nucleiare
outlined in dashed lines (C, D). CN, Cochlear nucleus; MCP, middle cerebellar peduncle; Med,
medial deep cerebellar nucleus; Int, intermediate deep cerebellar nucleus; Lat, lateral deep
cerebellar nucleus; 4V, fourth ventricle. Scale bars, 1 mm.

grossly normal. However, these nuclei were slightly displaced ros-
trally, consistent with ectopic positioning of some granule cells
and Purkinje cells in the midbrain (Fig. 1 D) (Ackerman et al.,
1997).

Expression of Unc5c in the developing medulla

and cerebellum

To begin to define the underlying sources of the ICP and cerebel-
lar commissural defects in the Unc5c ~'~ mouse, we analyzed the
expression of Unc5¢ during embryonic hindbrain development.
Deep cerebellar neuron progenitors transiently settle in the nu-
clear transitory zone (NTZ) after their generation from the upper
rhombic lip. Expression of Unc5c in the NTZ was apparent at
E13.5 (Fig. 2A). In addition, high levels of expression were ob-
served in Purkinje cell progenitors in the differentiation zone as
previously reported (Przyborski et al., 1998).

Axons from medullary precerebellar nuclei (the ION, the
ECN, and the LRN) project to the cerebellum via the ICP, and
axons of this tract begin arriving in the developing cerebellum by
E16/17 in rat (equivalent to E13/14 in mouse) (Wassef et al.,
1992). In the E13.5 medulla, Unc5c expression was observed in
medially located cells in the developing ION (data not shown).
High expression was observed throughout the ION at E14.5, but
expression decreased by E16.5 (Fig. 2B) (data not shown). We
also detected Unc5c expression at E14.5 in the posterior extramu-
ral stream, located just under the pial membrane, which contains
migrating ECN and LRN precursors (Fig. 2B). In addition, we
detected Unc5c expression in pontine neurons at E16.5 (Fig. 2C).
Like IO neurons, Unc5c expression was detected in the pontine
neurons close to the midline but not in the migrating neurons
found in the anterior extramural stream at E16.5.

To detect whether UNC5C was localized on developing axons,
we generated rabbit polyclonal antibodies to the UNC5C intra-
cellular region. Immunofluorescence of the E13.5 cerebellum
demonstrated localization of UNC5C in the cell sparse area adja-
cent to the dorsal surface of the NTZ through which developing
axons from deep cerebellar neurons horizontally project (Fig.
2D). In a coronal view of the cerebellum at E14.5, UNC5C immu-
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noreactivity was detected in horizontal fi-
bers near the position of the presumptive
hook bundle, the axons of the deep neurons
that project across the cerebellar midline
(Fig. 2E). We confirmed that these Unc5c-
expressing axon fibers are from deep neu-
rons by immunostaining adjacent sections
with anti-TBR1 antibodies, a transcription
factor expressed in all deep neurons at this
developmental stage (Fig. 2F) (Fink et al.,
2006). In addition, UNC5C was also present
on the presumptive early ICP fibers (Fig.
2D,E). In the E13.5 medulla, UNC5C local-
ization was observed in the marginally lo-
cated circumferential tract, which includes
the presumptive olivocerebellar tract (Fig.
2G). UNC5C levels were also high in cells of
the developing cochlear nucleus and vestib-
ular ganglion at E13.5 (Fig. 2G). No signal
was observed in the Unc5¢ ™/~ embryonic
brain, confirming the specificity of the anti-
body (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).

Figure 2.

urRL — | TBR1
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E135|B

Unc5cis expressed in the developing precerebellar and deep cerebellar neurons. A-C, In situ hybridization of sections
of embryonic hindbrain with Unc5¢ probes. 4, High levels of Unc5¢ transcript were observed in the NTZ (outlined by a dashed line
in A, D) and the differentiating zone (DZ) as demonstrated in a sagittal section of E13.5 cerebellum. B, Unc5c expression was also
detected in the ION and the posterior extramural stream (PES) as shown in a coronal section of the E14.5 medulla. €, Unc5c
expression is detected in the PN, but not cells of the adjacent anterior extramural stream (AES). D, Imnmunostaining of parasagittal
E13.5 embryonic hindbrain sections with antibodies to UNC5C. Strong immunoreactivity of UNC5C was observed in axon fibers of
the early ICP and the NTZ (arrowheads). E, Coronal sections of E14.5 hindbrains immunostained with UNC5C antibodies. Note the
immunoreactivity of deep neuron fibers crossing the midline (arrowheads). F, Adjacent section to that shown in Eimmunostained

with anti-TBR1 antibodies to demonstrate the location of the NTZ. G, Immunostaining of coronal sections of medulla with anti-

Defects in projections of the
precerebellar nuclei in Unc5¢™'~ mice
Climbing fibers from the ION cross mid-
line and then project dorsally along the
outer edge of the medulla toward the cerebellum. In contrast, the
cuneocerebellar and reticulocerebellar tracts project ipsilaterally
toward the cerebellum from the ECN and the LRN, joining the
contralaterally projecting ION axons at dorsal and ventral posi-
tions, respectively (Altman and Bayer, 1997). To visualize the
development of axonal projections from the precerebellar
neurons to the cerebellum, we unilaterally inserted Dil into
the PO mutant and wild-type cerebellum. The olivocerebellar
tract and the contralateral ION and the ipsilateral ECN and
LRN were clearly labeled in wild-type brains (Fig. 3A) (n = 6).
Although the ipsilateral LRN was also labeled in sections of mu-
tant brainstem, we could not detect labeling of any neurons in the
ECN or ION, or their axons that project along the lateral edge of
the medulla (Fig. 3B) (n = 6).

/

Loss of Unc5c misroutes axonal projections but not migration
of the ION precursors

The ION arises from the ventricular zone of the medulla. Between
E12 and E14 these precursors tangentially migrate in the submar-
ginal zone from the dorsal to the ventral medulla (de Diego et al.,
2002). Many ION precursors fail to reach the ventral medulla in
Ntnl ™'~ and Dcc ™'~ embryos, demonstrating that netrin plays a
role in the attraction of ION progenitors to ventral midline (Bloch-
Gallego et al., 1999; Marcos et al., 2009).

To exclude the possibility that the failure of retrograde label-
ing of the Unc5¢ ™'~ ION comes from the malformation of this
nucleus during development, we analyzed the structure of the
ION in mutant and wild-type brains after IO neuronal migra-
tions are complete. Brain sections from E16.5 mutant and wild-type
embryos wereimmunostained with antibodies to the BRN3A tran-
scription factor, which is highly expressed in the developing ION.
Analysis of the medulla of Unc5¢ ™'~ embryos demonstrated that
the ION appeared normal both in size and gross structure (Fig.
4 A, B). Furthermore, no significant differences in the number of
BRN3A-positive cells were observed between the wild-type and

bodies against UNC5C. The marginally located tract, which includes the olivocerebellar tract, was strongly labeled (arrowheads).
Signal was also observed in the cochlear nucleus (CN), and the vestibular ganglion (V). Nuclei were counterstained with Hoechst
dye. uRL, Upper rhombic lip. Scale bars, 10 wm.

the Unc5c ™'~ TON (wild type, 1249 * 244; mutant, 1336 = 188,
mean * SD, p = 0.76; n = 3 for each genotype; see Materials and
Methods for details).

To narrow the potential sites of guidance defects in Unc5c '~
IO axons, we asked whether mutant axons, like wild-type axons,
cross midline. Coronal sections of the E13.5 medulla were immu-
nostained with antibodies to RIG-1/ROBO3, which is highly lo-
calized in the growing inferior olivary, ECN, and LRN axons
(Marillat et al., 2004). RIG-1 immunostaining in submarginal
crossing fibers (i.e., the presumptive IO axons) at E13.5 and E14.5
(data not shown) was similar in the mutant and wild-type brain,
suggesting that although Unc5¢ '~ axons fail to project correctly
to the cerebellum, guidance of these axons across midline is sim-
ilar to that of wild-type axons (Fig. 4C,D). In addition, no differ-
ences in RIG-1-positive LRN/ECN fibers that project more
marginally in the medulla were observed between the wild-type
and mutant brains. As expected, RIG-1-positive fibers at midline
were greatly reduced in Ntn1 ~'~embryos in which IO and ECN/
LRN axons do not project across midline (data not shown) (Mar-
cos et al., 2009).

To further define Unc5c '~ ION axon defects, we performed
direct labeling of the PO wild-type and mutant olivocerebellar
tracts by placing Dil in the ION region. Unlike wild-type axons,
which projected dorsally along the lateral aspect of medulla, mu-
tant axons turned rostrally and then projected parallel to the
midline through the ventral medulla (Fig. 4E,F) (n = 3 for each
genotype). To confirm that these abnormal axon trajectories ob-
served in the mutant brain include IO axons, we performed im-
munohistochemistry with antibodies to calbindin D-28k, which
is expressed on both neurons and axons of the ION on sections of
wild-type and Unc5c '~ adult hindbrains. As visualized in coro-
nal sections of the medulla, wild-type ION axons extended per-
pendicular to the rostral/caudal axis of the medulla, consistent
with their dorsal trajectories from the ION (Fig. 4G). Interest-
ingly, 10 axons were present in the adult Unc5c '~ hindbrain,
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Figure 3. Axons of the ECN and the ION do not project to the cerebellum in Unc5c '~

neonatal mice. 4, B, Dil was placed unilaterally into cerebella of PO wild-type (WT) (4) and
Unc5¢ '~ (B) mice, and hindbrains were coronally sectioned. The contralateral ION, the olivo-
cerebellar tract (OCT), the ipsilateral ECN, and the LRN were labeled with Dil in the wild-type
medulla, but only the LRN was labeled in the medulla of Unc5¢ '~ mice. Nuclei were counter-
stained with Hoechst dye.

WT Unc56”

Figure 4.  Unc5c is necessary for dorsal guidance of inferior olivary axons. A, B, Coronal
sections from E16.5 wild-type (WT) and Unc5¢ ~/~ hindbrains were immunostained with an-
tibodies to BRN3A to demonstrate that the neurons of the ION migrate properly in Unc5¢ ~/~
embryos. An asterisk (B) denotes blood vessel staining artifacts. C, D, Coronal sections of the
E13.5 medulla from wild-type (€) and mutant (D) embryos were immunostained with anti-RIG1
antibodies to visualize 10 axons. Submarginally (10) and marginally (ECN/LRN) migrating axons
are indicated by a single asterisk and a double asterisk, respectively. Note that the relative
intensity of RIG1 staining at ventral midline (brackets) does not differ between wild-type and
Unc5c '~ embryos, suggesting that mutant axons cross midline. , F, Asingle crystal of Dil was
placed into the ION region of brains from PO wild-type (E) and mutant (F) mice. A horizontal
section of the ventral brainstem is shown with the lateral edges of the brainstem outlined by
dashed lines. Note that the olivocerebellar tract (arrows) projects laterally in the wild-type
brain, whereas it tumns rostrally in the mutant brain. G, H, Coronal sections of the adult medulla
from 3-month-old (3mo) wild-type and mutant mice were immunostained with anti-calbindin
D-28k (CalB) antibodies. Compare the longitudinal appearance of 10 axons in the wild-type
brain with the punctate appearance of mutant axons. Lower-magnification images are shown
in the insets to demonstrate the position (outlined by rectangles) of the corresponding high-
magpnification image. Scale bars, 10 pm.

suggesting that these misrouted axons might form functional
synapses. However, in contrast to the calbindin-positive axons
that project laterally in the wild-type medulla, punctate calbindin
immunostaining was observed in cross-sectioned axons residing
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a short distance from midline in the Unc5¢ ~/~ medulla (Fig. 4H).
This staining pattern is consistent with the abnormal rostral projec-
tions of mutant axons observed in the neonatal hindbrain (Fig.
4EF). The abnormal longitudinal trajectory of mutant IO axons
was confirmed in sagittal sections of hindbrain (supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). Examina-
tion of these sections demonstrated that IO axons continue to
project rostrally from posterior medulla toward the pons where, at
the level of the PN, they turn dorsally toward the cerebellum.

The olivocerebellar tract is delayed in reaching the
cerebellum, and selective degeneration of IO neurons occurs
in Unc5¢ ™'~ mice

The ION is the only source for climbing fibers that directly inner-
vate specific zones of Purkinje cells along the medial/lateral axis
(Altman and Bayer, 1997; Sotelo, 2004). Climbing fibers from the
posterior ION primarily synapse on Purkinje cells located in the
vermis, whereas climbing fibers of the anterior ION terminate on
more laterally located Purkinje cells and comprise most of the
synapses in the cerebellar hemispheres.

To determine whether climbing fibers contact the Purkinje
cells in the mutant cerebellum, we visualized the terminals
of these axons by immunohistochemistry with antibodies to
vGLUT2, which is specifically expressed on varicosities of the
climbing fibers at the climbing fiber/Purkinje cell dendrite syn-
apse (Hioki et al., 2003). Examination of immunostained sec-
tions revealed clear localization of vGLUT2 on both wild-type
and mutant Purkinje cell dendrites, although staining intensity
was somewhat lower in the Unc5¢ ~'~ cerebellum, particularly in the
hemispheres (supplemental Fig. 3, available at www.jneurosci.org as
supplemental material). We also observed vGLUT2 staining on mis-
localized Purkinje cells in the pons and midbrain (data not shown).

To confirm that IO axons eventually reach the cerebellum, we
unilaterally injected the retrograde neurotracer Fluorogold into
the cerebellum of adult wild-type and mutant mice. In both wild-
type and mutant brains, labeling could be observed in all subdi-
visions of the contralateral, but not the ipsilateral ION (Fig.
5A,B) (data not shown). To narrow the timing of cerebellar in-
vasion of IO axons in Uncs¢ ™'~ mice, we performed unilateral
Fluorogold injections in the cerebellum of P5 mice (n = 3 for
each genotype). The contralateral IONs of both wild-type and
mutant mice were labeled at this time, indicating that mutant 10
axons reach the cerebellum within 5 d after birth (Fig. 5C,D).

In addition to the abnormal trajectory of the mutant olivocer-
ebellar tract and the corresponding delay of this tract in reaching
the developing cerebellum, we consistently observed a reduction
in the size of the ION in the adult medulla of mutant mice. His-
tological analysis of the mutant ION revealed that the number of
neurons was dramatically reduced relative to the wild-type ION,
particularly in the principal olive (PO) and dorsal accessory olive
(DAO) (Fig. 5E,F) (Azizi and Woodward, 1987). Sections from
the wild-type and Unc5¢ ~'~ medulla were immunostained with
calbindin D-28k antibodies, and immunopositive neurons were
quantified in each ION subdivision (Fig. 5G; supplemental Fig. 4,
available at www.jneurosci.org as supplemental material) (n = 3
for each genotype; see Materials and Methods). The total number
of neurons in the mutant ION was ~60% that of the wild-type
ION. Interestingly, the decrease in neurons in the mutant ION
displayed compartment specificity, with ~70% reduction in the
number of neurons in the PO and DAO, and no apparent reduc-
tion in neurons within the medial accessory olive (MAQO).

Climbing fiber/ Purkinje cell synapses initially form around E19
in the mouse (Mason et al., 1990). Our results suggest that failure of
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Figure 5. Delayed cerebellar innervation by I0 axons and selective degeneration of 10 neu-
ronsinthe UncSc ~/~ hindbrain. A-D, Fluorogold was injected unilaterally into the cerebellum
of 3-month-old (3mo) (4, B) and postnatal day 5 (P5) (C, D) wild-type and mutant mice.
Labeled neurons were observed in all subdivisions of the contralateral but not ipsilateral ION in
both wild-type (WT) (4, €) and mutant (B, D) brains. Coronal sections of the medulla were
immunostained with anti-calbindin D-28k antibodies (data not shown) to delineate the ION
subdivisions (shown by dashed lines). E, F, Coronal sections of medulla from 3-month-old
wild-type (E) and Unc5c '~ (F) mice were stained with cresyl violet. The number of large
diameter neurons in the DAQ and PO, but not the MAQ, was dramatically reduced in the mutant.
G, The medulla from 3-month-old wild-type and mutant adult mice were serially sectioned and
immunostained with anti-calbindin D-28k antibodies. The number of immunoreactive cells in
each subdivision of the ION was counted (see Materials and Methods). All values are mean == SD
*p < 0.005. Scale bar (A—F), 10 m.

climbing fibers to either reach their cerebellar targets during the late
embryonic/early postnatal period and/or to form synapses with Pur-
kinje cells may result in death of IO neurons. To test this hypothesis,
we coimmunostained sections from PO brains with antibodies to
cleaved caspase-3 and BRN3A (supplemental Fig. 5A-F, available at
www.jneurosci.org as supplemental material). Cleaved caspase3-
positive neurons were detected in the mutant PO, the DAO, and the
dorsal cap of MAO, but not the wild-type ION, and many positive
neurons were also reactive with antibodies to BRN3A. This result
demonstrates that many Unc5c '~ 10 neurons undergo apoptosis
at the time synapses normally form.

To determine whether loss of Unc5c alters the topography of
climbing fiber projections, we unilaterally injected Fluorogold
into the declive lobule of the vermis or crus I of the cerebellar
hemisphere in wild-type and Unc5¢~’~ mice (n = 3 for each
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genotype at each injection point). In both control and mutant
animals, vermal injections preferentially labeled the contralateral
posterior ION (supplemental Fig. 6, available at www.jneurosci.
org as supplemental material). In contrast, preferential labeling
of the contralateral anterior ION was not apparent in mutant
mice when Fluorogold was injected into the cerebellar hemi-
sphere. This loss of labeling specificity was likely due to the death
of the majority of the neurons in the anterior ION and the ectopic
midbrain position of many Purkinje cells that should reside in the
lateral cerebellum.

Together, our data demonstrate that unlike Ntnl or Dcc,
Unc5c is not necessary for ventral migration of IO neurons or for
guidance of IO axons across midline. However, this receptor is
clearly necessary for continued dorsal guidance of IO axons away
from midline. Interestingly, while some mutant IO neurons un-
dergo apoptosis, our data demonstrate that many misrouted IO
axons in the Unc5¢ ™'~ brain do ultimately reach Purkinje cells
with correct mediolateral topography, presumably via utilization
of other guidance cues.

Disruption of cuneocerebellar guidance in the

Unc5c¢ ™'~ hindbrain

Our retrograde Dil tracing experiments demonstrated that the
cuneocerebellar tract (CCT) of the Unc5¢ '~ ECN did not reach
the cerebellum by PO, suggesting that the ECN and/or its axons
develop abnormally in the mutant hindbrain (Fig. 3). ECN neu-
rons are generated from the caudal rhombic lip between E13 and
E15 and migrate tangentially toward the ventral midline. These
neurons then cross the midline and continue migrating dorsally
to populate the dorsal medulla. To determine whether ECN neu-
rons properly migrate during development of this nucleus, we
examined the developing ECN in wild-type and Unc5¢ ~/~ hind-
brains at E14.5 during their migration and at E16.5 after their
migration is completed. AfohI is expressed strongly in the poste-
rior migration stream that includes migrating ECN and LRN
precursors (Wang et al., 2005). Thus we generated Unc5c '~
embryos that were heterozygous for a lacZ replacement allele of
Atohl (Atoh1"“?), in which lacZ expression mimics endogenous
Atohl expression. X-Gal staining in the developing hindbrain of
E14.5 Atoh1““" and Unc5c ™'~ ;Atoh1"™#* embryos demon-
strated similar patterns of staining at the ventral midline, suggest-
ing that the ECN and LRN normally migrate in Unc5c ™'~
embryos (Fig. 6A,B) (n = 3 for each genotype). At E16.5, the
ECN was assessed by immunofluorescence with an antibody
against BARHL1, which is highly expressed in the developing
ECN. The structure of the ECN was similar in both the mutant
and wild-type hindbrain, although the mutant nucleus was
slightly elongated in a ventral direction compared to that of wild-
type embryos (Fig. 6C,D) (n = 3 for each genotype). In addition,
the number of BARHLI-positive neurons was not significantly
different between wild-type and Unc5¢ ~/~ hindbrains (wild type,
379 * 57; mutant, 418 * 34; mean = SD, p = 0.65,n = 3 for each
genotype; see Materials and Methods).

To determine the trajectories of the CCT in mutant mice, we
placed Dil in the dorsolateral aspect of the medulla just under the
caudal cerebellum, near to the ECN. In the wild-type brain the
CCT and the dorsal spinotrigeminal tract (sp5), which carries
sensory information to the spinal trigeminal nucleus, were la-
beled (Fig. 6 E). No labeled tracts projecting toward the cerebel-
lum were observed in the Unc5¢ ™/~ brain when Dil was similarly
placed (Fig. 6 F). In addition, the dorsal sp5 tract appeared defas-
ciculated in the mutant brainstem (n = 3 for each genotype).
Interestingly, this analysis revealed an additional labeled tract
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Figure 6.  Axonal guidance defects and degeneration of neurons in external cuneate nucleus in
Uncsc ™'~ mice. A, B, E145 wild-type (WT) Atoh7“Z* (A) and Atoh7°Z";Uncsc '~
(Uncs¢ ™) (B) hindbrains were stained with X-Gal. The posterior migration stream containing mi-
grating ECN/LRN neurons is shown in wholemount images of ventral medulla. C, D, Representative
coronal sections of E16.5 wild-type (€) and UncSc ~/~ (D) hindbrains were immunostained with
BARHL1 antibodies and counterstained with Hoechst dye. No significant differences in the number of
immunoreactive cellsin the ECN were observed between wild-type and mutant mice. E, F, Asingle Dil
arystal was placed into the presumptive ECN region in the dorsal medulla of PO wild-type () and
UncSc '~ (F) hindbrains. Sagittal sections were obtained 2 d after labeling and counter stained with
Hoechst dye. Note the absence of the rostrodorsal projection of the presumptive CCT (arrowhead) in
the mutant brainstem. Instead, an aberrant rostroventral projection (asterisk) is observed in the mu-
tant brainstem. G, H, Sagittal sections of the hindbrain of E16.5 Atoh1-tauGFP (WT) (G) and Atoh1-
tauGFP:UncSc '~ (UncSc /™) (H) embryos. In the Atoh7-tauGFP hindbrain, the GFP-expressing
fibers of the inferior cerebellar peduncle (arrowheads) extended in a dorsal direction from the ECN,
while in the Atoh7-tauGFP; UncSc '~ hindbrain GFP-positive fibers (asterisk) extending from the
ECN are ventrally directed. /, J, Fluorogold was injected into the cerebellum of 3-month-old (3mo)
wild-type (1) and Unc5c ~/~ (J) mice. The ECN was retrogradely labeled in the dorsal medulla of
wild-type mice, while no labeling was observed in the mutant medulla. K, L, Representative cresyl
violet-stained coronal sections from 3-month-old wild-type (K) and UncSc ~'~ (L) mice demon-
strate the absence of the ECN (denoted by dashed lines in K) in the UncSc '~ brainstem. AES,
Anterior extramural stream; Cb, cerebellum; CN, cochlear nucleus. Scale bars, 10 um.
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that appeared to follow a rostroventral trajectory distinct from
that of the dorsal sp5 tract. To confirm that this ectopic tract
contains ECN axons, we used a reporter mouse in which axons
and soma of Atohl-expressing neurons can be identified by ex-
pression of a tauGFP fusion protein (Imondi et al., 2007). As
expected, analysis of AtohI-tauGFP hemizygous embryos dem-
onstrated GFP-expressing cell bodies and axons of rhombic lip
derivatives, including cerebellar granule cells, pontine neurons,
and ECN/LRN neurons and the ICP (data not shown). We gen-
erated Atohl-tauGFP;Unc5¢ '~ embryos by crossing Uncsc ™t~
and Atohl-tauGFP;Unc5¢"™’~ mice. In the dorsal medulla of
E16.5 Atohl-tauGFP embryos, the fibers extending from ECN
joined the ICP comprised of many GFP-positive fibers, which
extended dorsally to the lateral cerebellum (Fig. 6G) (data not
shown). However, the ICP was not present in this region of the
mutant medulla, allowing clear visualization of the GFP-positive
fibers extending from the ECN. Rather than turning dorsally to-
ward the cerebellum, ECN fibers projected in a ventral direction
(Fig. 6 H). Together, these data suggest that dorsal migration of
the CCT is abnormal in the Unc5¢ ™'~ brain.

To evaluate whether misguided ECN axons in the Unc5¢ '~
brain eventually reach the cerebellum as observed for axons of the
olivocerebellar tract, we analyzed the dorsal medulla from adult
wild-type and mutant mice after Fluorogold injection into the
cerebellum. In wild-type brains, a strongly labeled cell cluster was
detected in the dorsal medulla, which formed a small protuber-
ance under the caudal cerebellum typical of the ECN (Fig. 61). In
mutant brains we did not detect labeled cells within the dorsal
medulla, nor did we observe the protruding structure of the ECN
or large diameter neurons by cresyl violet staining (Fig. 6J-L).

To determine whether ECN neurons, like the IO neurons,
undergo apoptosis, we immunostained adjacent medullary sec-
tions from PO wild-type and mutant mice with antibodies to
cleaved caspase-3 and BARHLI1 (supplemental Fig. 5G-J).
Cleaved caspase-3-positive cells were observed in the mutant but
not the wild-type ECN. These results demonstrate that many
ECN neurons die after formation of the ECN in the Unc5c ™'~
hindbrain, perhaps due to the failure of these neurons to form
synapses with cerebellar granule cell dendrites.

Axon guidance and migration defects in pontine neurons

Like the IO neurons, Unc5c is expressed in the pontine neurons
after they complete their migrations (Fig. 2C). To determine
whether Unc5c regulates PN axon guidance, we analyzed these
axons in Atohl-tauGFP;Uncsc ™'~ embryos. Pontine neurons
arise from the lower rhombic lip between E14 and E17 and tan-
gentially migrate through the anterior extramural stream to the
midline of the ventral pons. Axons of these neurons cross midline
and then project dorsally toward the cerebellum. At E16.5, mi-
grating pontine neurons and their axons strongly expressed GFP.
In control embryos (n = 15), GFP-positive neurons were ob-
served in the anterior extramural stream and at the position of the
pontine nuclei, and their axons laterally projected toward the
developing cerebellum (Fig. 7A) (Yee et al., 1999).

In contrast, the laterally projecting pontine axon tract was
absent in AtohI-tauGFP;Unc5¢ ™'~ embryos (n = 9) (Fig. 7B). To
directly visualize guidance of these axons, we placed Dil on the
GFP-labeled pontine neurons of wild-type and mutant embryos
(Fig. 7C,D). Dil-labeled axons in wild-type embryos crossed mid-
line and continued migrating circumferentially (n = 5). In the
mutant hindbrain, pontine axons also crossed midline but then
turned rostrally (n = 9). In two of nine mutant embryos we
observed both rostrally and caudally turning pontine axons (see
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Figure 7. Abnormal migration and axonal guidance of Unc5c ~/~ pontine neurons. A-F,
Pontine neurons and their axons were examined in E16.5 wild-type (WT) Atoh1-tauGFP (A, C) or
Atoh1-tauGFP;Uncsc ~'~ (Unc5¢ ~'~) (B, D, E, F) embryos. GFP (A, B, ) or Dil-fluorescence
(C, D, F) is shown in wholemount images of the ventral hindbrain. A, B, A GFP-labeled pontine
axon tract (flanked by dashed lines) projecting to the developing cerebellum is observed in the
wild-type (A), but not in the mutant (B) hindbrain. C, D, Dil was placed into the pontine nuclei
of Atoh1-tauGFP (C) or Atoh1-tauGFP: Uncsc ~'~ (D) embryos to directly detect the trajectories
of pontine axons. In wild-type embryos, pontine axons projected laterally around the circum-
ference of the hindbrain (arrow), while in mutant hindbrain these axons turned longitudinally
after crossing midline (arrowhead). Rostrally turning axons are shown, but caudally turning
axons were also observed in some mutant embryos. The position of the ventral midline is
indicated by a dashed vertical line. Asterisks indicate anon-pontine Dil-labeled tract observed in
both mutant and wild-type brains. E, In some Unc5¢ ~/~ brains, GFP-positive pontine neurons
(black arrowhead) and their migration stream were ectopically located. A white arrowhead
indicates GFP-positive axons projecting rostrally from ectopic pontine neurons. F, Dil was placed
in the ectopic nuclei shown in E. Dil-labeled axons (arrowhead) also projected rostrally after
crossing the midline.

Fig. 90). To address whether mutant axons reach the cerebellum,
we unilaterally injected Fluorogold into the cerebellum of mutant
and wild-type mice (n = 3 for each genotype). The contralateral
pontine nucleus was labeled in both mice of both genotypes,
demonstrating that although pontine axons require Unc5c for
continued circumferential dorsal guidance away from midline,
these axons use an alternate route to reach the contralateral cer-
ebellum (data not shown).

Unexpectedly, four of nine Unc5¢ ~'~ embryos analyzed had a
dramatic reduction in the number of GFP-positive cells in the
PN. However, these mice had ectopically located GFP-positive
cells in the ventral midline of the medulla, midway between the
normal location of the PN and the ION (Fig. 7E). Similar defects
in PN formation were observed in Unc5c '~ embryos on an in-
bred C57BL/6] background when the PNs were visualized via
introduction of the Atoh1"“ gene (see Fig. 9). Dil labeling of
axons projecting from these ectopic neurons demonstrated they
followed a similar trajectory to that of normally positioned pon-
tine neurons in the mutant brainstem, i.e., they crossed midline
and then turned rostrally to project longitudinally toward the
pons (n = 3) (Fig. 7F).
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Axon guidance of the DCN is disrupted in Unc5¢ ™'~ mice
Histological analysis of adult Unc5c ™'~ mice demonstrated a
dramatic reduction of the cerebellar commissure (Fig. 1C,D).
This major output tract of the cerebellum forms by E14.5 and is
largely composed of axons known as the hook bundle that project
from the medial deep neurons to several nuclei in the contralat-
eral brainstem, including the vestibular nuclei (Ito, 1984). The
failure of the hook bundle to cross midline in the mutant cere-
bellum was confirmed by Dil labeling studies of E16.5 cerebella.
Fibers of the decussating presumptive hook bundle and the con-
tralateral DCN were labeled in wild-type but not Uncsc '~ cer-
ebella (Fig. 8 A, B). Failure of these axons to cross midline in the
mutant cerebellum was also confirmed by immunostaining of
E16.5 brain sections with antibodies to neurofilament (165 kDa)
(Fig. 8C,D).

To exclude the possibility that the failure of retrograde label-
ing of medial deep neurons in the mutant cerebellum comes from
the malformation of the medial deep nucleus during develop-
ment, we examined these neurons in E16.5 wild-type and
Unc5c ™'~ cerebella. Medial deep neurons were visualized by im-
munostaining cerebellar sections with antibodies against TBR1,
which is specifically expressed in this subset of deep neurons at
this stage of development (Fig. 8 E,F) (Fink et al., 2006). No
significant difference was observed in TBR1-positive neurons be-
tween wild-type and mutant embryos (wild type, 707 * 124;
mutant, 525 = 93, mean = SD, p = 0.37; n = 3 for each genotype;
See Material and Methods). Consistent with the rostral malfor-
mation of the cerebellum in Unc5¢ '~ mice and our histological
analysis of adult mutant mice, TBR1-positive neurons were
slightly displaced rostrally toward the caudal midbrain in
Unc5c¢~'~ embryos (Fig. 1 D) (data not shown).

To determine the path of mutant DCN axons, we unilaterally
placed Dil in the cerebellum of wild-type and Unc5c¢ ~/~ PO mice
(n = 3 for each genotype). The ICP and the descending and
ascending SCPs were strongly labeled in wild-type mice as evi-
denced by an examination of sagittal sections from labeled brains
(Fig. 8G) (data not shown). Consistent with our results described
above, labeling of the ICP was severely reduced in Uncsc ™'~
neonates. However, labeling of the SCP in the mutant brain was
similar to that observed in wild-type brains (Fig. 8G,H ) (data not
shown). Interestingly, an additional tract located dorsal to the
SCP and projecting to the rostral midbrain was observed in
Unc5¢ ™'~ neonates (Fig. 8 H). To confirm that this ectopic tract
was the misprojecting hook bundle, we immunostained the sec-
tions with antibodies against calretinin, which is expressed in the
developing hook bundle (Fig. 81,]) (Fink et al., 2006). Positive
fibers projecting from the cerebellum toward the midbrain that re-
semble the projections of the Dil-labeled tract were observed in sec-
tions of the mutant brain (Fig. 8 H). Inmunopositive axons were not
observed in sections from the same level of the wild-type brain.

Further support for a role of Unc5c in hook bundle develop-
ment was obtained from an analysis of adult cerebella. Immuno-
staining of brain sections with a neurofilament antibody
consistently labeled an abnormal axonal tract rostrally projecting
from the cerebellum to the midbrain in Unc5¢ '~ but not wild-
type brains, demonstrating that this ectopic tract was also main-
tained in the adult mutant mice (supplemental Fig. 7A,B,
available at www.jneurosci.org as supplemental material). Injec-
tion of fluorescein-conjugated dextran amine, an anterograde
neurotracer, into the medial/intermediate deep neurons of wild-
type and mutant cerebella supported that this ectopic tract is
indeed a cerebellar output tract (supplemental Fig. 7C,D). To-
gether, our data suggest that axons of the medial deep cerebellar
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Figure 8.
UncS¢ '~ embryos. A, B, Coronal sections of E16.5 hindbrains of wild-type (4) and Unc5c
(B) embryos unilaterally labeled with Dil in the cerebellar hemisphere. Note the absence of
labeling of contralateral medial deep nucleus (mDN) and hook bundle (hb) in Unc5¢ /= em-
bryos. An asterisk indicates meninges-labeling artifacts. €, D, The absence of the hook bundle in
the Uncsc —'~ cerebellum was confirmed in coronal sections from E16.5 wild-type (€) and
UncSc '~ (D) cerebellaimmunostained with antibody against neurofilament (NF; 165 kDa). E,
F, Coronal sections from E16.5 wild-type (E) and Unc5¢ ~/~ (F) embryos were immunostained
with antibody against TBR1. Representative sections are shown. The number of TBR1-positive
deep neurons in the UncSc ~/~ hindbrain was not different from that of wild-type mice. G, H,
Sagittal sections of the Dil-labeled brainstem from wild-type (G) and Unc5c '~ (H) embryos.
Note the presence of an abnormal tract (denoted by an asterisk) projecting rostrally from the
cerebellumin Unc5¢ '~ embryos. I, J, Sagittal sections of brains from E18.5 wild-type (/) and
UncS¢ ~'~ (J) embryos were immunostained by antibody against calretinin, expressed by
axons of the hook bundle. An ectopic calretinin-positive tract (asterisk) resembling the trajec-
tory of the ectopic Dil labeled tractin Hwas only observed in UncSc ~/~ brains. All sections were
counterstained by Hoechst dye. Cb, Cerebellum; Cp, choroid plexus; dSCP, descending superior
cerebellar peduncle; TG, trigeminal nerve. Scale bars, 10 wm (C-F, 1,J).

The dorsal guidance of axons from medial deep cerebellar neurons is disrupted in
iy

neurons in Unc5¢~'~ mice fail to decussate in the cerebellum and
instead project to the ipsilateral rostral midbrain.

Transgenic expression of Unc5c rescues pontine nucleus and
hook bundle development but not cuneocerebellar tract
guidance

During the development of the hindbrain, Unc5c is expressed
both in the NTZ and the posterior migratory stream in the me-
dulla that gives rise to neurons of the ECN and the LRN. The
transcription factor Atohl is expressed in many rhombic lip de-
rivatives, including the precursors of the developing deep nuclei
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and the ECN (Wang et al., 2005). To address whether Unc5c acts
cell autonomously in controlling the axon guidance of deep neu-
rons, ECN neurons, and pontine neurons, we generated trans-
genic mice expressing an epitope-tagged Unc5c cDNA under the
control of the Atohl promoter (supplemental Fig. 8 A, available at
www.jneurosci.org as supplemental material). This promoter has
been shown to drive expression in a manner similar to endoge-
nous Atohl (Helms et al., 2000). Northern analysis of RNA pre-
pared from the P7 cerebellum of five independent transgenic
lines demonstrated that the expression of the Unc5c transgene
was 2—-10 times above that of the endogenous gene (data not
shown).

We further analyzed two mouse lines that expressed the trans-
gene at ~5- and 10-fold levels over that of endogenous Uncc.
Immunohistochemistry using antibodies to the Myc epitope was
performed to confirm correct expression of the transgene. Like
endogenous Atohl, the transgene was expressed in the NTZ and
the external granule cell layer (EGL) at E14.5 (supplemental Fig. 8 B).
Transgene expression was also evaluated by immunofluorescence
with UNC5C antibodies in TgAtohl-Unc5¢;Unc5c '~ embryos.
As observed with anti-Myc antibodies, UNC5C transcripts were
detected in the EGL and anterior migration stream as well as the
rhombic lip in both lines (supplemental Fig. 8C). Although ex-
pression of Unc5c¢ in the wild-type ECN is not detectable at E16.5,
Unc5c was clearly detectable in the ECN of TgAtoh1-Unc5c at this
time (supplemental Fig. 8 D-G). No abnormalities were observed
in precerebellar or cerebellar structures in TgAtohl-Unc5c mice,
nor were obvious behavioral defects observed (data not shown).

We have previously demonstrated that Unc5c '~ mice have
ectopic migration of embryonic granule cell and Purkinje cell
progenitors into the lateral pons and the inferior colliculus (Ack-
erman et al., 1997; Przyborski et al., 1998). Analysis of aggrega-
tion chimeras demonstrated that Unc5c functions in migrating
granule cell progenitors to define the anterior boundary of the
cerebellum rather than in Purkinje cell progenitors, which comi-
grate to ectopic positions (Goldowitz et al., 2000). To determine
whether the expression of Unc5c in Atohl-positive granule neu-
ron progenitors can rescue the mismigration of Unc5c¢ ™'~ pro-
genitors, we examined the cerebellum and midbrain of mutant
mice expressing the AtohI-Unc5c transgene (supplemental Fig. 9,
available at www.jneurosci.org as supplemental material). Ex-
pression of Unc5cin Atohl-expressing granule cell progenitors in
either transgenic line partially rescued the midbrain ectopias in
Unc5c¢™'~ mice and largely restored the normal size of rostral
vermis (supplemental Fig. 9) (data not shown), confirming func-
tional expression of the AtohI-Unc5c transgene.

To determine whether Unc5c expression in deep neurons is
sufficient to rescue hook bundle guidance, we placed Dil crystals
unilaterally into the cerebellum of E16.5 TgAtohI-Unc5c and
TgAtohl—UncSc;UncScf/f mice. As observed in wild type, Dil
labeled the contralateral medial deep neurons via the hook bun-
dle in TgAtohl-Unc5c brains (Fig. 9A,B) (n = 3). We also ob-
served that the labeling of the contralateral medial deep neurons
and hook bundle in TgAtohlI-Unc5c;Unc5c '~ mice, generated
by crosses to either TgAtohl-Unc5c transgenic line, was similar to
that observed in the wild-type brain, demonstrating that trans-
genic Unc5c expression in the medial deep neurons rescues this
projection in Unc5¢~'~ embryos (Fig. 9C,D) (1 = 3). Rescue of
hook bundle guidance in TgAtohl-Unc5c;Unc5c™'~ mice was
also supported by the loss of the abnormal tract that projects to
the rostral midbrain in Unc5¢ ~/~ mice (data not shown). Atohl is
not expressed in the developing ION (Wang et al., 2005). In
agreement, the olivocerebellar tract was not labeled by Dil in
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Figure9.  Unc5ctransgene expression in Atoh7-expressing neurons rescues the axonal guidance of the hook bundle and pontine migration but not the cuneocerebellar tract in Unc5c ~' mice.
A-H, Dil crystals were placed into the cerebellum of E16.5 (4, B, C, D) and PO (E, F, G, H) wild-type (A, E), TgAtohT-Unc5¢ (B, F), Unc5c ~'~ (€, G), and TgAtohT-Unc5¢;Uncsc '~ (D, H) mice.
Hindbrains were sectioned coronally to visualize cerebellar tracts and counterstained with Hoechst dye. Note that transgenic expression of Unc5¢ rescues the cerebellar midline crossing of the hook
bundle (hb), but not the axonal projections of the 10 neurons in TgAtohT-Unc5c;Unc5c '~ neonatal mice (D). Retrograde labeling of the ECN was not observed in TgAtohT-Unc5c;Uncsc '~
neonatal mice (H). Note that the presumptive inferior vestibular tract (IVN) is similarly labeled in all of the mice. /L, Pontine neuron migration was assessed by X-Gal staining of hindbrains from
E16.5 embryos of each genotype that are also heterozygous for the Atoh "% reporter gene. Arrowheads indicate ectopic formation of PN in mutant (K). Transgenic expression of Unc5¢ rescues
ectopic formation of PN (L). M—P, Axon migration of pontine neurons was visualized by unilateral Dil insertion. Dil was inserted in the normally positioned pontine nucleus in Unc5c '~ brains (0).

Arrows indicate normal projections of pontine neurons while arrowheads indicate rostrally and caudally projecting axons in the UncSc ~/~ hindbrain. b, Cerebellum.

Unc5¢™'~ embryos expressing the Atohl-Unc5c transgene from
either line (Fig. 9D) (n = 3) at E16.5.

We assessed whether ECN axon guidance is directly regulated
by Unc5c expression by placing Dil in the cerebellum of PO TgA-
toh1-Unc5c;Unc5¢ '~ mice. Dil labeled the ECN located adjacent
to the inferior vestibular tract in both wild-type and TgAtohl-
Unc5c brains (Fig. 9E,F) (n = 3 for both genotypes). However,
like Unc5c¢~'~ brains, no labeling of the ECN was observed in
TgAtohl-Unc5c;Uncsc '~ mice generated by crosses to either
transgenic line, suggesting that Unc5c expression in the mutant
ECN does not rescue the guidance of ECN axons (Fig. 9G,H)
(n = 3 for both genotypes). This suggestion was confirmed by
both Fluorogold injection into the cerebellum of adult TgAtohI-
Unc5c;Unc5¢ '~ mice and histological analysis of the ECN in
these mice. These analyses demonstrated that degeneration of
the ECN occurred in TgAtohl-Unc5c;Unc5¢™'~ mice as ob-
served in Unc5¢ ™'~ mice (supplemental Fig. 10, available at
www.jneurosci.org as supplemental material).

Lastly, to ask whether transgenic expression of Unc5c¢ rescues
pontine neuron phenotypes, we generated Atoh1“““*;TgAtohl-
Unc5c;Unc5c '~ mice by crossing TgAtohI-Unc5c;Unc5c ™'~ and
Atoh1"““/*;Unc5¢ ™'~ mice. X-Gal staining revealed ectopic pon-
tine neuron clusters at the ventral midline in five of seven
Atoh1*%*;Uncs¢ ™'~ embryos, but no ectopic pontine neurons
were observed in Atoh1"““'" (n = 6), Atoh1'““”’*;TgAtoh1-Unc5c
(n = 3), or Atoh1"™“*;Unc5¢™'~ (n = 4) embryos carrying the

TgAtohl-Unc5c transgene (Fig. 9I-L). Pontine axon migration
was assessed in TgAtohl-Unc5c;Unc5c '~ mice by direct Dil la-
beling of the pontine nucleus. Like wild-type axons, pontine ax-
ons in TgAtohl-Unc5c;Unc5c’~ mutant embryos (n = 3)
migrated circumferentially in a lateral direction rather than lon-
gitudinally as observed in Unc5¢ ™'~ embryos and was indistin-
guishable from wild-type and TgAtohl-Unc5c (n = 4) controls
(Fig. 9M-P). No defects in any of these structures were noted in
TgAtohl-Unc5c mice from either line.

Together, our results suggest that Unc5c functions in a cell-
autonomous manner in the guidance of axons of medial deep
neurons and pontine neurons and in pontine neuron migration.
However, transgenic expression of Unc5c in the developing ECN
did not rescue guidance of the cuneocerebellar tract, raising the
possibility that guidance defects in this tract may not be due to the
loss of Unc5c¢ expression in ECN neurons.

Discussion

Unc5c regulates the long-range dorsal guidance of inferior
olivary and pontine neurons

In contrast to our knowledge of molecules regulating ventral at-
traction of migrating axons and neurons, the guidance cues nec-
essary for dorsal projections of axons, including the I0 and PN
axons, away from the midline are largely unknown. Unlike
Nl ™'~ or Dec™'~ embryos, which have defects in the ventral
attraction of IO and PN axons to midline, both ventral migration
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Figure 10.  Precerebellar and cerebellar axon guidance defects in the Unc5c ~'~ hindbrain.
A, The hook bundle (blue), olivocerebellar tract (red), cuneocerebellar tract (gray), and ponto-
cerebellar tract (brown) normally project dorsally away from the ventral midline of the hind-
brain (solid lines). However, in Unc5c ~/~ mice these tracts abnormally project in a ventral
direction toward the pons (dashed lines). B, C, The proposed role of Unc5c in the guidance of
hook bundle and olivocerebellar/pontocerebellar tract at E13.5. B, Unc5c mediates the initial
dorsal quidance of the hook bundle (solid line) as it projects contralaterally in the cerebellum, as
illustrated by the schematic of a horizontal section of hindbrain through the developing cere-
bellum at E13.5. Loss of Unc5c blocks the dorsal guidance of these axons, and instead an un-
known cue(s) results in the projection of axons toward the floor plate (dashed line). €, Unc5c
mediates long-range dorsal migration of olivocerebellar axons from the floor plate toward the
cerebellum asiillustrated by the schematic of a coronal section of developing medulla at E13.5.
Loss of Unc5c results in stalling (red circle) of dorsal migration of these tracts (dashed line) as
they migrate away from the floor plate. Instead, axons turn rostrally and eventually innervate
the cerebellum. Pontine neurons shows similar dorsal migration defects, except that some of
pontine axons are also directed toward caudal medulla (shown in Fig. 90).

of Unc5¢ ™'~ neurons to midline and midline crossing of mutant
axons are normal (Yee et al., 1999; Marcos et al., 2009). However,
Unc5¢ '~ axons do not dorsally navigate along the circumfer-
ence of the brainstem. Instead, mutant axons abruptly turn ros-
trally (or caudally in some cases) after crossing the midline and
extend laterally for a short distance. These axons then project
longitudinally along the ventral hindbrain (Fig. 10). Although
Unc5c-deficient 10 and PN axons fail to use normal migration
pathways, many but not all of these axons do eventually reach the
cerebellum and likely form synapses with their targets. This find-
ing suggests that at least some of these axons are able to respond
to different guidance cues secreted by the guidepost cells they
encounter along their new migration route.

Like Unc5c, the Slit receptor Robo also plays a role in the
guidance of axons after crossing the midline. However, axonal
guidance defects in Unc5¢ '~ embryos are different from those
observed in Slit/Robo-deficient embryos, where cerebellofugal
and spinal commissural axons often fail to leave midline (Long et
al., 2004; Tamada et al., 2008; Jaworski et al., 2010). Thus, our
results suggest that unlike the role of Robo in short-range repul-
sion, Unc5c¢ controls long-range, dorsal guidance of IO and PN
axons away from the midline.
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Unc5c regulation of ECN and LRN axons
The cuneocerebellar and reticulocerebellar tracts both join the
olivocerebellar and spinocerebellar tract to form the ICP, but do
so at different points. The cuneocerebellar tract projects rostrally
from the dorsal medulla and joins the olivocerebellar tract as it
enters the cerebellum, whereas axons of the reticulocerebellar
tract join the olivocerebellar tract in the lateral aspects of the
olivocerebellar tract (Altman and Bayer, 1997). In contrast to
mice with mutations in the netrin-1/DCC and Slit/Robo guid-
ance system, we do not observe defects in the formation of ECN/
LRN in Unc5c~'~ embryos, suggesting a specific role in axon
guidance (Di Meglio et al., 2008; Marcos et al., 2009). The
Uncsc ™'~ cuneocerebellar axons do not turn dorsally toward,
nor do they innervate, the cerebellum. In contrast, retrograde
labeling demonstrates that the mutant reticulocerebellar tract
projects to the cerebellum. However, in the Unc5c '~ hindbrain
we do not observe labeling of the lateral tract where these fibers
normally transverse, suggesting that like the IO axons, axons of the
LRN may use an ectopic route to transverse the hindbrain to the
cerebellum (Fig. 3). This remains to be tested in future studies.
Interestingly, although Unc5c is clearly expressed in ECN of
Unc5c~'~embryos that carry the Atohl promoter-driven Unc5c
transgene, guidance of this tract was not rescued by Unc5c expres-
sion. Although we cannot rule out subtle Unc5c¢ expression dif-
ferences between wild-type and transgenic mice, this finding
suggests that ECN axonal abnormalities in the Unc5¢~/~ hind-
brain are non-cell-autonomous. The Unc5c transgene is not ex-
pressed in the ION. Thus. IO axons still use their abnormal
rostral/ventral route in Unc5¢~ '~ mice carrying the transgene,
raising the suggestion that ECN may normally fasciculate on the
olivocerebellar tract on its way to the developing cerebellum (Alt-
man and Bayer, 1997).

Cell death of IO and ECN neurons in Unc5¢c mutant mice

Our results demonstrate that many IO and ECN neurons degen-
erate in the hindbrain of Unc5¢ ™'~ mice during the early postna-
tal period. Many IO neurons also degenerate in Ntnl-deficient
embryos. However, cell death commences at a much earlier time
point (E12.5), suggesting that the mechanism of cell death is
likely different (Llambi et al., 2001). Climbing fibers begin mak-
ing synaptic contacts with Purkinje cells at E19, close to the time
when we observe apoptosis of IO neurons (Mason et al., 1990).
Our data suggest that mutant axons are delayed in reaching the
cerebellum, hence their death is consistent with target-dependent
cell loss. Interestingly, we observe neuronal death specifically in
the DAO and PO. No specific increase in cell death was reported
for this subset of IO neurons in mouse models of early Purkinje
cell degeneration or in models in which Purkinje cells fail to
develop (Chu et al., 2000). This suggests that the specific cell
death of DAO and PO neurons is unlikely to be due to increased
sensitivity of these neurons to target deprivation.

IO neurons project their axons to specific zones of Purkinje
cells along the mediolateral axis of the cerebellum (Azizi and
Woodward, 1987). Climbing fibers of the DAO and PO regions,
which are mostly located in the anterior portion of the ION,
primarily project to Purkinje cells in the cerebellar hemispheres.
Granule cells and Purkinje cells from the lateral regions of the
Uncsc ™'~ cerebellum mismigrate to the midbrain and pons dur-
ing cerebellar development (Ackerman et al., 1997). This mismi-
gration is accompanied by disruption of the cytoarchitecture of
the cerebellar hemispheres. Thus, if mutant climbing fibers from
the anterior regions of the ION retain their topographic specific-
ity (as observed in mutant climbing fibers from the posterior
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ION), it is likely many DAO and PO axons project to Purkinje
cells located in highly disorganized hemispheres or to neurons
ectopically located in the midbrain. It is possible that these climb-
ing fibers do not make proper synaptic contacts and/or lack
proper trophic support and degenerate. Although it is not clear
whether mutant ECN axons reach the cerebellum, similar defects
in synaptic development may also underlie degeneration of ECN
neurons.

Unc5c regulates anterior migration of pontine neurons
Defects in the ventral migration of the PN were reported in
Ntnl '~ and Dec ™'~ embryos (Serafini et al., 1996; Fazeli et al.,
1997; Yee et al., 1999). In contrast, in Unc5¢ '~ embryos the PN
neurons fail to complete their anterior migration, but the ventral
positioning of these neurons was unaffected. Transgenic expres-
sion of Unc5c¢ in pontine neurons rescued the migration defects,
suggesting that Unc5c acts cell autonomously in pontine migra-
tion. However, migration defects were variable and not fully pen-
etrant in mutant embryos even on an inbred genetic background,
suggesting that pontine migration may also be under the influ-
ence of stochastic events.

Defects in AP positioning of migrating pontine neurons have
also been observed in Slit/Robo mutants, suggesting that Slit/
Robo signaling may be required to antagonize netrin-1/DCC at-
traction at the choice point between ventral and rostral migration
(Geisen et al., 2008). Unc5¢ may also function in negative regula-
tion of netrin-1/DCC-mediated attraction in migrating PN,
thereby facilitating the Slit/Robo responsiveness of these neu-
rons. Analysis of both the spatiotemporal expression of Unc5c in
migrating PN neurons and the precise nature of migration de-
fects is needed to further understand the mechanism of Unc5c in
regulating PN migration.

Unc5c regulates the initial dorsal guidance of medial deep
neurons in developing cerebellum

Our experiments demonstrate that Unc5¢ '~ mice have abnor-
mal ipsilateral projections of the medial deep neurons with a
concomitant reduction of the cerebellar commissure. Dorsally
crossing axons, including the trochlear axons and posterior com-
missural axons, were repelled by the floor plate in explant studies
(Shirasaki et al., 1995; Serafini et al., 1996). Direct labeling dem-
onstrated that the Unc5¢ '~ hook bundle projects toward the
ipsilateral mesencephalic floor plate. Thus, Unc5¢ may play a role
in repelling the hook bundle from the floor plate, a suggestion
that is supported by rescue of this abnormal projection by trans-
genic expression of Unc5c in deep neurons.

Nitnl expression is high in the ventral midline of a developing
neural tube, raising the possible role as a guidance cue for dorsally
guided axons. However, NtnI alone is not sufficient for many
dorsally guided axons, including the posterior commissure,
trochlear axons, and the hook bundle, suggesting that other func-
tional ligands for UNC5C exist (Serafini et al.,, 1996; Bloch-
Gallego et al., 1999; Burgess et al., 2006). For example,
Caenorhabditis elegans UNC-5 has recently been shown to bind
UNC-129, which in turn enhances the long-range repulsive ac-
tivity of UNC-5 (MacNeil et al., 2009). UNC5C was also shown to
bind the vertebrate homolog of UNC-129, BMP7 (MacNeil et al.,
2009). BMP7, which is expressed in the dorsal neural tube, has
been shown to regulate spinal commissural axon development
(Butler and Dodd, 2003). Interestingly, the migration of medul-
lary precerebellar neurons has been shown to depend on alar
plate-mediated attraction as well as floor plate-mediated repul-
sion; however, it remains to be determined whether Bmp?7, like
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Unc5c, plays a role in hindbrain development (Taniguchi et al.,
2002).
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