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Summary

Proprioception, the sense of limb and body position, is essential for generating proper movement. 

Unconscious proprioceptive information travels through cerebellar-projecting neurons in the 

spinal cord and medulla. The progenitor domain defined by the basic helix-loop-helix (bHLH) 

transcription factor, ATOH1, has been implicated in forming these cerebellar-projecting neurons; 

however, their precise contribution to proprioceptive tracts and motor behavior is unknown. 

Significantly, we demonstrate that Atoh1-lineage neurons in the spinal cord reside outside Clarke’s 

column (CC), a main contributor of neurons relaying hindlimb proprioception, despite giving rise 

to the anatomical and functional correlate of CC in the medulla, the external cuneate nucleus 

(ECu), which mediates forelimb proprioception. Elimination of caudal Atoh1-lineages results in 

mice with relatively normal locomotion, but unable to perform coordinated motor tasks. 

Altogether, we reveal that proprioceptive nuclei in the spinal cord and medulla develop from more 

than one progenitor source suggesting an avenue to uncover distinct proprioceptive functions.
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Abstract

Introduction

Coordinated movement relies innately on proprioception, the sense of limb and body 

position (Sherrington, 1906). Humans who have lost their proprioceptive sense and mouse 

models that mimic this condition (Arber et al., 2000, Tourtellotte and Milbrandt, 1998, Cole, 

1991, Akay et al., 2014) have great difficulty walking, indicating that proper proprioceptive 

sensory input is necessary for robust motor output. Unconscious proprioception is detected 

through primary sensory afferents that innervate muscle spindles and Golgi tendon organs 

sensing changes in muscle length and tension. These sensory neurons relay this information 

through the dorsal root ganglion (DRG) to cerebellar-projecting mossy fiber neurons either 

in the external cuneate nucleus (ECu) of the caudal medulla (the cuneocerebellar tract, CCT) 

for forelimb information or in the spinal cord through various spinocerebellar tracts (SCTs) 

for hindlimb information (Bosco and Poppele, 2001, Oscarsson, 1965). In particular, the 

dorsal spinocerebellar tract (DSCT) has been found to originate from several ipsilaterally-

projecting neurons in the intermediate spinal cord (Matsushita and Hosoya, 1979, Edgley 

and Gallimore, 1988); the primary source being Clarke’s column (CC)(dorsal nucleus of 

Clarke), a distinct set of neurons in the medial aspect of laminae VII in the thoracic to upper 

lumbar spinal cord (Oscarsson, 1965). CC has long been thought to be the hindlimb 

anatomical and functional correlate of the ECu (Oscarsson, 1965) and therefore, it was 

reasoned that they must develop from progenitor pools with a similar genetic signature. To 

test this hypothesis, we examined the lineage of the developmentally-defined population, 

Atoh1 (Figure 1A).

The basic-helix-loop-helix transcription factor, ATOH1, in the developing neural tube, 

defines a progenitor domain generating proprioceptive pathway neurons in the hindbrain and 

spinal cord. In the hindbrain, Atoh1-lineage cells are a major source of neurons involved in 

proprioceptive-motor processing (cerebellar granule cell progenitors, deep cerebellar 

neurons, pontine nuclei, ECu, and lateral reticular nucleus (LRt))(Ben-Arie et al., 1997, 

Wang et al., 2005, Machold and Fishell, 2005, Rose et al., 2009, Landsberg et al., 2005). In 

the developing spinal cord, ATOH1 is transiently expressed in the highly restricted, dorsal-

most, dorsal progenitor 1 (dP1) domain of the neural tube where it is required to specify the 
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dorsal interneuron 1 (dI1) population. This population has been implicated in forming 

various SCTs (Gowan et al., 2001, Bermingham et al., 2001, Sakai et al., 2012); however, 

detailed organization of Atoh1-lineage neurons in the postnatal spinal cord remains 

unknown.

Given ATOH1 in the rhombic lip gives rise to neurons in the ECu and elimination of Atoh1 

results in a reduction of DSCT-labeled axons (Bermingham et al., 2001, Rose et al., 2009), it 

has been presumed that Atoh1-lineage neurons must give rise to the CC portion of the 

DSCT. Unexpectedly, by following the lineage of Atoh1 neurons, we discover that while 

they do indeed give rise to the ECu as has been previously published (Rose et al., 2009, 

Bermingham et al., 2001), they do not give rise to a majority of CC neurons in the spinal 

cord, the ECu functional correlate for the hindlimb. Instead, they cluster into a medial 

contralaterally-projecting and lateral ipsilaterally-projecting population in the intermediate 

spinal cord. We confirm that they receive proprioceptive input and propose that the lateral 

population makes non-CC sources of the DSCT (Matsushita and Hosoya, 1979, Edgley and 

Gallimore, 1988). In addition, we examine the behavioral consequences of eliminating 

caudal Atoh1-lineage proprioceptive neurons (ECu, LRt, and spinal cord), which has never 

been assessed due to the neonatal lethality of the Atoh1 knockout (Ben-Arie et al., 1997). 

We discover that mice with a loss of caudal Atoh1-lineage neurons have relatively normal 

general motor behavior and pain sensation, but have clear deficits performing challenging 

motor tasks, uncovering a role for caudal Atoh1-lineage neurons in refined motor 

coordination. The reduced motor function in the hindlimb, but not complete ataxia, is 

consistent with the idea that only a subset of SCTs in the spinal cord was affected. 

Importantly, this work discovers that discrete proprioceptive pathways are distinguishable 

based on developmental molecular signature, which can be used to evaluate their 

contribution to motor behavior.

Results

Atoh1-lineage neurons are predominantly outside Clarke’s column

We assessed the contribution of Atoh1-lineage neurons to proprioceptive centers in the 

caudal medulla and spinal cord by using the Cre-flox system. We chose to use the 

heterozygous Atoh1Cre/+ knock-in mouse (Yang et al., 2010) because transgenes using the 

Atoh1 autoregulatory enhancer demonstrated ectopic expression in the nervous system 

(Lumpkin et al., 2003, Matei et al., 2005, H.C.L. unpublished observations). While it is 

possible that the Atoh1Cre/+ knock-in mice may have half the gene dosage of wild type mice, 

there is evidence that this will have minimal effect on reporter output. In particular, Atoh1 

positively autoregulates its own expression (Helms et al., 2000) and heterozygous 

Atoh1LacZ/+ knock-in mice have been shown to accurately recapitulate Atoh1 expression 

(Ben-Arie et al., 2000, Bermingham et al., 2001). In addition, in situ hybridization of Cre 

mRNA in Atoh1Cre/+ mice at E10.5 mimics Atoh1 expression (Figure S1A, arrows) and 

analysis of Atoh1-lineage neurons at E11.5 demonstrates that the Atoh1Cre/+ mouse line 

reliably labels dI1 neurons (LHX2/9+, Figure S1B, arrows) and not neighboring neurons 

(LHX1/5+, Figure S1B, arrowheads).
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By crossing the Atoh1Cre/+ knock-in mice to Cre-dependent reporter mice expressing TOM 

(Ai14, R26RLSL-tdTomato)(Madisen et al., 2010) or GFP (R26RLSL-GFP)(Miyoshi et al., 

2010)), we were able to follow the Atoh1-lineage and determine their contribution to 

proprioceptive centers using vesicular glutamate transporter 1, Vglut1, as a marker for 

proprioceptive nuclei. Notably, Vglut1, marks cerebellar-projecting neurons in the ECu, LRt, 

and CC (Figure 1B and 1D)(Malet et al., 2013, Llewellyn-Smith et al., 2007). Atoh1-lineage 

cells (GFP+) in the lower medulla (ECu and LRt regions) are almost entirely Vglut1+ 

(simultaneous in situ hybridization (ISH) and immunohistochemistry (IHC))(Gray, 2013)

(Figure 1B-C, 86.7 ± 1.3% for ECu and 91.8 ± 0.2% for LRt). These ECu neurons are likely 

to express vesicular glutamate transporter 2, Vglut2, as well (Hisano et al., 2002). Strikingly, 

a majority (>99%) of the Atoh1-lineage neurons in the spinal cord do not express the CC 

marker, Vglut1 (Figure 1D, 0.5 ± 0.1%). However, Atoh1-lineage neurons in the spinal cord 

are glutamatergic (Vglut2+, Figure 1E, 82.2 ± 2.2%). In addition, a majority of Atoh1-

lineage cells expressed the neuronal marker, NeuN (95.5 ± 0.9%) and 4.2 ± 0.1% of the 

NeuN+ cells in the spinal cord are Atoh1-lineage (counts from 12 representative sections 

from T1-13 per n=2, P14 spinal cords from 2 litters), while none expressed glial markers 

OLIG2 and SOX2.

CC can be identified by injection of retrograde tracers into the cerebellum (Matsushita and 

Hosoya, 1979). To corroborate that Atoh1-lineage neurons do not form a majority of CC, we 

stereotaxically injected a retrograde tracer, cholera toxin subunit B (CTB) conjugated to 

Alexa 488, into adult mouse cerebella (Figure 2A). When the CTB tracer was injected into 

the vermis at folia IV-VI (Figure 4A, labeling approximately a 1 mm × 1.5 mm × 1.5 mm 

volume), neurons known to project to the cerebellum from the medulla (ECu, LRt, and 

inferior olive (IO)) took up the tracer (diagrammed in Figure 2B) verifying our retrograde 

labeling technique. In particular, Atoh1-lineage neurons in the ECu and LRt (Figure 2B’-B’’, 

3-5 months old, n=3 from 3 litters) were retrogradely labeled confirming previously 

published backlabeling of the ECu Atoh1-lineage neurons at P0 (Bermingham et al., 2001). 

However, while retrograde labeling of CTB from the cerebellum labels CC (Figure 2C), we 

found only 10.5 ± 0.08% of the CTB-labeled CC neurons are Atoh1-lineage (Figure 2C’). 

Therefore, a small percentage of CC neurons labeled by anatomical tracing are Atoh1-

lineage.

Lastly, CC can also be marked by expression of glial derived neurotrophic factor (Gdnf) 

(Hantman and Jessell, 2010). In support of the hypothesis that Atoh1-lineage neurons do not 

form a majority of CC, we found that Gdnf expression is not significantly different in Atoh1 

wild type (Atoh1+/+) versus heterozygous (Atoh1+/Δ) versus null (Atoh1 Δ /Δ ) mice (Figure 

2D-E)(# Gdnf cells, 45 ± 5, 36 ± 5, 43 ± 2, respectively). Note that we were unable to use 

the CC marker, Vglut1, since it is not yet expressed at E18.5, the stage at which we must 

assay expression, since Atoh1 null mice are neonatal lethal. Altogether, we find that Atoh1-

lineage neurons form the ECu and LRt in the medulla, but not a majority of CC neurons in 

the spinal cord. However, the possibility remains that CC may form from an early-born 

Atoh1-lineage population that does not require Atoh1.
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Atoh1-lineage neurons form a medial contralaterally-projecting and lateral ipsilaterally-
projecting population

We examined the distribution and axonal projections of mature Atoh1-lineage neurons. We 

found that Atoh1-lineage (TOM+) cells in the spinal cord form two spatially distinct 

populations in the intermediate areas throughout the rostral-caudal (r-c) axis (Figure 3A-

B’’’, Figure S2). Atoh1-lineage cells migrate extensively from their dorsal-most location 

during development (Figure 1A) and settle primarily in lamina V through VII, with a few 

cells found in other laminae, including the intermediolateral (IML), lamina VIII, and IX 

(Figure 3A-A’’, Figure S2A’’’-F’’’). Laminae were delineated using NeuroTrace, a 

fluorescent Nissl stain and the Christopher and Dana Reeve atlas (Watson et al., 2009) as a 

guide. In addition, Atoh1-lineage neurons cluster into a smaller medial (M) population and a 

larger lateral (L) population throughout the r-c axis (Figure 3B-B’’’, Figure S2A’-F’’).

Furthermore, we investigated the axonal projections of the M and L populations both 

developmentally and in maturity. Using a Cre-inducible strategy with a membrane-GFP 

reporter (Atoh1::CreERT2;TauLSL-mGFP)(Machold and Fishell, 2005, Hippenmeyer et al., 

2005), we found that both the M and L Atoh1-lineage populations are born between E9.5 

and E11.5 (Figure 3C). By E13.5, the contralateral axons of the M population are seen in the 

ventral funiculus (Figure 3C, pink ovals) and the ipsilateral axons of the L population are 

seen in the lateral funiculus (Figure 3C, blue ovals), consistent with the dI1c and dI1i 

populations, previously described for the development of dI1 neurons (Miesegaes et al., 

2009, Wilson et al., 2008, Imondi et al., 2007, Ding et al., 2012). However, to examine if 

this axonal pattern is maintained in maturity, individual cells from acute spinal cord slices 

(T9-L3, P12-P15) were filled and stained for biocytin. As shown in an example L cell, axons 

could be clearly distinguished from dendrites as long, thin processes that did not contain 

spines (Figure 3D, arrowheads). Shown on a polar coordinate graph, the dendrites for the M 

population extended both laterally and ventrally (Figure 3E, blue), while the axons projected 

contralaterally (Figure 3E, red, n=6 cells). For the L population, the dendrites extended 

medially (Figure 3F, blue) and the axons extended mainly to the ipsilateral lateral funiculus 

with some collateral axons projecting ventrally in the spinal cord (Figure 3F, red, n=17 

cells). Many of the Atoh1-lineage neurons had a unique morphology with an axon branching 

from a primary neurite as opposed to branching from the soma (6 out of 6 M neurons, 13 out 

of 17 L neurons)(Figure 3D, arrow). In total, the medial contralaterally-projecting and lateral 

ipsilaterally-projecting populations seen during development (dI1c and dI1i) are maintained 

in maturity (defined here as M and L, respectively).

Atoh1-lineage cells receive proprioceptive information

Since a majority of Atoh1-lineage neurons do not reside in CC, we wanted to determine if 

they might receive proprioceptive information. We directly visualized proprioceptive 

synapses on M TOM+ cells by immunostaining proprioceptive afferents with parvalbumin 

(PV+)(Arber et al., 2000) and presynaptic terminals with VGLUT1+ (Hantman and Jessell, 

2010)(Figure 4A-A’). Note that we are detecting VGLUT1 protein at presynaptic terminals 

from the proprioceptive sensory neurons as opposed to Vglut1 mRNA expression in the cell 

bodies of CC neurons in the spinal cord. However, we were unable to directly visualize 

synaptic contacts on the L population.
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To examine if both the M and L Atoh1-lineage populations could receive PV+ 

proprioceptive inputs, we took an electrophysiological approach by performing whole cell 

patch clamp in acute spinal cord slices. We expressed TOM (R26RLSL-tdTomato) and EYFP-

fused channelrhodopsin (Ai32, R26RLSL-ChR2(H134R)-EYFP, ChR2-EYFP)(Madisen et al., 

2012) in both the PV+ afferents (PvIRES-Cre/+) and the Atoh1-lineage neurons (Atoh1Cre/+)

(Figure 4B). Since PV+ afferents are spatially distinct from Atoh1-lineage neurons, we were 

able to get selective activation of ChR2-EYFP in the PV+ afferents by illuminating focal 

blue light specifically on the dorsal funiculus while recording from an Atoh1-lineage neuron 

to determine synaptic connectivity. While ChR2-EYFP and TOM were substantially 

expressed in the PV+ afferents, the Atoh1-lineage neurons expressed considerably higher 

levels of TOM, which was used to visualize neurons for whole-cell patching (Figure 4C). In 

addition, we verified that the PvIRES-Cre/+ reliably labeled sensory PV+ neurons (Figure 

4D).

When focal blue light (10 ms, 100-250 μm diameter) was directed at a M TOM+ cell, a 

direct inward current was seen (Figure 4E, F). However, when blue light was directed to the 

dorsal funiculus on the ipsilateral side of the cell being recorded, we saw a reproducible 

excitatory postsynaptic current (EPSC)(Figure 4E’, F’) that was eliminated by application of 

the AMPA blocker, DNQX, and restored upon washout (Figure 4E’’-F’’’). No EPSC was 

seen when blue light illuminated the contralateral dorsal funiculus (Figure 4E’’’’, F’’’’). 

Similar results were obtained for a L TOM+ cell (Figure 4G-H’). As expected, some 

recorded cells did not have a synaptic response to blue light stimulation of the dorsal 

funiculus (Figure 4I-I’), indicating they were either not connected or that their connections 

were severed due to the acute slice model. In total, 3 out of 12 M cells and 5 out of 11 L 

cells recorded resulted in an EPSC in the Atoh1-lineage neuron in this paradigm. 

Furthermore, repeated stimulation (3-4 times at 30 sec intervals) of a single cell showed that 

the EPSC latency (start time of blue light illumination to start of EPSC) for some individual 

cells was highly reproducible (Figure 4K). However, we could not unambiguously 

determine if these were monosynaptic connections since we could not achieve the high 

firing rates necessary to resolve this using jitter analysis (Doyle and Andresen, 2001) due to 

run down of the channelrhodopsin-activated EPSC upon high frequency stimulation. 

Biocytin staining of a L Atoh1-lineage neuron shows that some dendrites project toward the 

PV+ sensory afferents (Figure 4L) to receive proprioceptive inputs.

As a control, we could not detect Atoh1-lineage neurons within the spinal cord making 

synaptic contacts onto other Atoh1-lineage neurons. We expressed TOM and ChR2-EYFP 

only in the Atoh1-lineage (Atoh1Cre/+; R26RLSL-tdTomato, R26RLSL-ChR2(H134R)-EYFP) and 

did not see any EPSCs when the ipsilateral dorsal funiculus was illuminated (Figure 4J-J’), 

which is expected since Atoh1 is not expressed in the DRG (n=8 for M and n=8 for L), or 

when the entire slice was illuminated (data not shown). In addition, while PV+ neurons can 

be detected in the adult mouse spinal cord (Fu et al., 2012), there are very few labeled at 

these early stages (P12-P15) and we were unable to patch any cells in control PvIRES-Cre/+; 

R26RLSL-tdTomato, R26RLSL-ChR2(H134R)-EYFP slices (n=16 slices) indicating that it is 

unlikely that we have patched PvIRES-Cre/+ cells in our studies. Altogether, a portion of 

Atoh1-lineage neurons in both the M and L populations receive PV+ input suggesting these 
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form spinocerebellar neurons, and in particular, the ipsilaterally-projecting L population 

comprises a non-CC source of the DSCT.

Generation of Atoh1 conditional knockout mice

In addition to spinocerebellar neurons in the spinal cord, Atoh1-lineage cells are a major 

source of hindbrain neurons involved in proprioceptive-motor control including cerebellar 

granule cells, deep cerebellar neurons, pontine nuclei, ECu, and LRt cells. The function of 

these caudal, non-cerebellar Atoh1-lineage neurons on proprioceptive-motor behavior has 

never been examined as the Atoh1 knockout mouse is neonatal lethal, precluding an 

examination of motor behaviors (Ben-Arie et al., 1997). Therefore, we pursued a conditional 

knockout strategy to eliminate Atoh1-lineage neurons in caudal regions of the neural tube, 

leaving structures such as the cerebellum, pontine nucleus, and essential breathing centers in 

the hindbrain intact.

We used a previously published Hoxa4::Cre transgenic mouse that expresses Cre in regions 

caudal to rhombomere 6/7 throughout embryogenesis (Figure 5B-D) (Huang et al., 2012). 

We found that the Cre was expressed in the Atoh1 domain as early as E9.5 when Atoh1 is 

first expressed (Figure 5B-B’’)(Ben-Arie et al., 1996). We crossed Hoxa4::Cre;Atoh1Δ/+ 

mice, which contain an Atoh1 null allele to floxed Atoh1 mice (Atoh1f/f) (Figure 5A)

(Shroyer et al., 2007), to determine the contribution of caudal Atoh1-lineage cells to 

proprioception. The three “control” genotypes (Atoh1f/+, Hoxa4::Cre;Atoh1f/+, and 

Atoh1Δ/f) were treated as equal since no difference was detected between these mice in any 

of the behavioral assays. The Hoxa4::Cre;Atoh1Δ/f genotype is henceforth called “Atoh1 

CKO.”

We first verified that Atoh1 was efficiently knocked out specifically in the caudal neural 

tube through detection of Atoh1 mRNA, Atoh1-lineage markers, and an Atoh1-GFP BAC 

reporter strain (Atoh1BAC::GFP)(Raft et al., 2007, Lai et al., 2011) where GFP is controlled 

by Atoh1 regulatory elements. We found that Vglut1+ cells were significantly reduced in the 

ECu, LRt, and total caudal medulla with 51 ± 9%, 31 ± 3%, and 41 ± 5% of Vglut1+ cells 

remaining in these areas, respectively (Figure 5E-F). We estimate that 80-90% of neurons in 

the ECu and LRt in the medulla are Atoh1-lineage (H.C.L. unpublished data). Thus, the 

reduction in Vglut1+ cells is interpreted as a mosaic loss of Atoh1 expression at the rostral 

end of Hoxa4::Cre expression. At embryonic stage E11.5, Atoh1 (mRNA), Atoh1-lineage 

markers (Lhx2 and Barhl2 mRNA)(Gowan et al., 2001, Bermingham et al., 2001, Saba et 

al., 2005), and the GFP reporter were clearly eliminated caudal to rhombic lip regions while 

these markers in the rhombic lip were still intact (Figure 5G-Q’) (at least n=3 embryos from 

2 litters checked for control and Atoh1 CKO genotypes). These experiments verify that 

Atoh1 and the neuronal markers for lineages requiring ATOH1 were completely eliminated 

in the developing spinal cord and substantially reduced in the lower medulla.

To ensure that the loss of ATOH1 neurons in the caudal neural tube did not cause secondary 

effects on proprioceptive pathways and motor neurons that might alternatively explain a 

motor phenotype, we confirmed that Clarke’s column (Vglut1+), the distribution of PV+ 

proprioceptive afferents, and HB9+ motor neurons were unchanged in the Atoh1 CKO mice 

throughout the rostral-caudal axis (Figure 6A-C’’). Lastly, the cerebellar morphology in 
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medial (Figure 6D-D’) and lateral (Figure 6E-E’) areas was grossly normal (n=2 each from 

2 litters, control and Atoh1 CKO, 9-10 months old).

Finally, when Atoh1 is lost, dI1 lineage cells have been reported to transfate to neighboring 

populations: Neurog1-lineage, roof plate, or a Sox9+ lineage at embryonic stages (Gowan et 

al., 2001, Bermingham et al., 2001, Miesegaes et al., 2009). However, it is not known 

whether these transfated cells are maintained into adult stages. We were able to detect a 

subset of Atoh1-lineage neurons that transfate to a FOXP2+PAX2− population that are 

presumably Neurog1-lineage neurons (Prasad et al., 2008). By following the cells that would 

have become Atoh1-lineage in the Atoh1 null (Atoh1Cre/Δ; R26RLSL-tdTomato), we found that 

some TOM+ cells are FOXP2+PAX2− (Figure 6F’, arrows) compared to none in 

heterozygous controls (Figure 6F, Atoh1Cre ; R26RLSL-tdTomato). However, since Atoh1 is 

positively autoregulatory (Helms et al., 2000), the TOM+ cells in the Atoh1 null capture 

only a subset of potentially transfated neurons. Therefore, we analyzed the percentage of 

FOXP2+PAX2− cells out of total FOXP2+ cells in Atoh1 heterozygous versus null mice and 

found no significant difference at E18.5 (Figure 6F’’, 58 ± 1% vs. 61 ± 1%, respectively). 

This suggests that homeostatic mechanisms may come into play to keep this subset of 

Neurog1-lineage neurons in check and that these particular transfated neurons may not 

significantly influence the phenotype. Furthermore, the generation of transfated neurons 

does not extend to the ISLET1+ dI3 population which was unaffected in heterozygous 

(Atoh1+/Δ) versus null (Atoh1 Δ/Δ) mice (378 ± 25 vs. 361 ± 17 cells, respectively, p~0.6, 

mean ± SEM, counts from 4 representative sections per n=3 embryos from 1 litter). Lastly, 

no difference in the total number of NeuN+ cells was detected in control versus Atoh1 CKO 

mice at P10 (14468 ± 314 vs. 14041 ± 503 NeuN+ cells, respectively, p ~ 0.5, mean ± SEM, 

counts from 12 representative T1-13 sections for n=3 from 3 litters). However, only 4.2% of 

the NeuN+ cells in the thoracic spinal cord are Atoh1-lineage and the error in counting was 

2-4%, so a difference in total number of NeuN+ cells in the spinal cord due to the Atoh1 

CKO would be undetectable.

Caudal Atoh1 conditional knockout mice have marked balance and motor coordination 
defects when challenged

Strikingly, the Atoh1 CKO mice were grossly normal, even though Atoh1-lineage neurons 

were decreased in the major proprioceptive centers, ECu and LRt, and knocked out in areas 

caudal to these. They had similar mass, length, and width compared to control at 9-13 weeks 

of age when most of the behavior tests were performed (Figure 7A-C). A neurological exam 

found that their eyeblink, visual placing, vibrissae orientation, negative geotaxis, postural, 

and righting reflexes were normal (data not shown)(Lake, 2005). When mice were placed in 

a novel cage for five minutes (activity test), the Atoh1 CKO mice froze, reared, and groomed 

the same number of times as control mice (Figure S3A-C). However, during the activity test, 

the Atoh1 CKO mice exhibited odd stereotypical behaviors making them readily 

distinguishable from control mice. When freezing, the Atoh1 CKO mice repeatedly retracted 

one forepaw as opposed to having all four paws on the ground (Figure 7D). In addition, their 

forepaws would retract during unsupported rearing (Figure 7E) and they would “reach” for 

the wall during supported rearing (Figure 7F)(See Movies S1 and S2). The Atoh1 CKO mice 

also had a noticeable hunched posture, bobbing behavior, and elevated step in their 
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hindlimbs. While postural and righting reflexes were intact and Atoh1-lineage neurons 

rostral to the lower medulla, including vestibular nuclei, should have been unaffected in the 

Atoh1 CKO mice, we cannot exclude secondary effects to the vestibulospinal pathways that 

could account for these balance and postural defects. The Atoh1 CKO mice were more 

active and moved more distance in an open field (Figure S3F), which may lead to their 

eventual decreased mass by age 23-27 weeks (Figure 7A). When placed in an open field, the 

mice exhibited similar anxiety compared to control (Figures S3E, center). Conspicuously, 

the Atoh1 CKO mice stayed slightly further away from the periphery (5 cm versus 10 cm 

from the periphery, Figure S3D).

To get a better indication of the motor impairment in Atoh1 CKO mice, we evaluated the 

gait of these mice using the DigiGait system allowing us to quantitate several parameters 

regarding their walking behavior. Atoh1 CKO mice had a noticeably shorter stride reflected 

in a shorter stride time and increased stride frequency (Figure 7G-I). This was mostly due to 

a decreased stance time for the forelimbs (FL) and a combined decreased time for stance and 

swing phases in the hindlimbs (HL)(Figure 7H). In addition, the paw area at peak stance was 

significantly decreased in the HL (Figure 7J) supporting the observation from the activity 

test that the Atoh1 CKO mice were elevated on their HL. Notably, the angle of the paws was 

splayed outward for both FL and HL (Figure 7K). However, the gait of Atoh1 CKO mice 

was relatively normal with no difference in stance width (Figure 7L) and no apparent ataxia 

(Figure 7M). Furthermore, indices that reflect normal walking such as gait symmetry 

(control vs. Atoh1 CKO: 1.00 ± 0.01 vs 1.01 ± 0.05) and paw area variability at peak stance 

((FL) 0.034 ± 0.017 vs. 0.035 ± 0.016 cm2); (HL) 0.052 ± 0.025 vs. 0.049 ± 0.017 cm2) 

were not significantly different. Overall, these data suggest that Atoh1 CKO mice had only a 

handful of defects in their gait.

The most obvious deficits in Atoh1 CKO mice were observed when they were challenged 

with balance or coordination tests. They performed reasonably well on a large balance beam 

(18 mm wide), taking a similar time to cross despite more foot slips (Figure 7N). However, 

as the beam narrowed (9 mm and 5 mm), they took much longer to cross and slipped 

significantly more (Figure 7N). When crossing a horizontal ladder, the Atoh1 CKO mice had 

noticeable defects in proper paw positioning. The Atoh1 CKO mice would often strike the 

ladder rung with their heel or entirely miss or slip off the rung rather than grasp the rung 

with their toes as control mice did. These inaccuracies resulted in a decreased “quality step” 

score and increased ratio of missteps (Figure 7O, Movies S3 and S4). On an accelerating 

rotarod, the Atoh1 CKO mice immediately fell (Figure 7P). In part, these deficits might be 

due to a lack of gripping ability (Figure S3G-I). However, the phenotype was specific to 

balance and motor coordination, as thermal and nociceptive responses appeared normal 

(Figure 7Q-S).

Discussion

Proprioceptive sensory input is critical for generating proper motor output. Humans and 

animal models that have lost their proprioceptive primary afferent input result in an inability 

to walk or severe ataxia. In this study, we interrogate proprioceptive neurons at the level of 

the caudal medulla and spinal cord to understand their contribution to proprioceptive circuits 
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and behavior. Unexpectedly, we discovered that even though the ECu and CC have long 

been thought to be functional and anatomical correlates, they derive from developmental 

lineages with different molecular signatures. This suggests either a convergence of 

progenitor domains with different molecular signatures to a similar function or perhaps 

common functions between Atoh1-lineage non-CC and ECu neurons that have yet to be 

identified. In addition, we find that by removing Atoh1 in caudal regions of the developing 

neural tube, the mice are able to walk relatively normally, but have deficits when challenged 

with highly coordinated motor tasks. Significantly, this study provides evidence that 

proprioceptive relay neurons at the level of the spinal cord are genetically distinct (CC vs 

non-CC) and demonstrates how identification and elimination of molecularly discrete 

populations can begin to uncover characteristic differences in proprioceptive processing.

Atoh1-lineage neurons form subsets of SCTs

Previous work has implicated Atoh1-lineage neurons in forming SCTs and shown that both 

the contralaterally- and ipsilaterally-projecting populations during embryogenesis project to 

the cerebellum (Sakai et al., 2012, Bermingham et al., 2001). However, precisely how they 

contribute to SCTs in adulthood was unknown. We show here that Atoh1-lineage neurons 

migrate quite extensively from their dorsal-most birth location to form a M and L population 

in the intermediate spinal cord, a majority of which do not reside in CC, a main source of the 

DSCT. In addition, the contralaterally-projecting M Atoh1-lineage is not located near spinal 

border cells in the lateral lumbar regions of the spinal cord that contribute to the 

contralaterally- projecting ventral spinocerebellar tract (VSCT). Therefore, our work 

combined with earlier evidence suggests that Atoh1-lineage neurons contribute to novel 

sources of the DSCT and VSCT that reside in deep laminae (Edgley and Gallimore, 1988, 

Matsushita and Hosoya, 1979). In particular, the ipsilaterally-projecting L Atoh1-lineage 

neurons closely match previously described ipsilaterally-projecting sets of SCTs in cats and 

rats: cervical (named medial lamina VI-SCT, central lamina VII-SCT), lower cervical to 

lumbar (lamina V-SCT or dorsal horn SCT (dhSCT)), and lumbar (medial lamina VI-SCT)

(Matsushita and Hosoya, 1979, Matsushita et al., 1979, Edgley and Gallimore, 1988, Edgley 

and Jankowska, 1988). Furthermore, the contralaterally-projecting M Atoh1-lineage 

population most closely corresponds to contralaterally-projecting SCTs in the cervical and 

lumbar regions in rat and cat (named central cervical nucleus (CCN)-SCT and medial lamina 

VII-SCT, respectively). Altogether, Atoh1- lineage neurons form subsets of the DSCT and 

VSCT that previously could not be isolated from the entire tract.

Furthermore, the cerebellum is likely not the only target of Atoh1-lineage neurons. 

Experiments in chick have shown that dI1 neurons also terminate in the developing pons or 

medulla (Avraham et al., 2009, Sakai et al., 2012). In addition, axon collaterals from 

biocytin tracing can be seen in the L population projecting ventrally and medially (Figure 

3F, axon polar coordinates 230°) suggesting these neurons might be both projection neurons 

and spinal interneurons.

Information processing of Atoh1-lineage neurons

Based on the location of the L Atoh1-lineage neurons, it is possible that they contribute to 

what is termed the “exteroceptive”, relating to the perception of external stimuli, division of 
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the DSCT (Oscarsson, 1965, Mann, 1971). The “proprioceptive” division of the DSCT in 

CC receives mainly muscle spindle (Ia and weak II) and Golgi tendon organ (Ib) inputs 

(Eccles et al., 1961). However, electrophysiological recordings of populations contributing 

to the DSCT, but located lateral and/or caudal to Clarke’s column, similar to where Atoh1-

lineage neurons reside, have shown that these neurons can receive both proprioceptive and 

cutaneous input (Tapper et al., 1975, Randic et al., 1976, Edgley and Jankowska, 1988) 

suggesting they contribute to the exteroceptive division. In addition, the ECu has been 

reported to have both an exteroceptive and proprioceptive subdivision similar to the spinal 

cord; however, the exteroceptive inputs to the ECu are mostly polysynaptic (Oscarsson, 

1965) and the exact location of the exteroceptive division is a matter of some debate (Cooke 

et al., 1971). Given that both the ECu and the L neurons in the spinal cord both derive from 

the Atoh1-lineage, it will be interesting to explore any functional commonalities of these 

neurons.

While PV labels mostly proprioceptive afferents, less than 10% of PV+ sensory neurons are 

low-threshold mechanoreceptors involved in detection of vibration, hair follicle deflection, 

and skin movement, but not light touch (Abraira and Ginty, 2013, de Nooij et al., 2013). 

Therefore, in our slice recording preparations, we may have detected some cutaneous inputs 

onto spinal cord Atoh1-lineage neurons. Interestingly, mice with their Atoh1-lineage light 

touch Merkel cells eliminated perform normally on rotarod and wire hang tasks (Maricich et 

al., 2012) indicating these cells do not contribute to a motor phenotype. Together, these data 

suggest that specific low-threshold mechanoreceptor and proprioceptive information may be 

integrated at the level of Atoh1-lineage neurons in the spinal cord and be critical for 

appropriate coordinated motor function.

Consequences of deleting caudal Atoh1-lineage neurons

Studies that have altered neurons in proprioceptive/motor pathways have obvious motor 

deficits. Elimination of primary proprioceptive afferents, knockouts of neurons involved in 

the central pattern generator in the ventral spinal cord (Lanuza et al., 2004, Talpalar et al., 

2013, Crone et al., 2008), and complete knockout of Barhl2, a transcription factor that is a 

downstream target of ATOH1 (Ding et al., 2012), produce mice with abnormal left-right 

alternation or clear ataxia. Complete elimination of SCTs would have predicted a severe 

ataxic motor phenotype in the hindlimbs. However, the Atoh1 CKO mice are not ataxic, but 

have defects in coordinated motor behavior, consistent with the idea that spinal cord Atoh1-

lineage neurons are required for subsets of proprioceptive information relayed through 

SCTs.

The behavior seen in Atoh1 CKO mice can be attributed to different proprioceptive nuclei 

(ECu, LRt, and various SCTs in the spinal cord) and potentially Atoh1-lineage neurons in 

the ventral spinal cord (Figure 3B’, black dots) that have not yet been characterized. 

Importantly, Atoh1-lineage cells do not form neurons in the inferior olive, the major source 

of climbing fibers to the cerebellum, and therefore do not contribute to the motor phenotype 

in this way (Landsberg et al., 2005, Yamada et al., 2007, Wang et al., 2005). The ECu relays 

forelimb proprioceptive information and the LRt integrates spinal cord information 

regarding posture and locomotion (Alstermark and Ekerot, 2013, Cooke et al., 1971). 

Yuengert et al. Page 11

Cell Rep. Author manuscript; available in PMC 2015 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Therefore, the forelimb phenotypes are likely due to Atoh1-lineage neurons reduced in the 

ECu and LRt. Pharmacological ablation of the LRt in cats show defects in posture and reflex 

movements (Santarcangelo et al., 1981), consistent with a subset of behaviors seen in the 

Atoh1 CKO mice (i.e. hunched posture). Furthermore, hindlimb defects can be attributed to 

both Atoh1-lineage neurons in the LRt and spinal cord. Interestingly, a recent report 

studying the behavior of mice with degenerate muscle spindle sensory neurons showed 

similar motor defects as the Atoh1 CKO mice (i.e. inability to perform the ladder rung test) 

(Akay et al., 2014). Differences in how the motor behavior was analyzed preclude a direct 

quantitative comparison between these two studies; however, it necessitates future 

experiments to delineate precisely how muscle spindle and Golgi tendon organ information 

integrate at the level of Atoh1-lineage and CC spinal cord neurons.

Future experiments acutely disrupting the function of Atoh1-lineage neurons in the adult 

medulla or spinal cord will help clarify the contribution of more rostral or caudal neurons to 

the observed forelimb and hindlimb phenotypes. In addition, the discovery that Atoh1-

lineage neurons form a non-CC subset of the DSCT leaves open the question as to the 

developmental source of CC. More broadly, however, the question arises whether a 

progenitor source with a common genetic signature forms neurons with similar function.

Experimental Procedures

Experimental Animals—Atoh1Cre/+ knock-in (Yang et al., 2010), Atoh1::CreERT2 

transgenic (Machold and Fishell, 2005), R26R-loxP-STOP-loxP-LacZ (R26RLSL-LacZ)

(Soriano, 1999), R26R-loxP-STOP-loxP-tdTomato (R26RLSL-tdTomato or TOM, Ai14, Allen 

Brain Atlas) (Madisen et al., 2010), R26R-CAG- loxP-STOP-loxP-EGFP (R26RLSL-EGFP, 

named RCE::loxP in Miyoshi et al., 2010) (Miyoshi et al., 2010), TauLSL-mGFP 

(Hippenmeyer et al., 2005), Atoh1BAC::GFP transgenic (Raft et al., 2007, Lai et al., 2011), 

Atoh1Δ/+ (Ben-Arie et al., 1997), Atoh1F/F (Shroyer et al., 2007), Hoxa4::Cre (Huang et al., 

2012), R26R-LSL-ChR2(H134R)-EYFP-WPRE (R26RLSL-ChR2(H134R)-EYFP , abbreviated 

ChR2-EYFP, Ai32, Allen Brain Atlas)(Madisen et al., 2012), and PvIRES-Cre/+ 

(Hippenmeyer et al., 2005), transgenic mice were previously published. Embryos were 

timed as E0.5 on the day a vaginal plug was detected. The age of pups was counted as P0 on 

the day of birth. Both male and female mixed strain mice (minimally C57BL/6J, 129S6, 

129/Ola, and ICR) were used. All animal experiments were approved by the Institutional 

Animal Care and Use Committee at UT Southwestern.

See Supplemental Experimental Procedures for details regarding the Atoh1Cre/+; 

R26RLSL-tdTomato animals, Tissue Preparation, Immunohistochemistry (IHC), in situ 

hybridization (ISH), Microscopy, Electrophysiology, Biocytin staining, Stereotaxic 

Injections, and full description of Behavioral Tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A majority of Atoh1-lineage neurons reside outside Clarke’s column
(A) ATOH1 is transiently expressed in the developing neural tube (left, antibody staining). 

Atoh1-lineage neurons in the caudal rhombic lip develop into neurons of the external 

cuneate nucleus (ECu) in the medulla (cuneocerebellar tract, CCT, dark grey), and the 

lateral reticular nucleus (LRt, dark grey). In the spinal cord, it is unknown if Atoh1-lineage 

neurons contribute to Clarke’s column (CC, marked by Vglut1 or Gdnf, black) or non-CC 

(dark grey) sources of the dorsal spinocerebellar tract (DSCT). (B) Vglut1 mRNA identifies 

neurons in the ECu and LRt. (C) A majority of Atoh1-lineage neurons (Atoh1Cre/+; 

R26RLSL-EGFP, GFP Ab, green) in the ECu and LRt express Vglut1 mRNA (arrows in C, 

86.7 ± 1.3% and 91.8 ± 0.2%, respectively, 3 representative sections counted per n=2 

medulla from 1 litter, arrowheads for Vglut1+ only cells). (D) Very few Atoh1-lineage 

neurons colocalize with Vglut1 in CC (0.5 ± 0.1%, 18 representative thoracic 5-13 (T5-13) 

sections per n=3 spinal cords from 2 litters, arrows for GFP+, arrowheads for Vglut1 

mRNA). (E) Atoh1-lineage neurons in the thoracic spinal cord are glutamatergic (82.2 ± 

2.2%, 15 representative T5-13 sections per n=3 spinal cords from 2 litters, Vglut2+, arrows). 
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Mean ± SEM shown. Scale bars are 100 μm, except C and insets in D and E are 50 μm. See 

Figure S1 for characterization of the Atoh1Cre/+ mouse.
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Figure 2. Clarke’s column does not develop predominantly from Atoh1-lineage neurons
(A-C’) Injection of the retrograde tracer, cholera toxin subunit B (CTB) conjugated to 

AlexaFluor 488 (green), into the medial area of the adult cerebellum (A, Vermis, Folia V, 

VIa, VIb, arrow, Nissl Neurotrace 640 in blue) results in backlabeling of cerebellar-

projecting neurons in the ECu, LRt, IO (B-B’’), and CC (C-C’). Several Atoh1-lineage 

neurons (TOM) in the ECu (B’) and LRt (B’’) colabel (arrows) with CTB. However, only 

10.5 ± 0.08% of CTB+ cells in CC (C’, arrowheads) colocalize with Atoh1-lineage neurons 

(arrow)(counts from 18 representative sections from T6-L3 spinal cords per n=2 mice from 

2 litters). (D) Gdnf mRNA is unchanged in the Atoh1 wild type (Atoh1+/+, # Gdnf cells, 45 

± 5 ) versus heterozygous (Atoh1+/Δ, 36 ± 5) versus null mice (Atoh1Δ/Δ, 43 ± 2) (p~0.2 to 

0.8 in pairwise comparisons, counts from 8 representative T5-11 sections per spinal cord for 

each genotype, n=3 mice from 3 litters). Mean ± SEM shown. Scale bars are 100 μm and 50 

μm for insets in C’ and D. Abbr: external cuneate nucleus (ECu), lateral reticular nucleus 

(LRt), inferior olive (IO), Clarke’s column (CC), not significant (ns).
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Figure 3. Atoh1-lineage neurons form a medial contralaterally-projecting and lateral 
ipsilaterally-projecting population
(A-A’’) A majority of Atoh1-lineage neurons (TOM, magenta) reside in laminae V-VII 

(based on Nissl Neurotrace 488, green) throughout the rostral-caudal (r-c) axis (C, T, L bars 

represent C5-8, T1-4, T5-7, T8-10, T11-13, L1-3). Purple dot indicates no IML in the 

cervical region. (B-B’’) Atoh1-lineage cells (TOM+, black) cluster into a medial (M, pink) 

and lateral (L, blue) population. (B’’’) Percentage of TOM+ cells in the M and L 

populations out of total TOM+ cells throughout the r-c axis. Six consecutive sections for one 

spinal cord (T11-13) stacked onto one spinal cord representation is shown in B’. Six 

representative sections per spinal cord region per n=3 spinal cords counted in A’’ and B’’’. 

(C) Atoh1-lineage neurons are born from E9.5-E11.5 where the M population (M, pink) 

begins projecting contralaterally to the ventral funiculus (pink oval) and the L population (L, 

blue) begins projecting ipsilaterally to the lateral funiculus (blue oval). (D) Example of a 

biocytin-stained L neuron. The axon (arrowheads) branches from a major primary neurite 

(arrow) and projects toward the lateral funiculus (LF). (E) M neurons have axons that 

project contralaterally as assayed by biocytin staining. Soma are designated as the center of 

the polar coordinate plot. Total dendrite (blue) and axon (red) length of a compilation of 

medial neurons (n=6 cells) are shown in microns (μm) on a radial axis. (F) L neurons (n=17 

cells) have axons that project to the ipsilateral lateral funiculus. Green areas in E and F 
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indicate areas of Parvalbumin+ afferent density. Mean ± SEM shown. Scale bars are 100 

μm. Abbr: Cervical (C), Thoracic (T), Lumbar (L), Clarke’s column (CC), Intermediolateral 

Nucleus (IML). See Figure S2 for r-c data.
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Figure 4. Atoh1-lineage neurons receive proprioceptive input
(A - A ’ ) Proprioceptive afferents synapse on Atoh1-lineage neurons (TOM+, magenta) in 

the M population (Parvalbumin, PV+ (green) and VGLUT1+ (blue), arrows). (B) 

Proprioceptive afferents (PvIRES-Cre/+, yellow) and Atoh1-lineage neurons (Atoh1Cre/+, 

magenta) express tdTomato (TOM)(Ai14) and an EYFP fused channelrhodopsin (ChR2-

EYFP) (Ai32). Atoh1-lineage cells are recorded while focal blue light is delivered to 

different areas of the spinal cord slice. (C) Proprioceptive axons express both ChR2-EYFP 

and TOM (white), while Atoh1-lineage neurons have higher TOM expression (arrows, 

magenta). (D) Proprioceptive afferents (PvIRES-Cre/+) expressing ChR2-EYFP (green) 

colocalize with PV antibody (magenta) in the dorsal root ganglion (arrows) and axons 

(arrowhead). (E-F’’’’) Focal blue light (blue dot) delivered to a M cell (magenta oval)(E) 

elicits a direct inward current (F) whereas blue light delivered to the contralateral dorsal 

funiculus (E’’’’, F’’’’) does not. A synaptic response seen when the ipsilateral dorsal 

funiculus is illuminated (E’, F’, arrow) is blocked by DNQX (E’’, F’’), and recovered upon 

washout (E’’’, F’’’). (G-H’) A L cell has a synaptic response when the ipsilateral dorsal 

funiculus is illuminated (G’, H’, arrow). (I-J’) Unconnected cells and Atoh1Cre/+ controls 

have no synaptic response. Cells were held at −60 mV in voltage clamp. Three to four 

repeated stimulation traces are shown in black. Average trace shown in red. PV+ axons 

(green) are shown schematically in E-E’’’’ and G-G’. (K) Latency of the excitatory 

postsynaptic current (EPSC) is shown for 3-4 repetitions of each recorded cell: M (n=3 cells, 

open markers), L (n=5 cells, closed markers). Mean ± SEM shown. (L) Dendritic tree (blue 

processes) of a L cell that received PV+ synaptic input overlayed on TOM+ (black). Lower 

thoracic sections are shown. Scale bars are 100 μm except 10 μm in A’. Abbr: Medial (M), 

Lateral (L).
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Figure 5. Conditional knock out of Atoh1 in caudal regions of the developing neural tube
(A) Description of the cross leading to “Control” and “Atoh1 CKO” mice. (B-D) 

Hoxa4::Cre mice express Cre in the caudal part of the neural tube throughout development 

as indicated by LacZ and tdTomato reporters (B,C,D). Cross-sections show that the LacZ 

reporter, reflective of Cre expression, is present in the Atoh1 domain as early as E9.5 (B’’, 

arrow). (E-F) Vglut1+ neurons in the ECu and LRt (arrows) are significantly reduced in 

Atoh1 CKO mice (51 ± 9% Vglut1+ cells remaining in the ECu, 31 ± 3% in the LRt, 41 ± 

5% in the total caudal medulla, mean ± SEM, 6 representative sections counted per n=3 

medulla per genotype from 1 litter). (G-Q’) Since ATOH1 is expressed transiently during 

embryogenesis, elimination of Atoh1 and downstream markers or reporters at embryonic 

stages was used to assess conditional knockout efficiency. Using an Atoh1BAC::GFP 

reporter, GFP fluorescence is absent in caudal regions of the neural tube (H, arrowhead). 

Cross-sections show that ATOH1 (magenta) and GFP (green) are still expressed in the 

rhombic lip (G’, H’), but GFP expression is eliminated in brachial regions of the neural tube 

(G’’, H’’)(arrows). (I-K’) Atoh1, Lhx2, and Barhl2 mRNA are present in the rhombic lip at 

E11.5 in control and Atoh1 CKO embryos. (L-Q’) However, at more caudal regions of the 

neural tube, Atoh1, Lhx2, and Barhl2 mRNA are completely absent in the Atoh1 CKO. Scale 

bars are 500 μm (E-F, I-K’), 100 μm (insets E and F, G’-H’’, L-Q’), and 50 μm (insets O-

P’). Abbr: external cuneate nucleus (ECu), lateral reticular nucleus (LRt).
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Figure 6. Neurons involved in related proprioceptive-motor pathways are unaffected in Atoh1 
CKO mice
(A-C’’) Clarke’s column (Vglut1 mRNA, A-A’’), proprioceptive afferents (PV Ab, B-B’’), 

and motor neurons (HB9 Ab, C-C’’) are unchanged in the Atoh1 CKO mice at P10 (A’’, B’’, 

and C‘’, counts from 6 representative sections per spinal cord region for each genotype, n=3 

spinal cords from 2 litters: cervical (C5-8), thoracic (T1-13), and lumbar (L1-3); control 

(black), Atoh1 CKO (white); mean ± SEM). Lower thoracic sections shown. (D-E’) The 

cerebella of control versus Atoh1 CKO mice looks grossly normal in a hematoxylin and 

eosin stain of a midline sagittal section (D-D’) and a lateral sagittal section (E-E’). (F-F’’) A 

subset of Atoh1-lineage neurons can be detectably transfated to a FOXP2+ PAX2− 

population in Atoh1 null embryos (Atoh1Cre/Δ, arrows). However, the percentage of 

FOXP2+ PAX2− cells out of total FOXP2+ cells is not significantly different (F’’, counts 

from 8 representative T8-13 sections per n=3 spinal cords for each genotype from 2 litters, 

58 ± 1% vs. 61 ± 1 %, p~0.1, mean ± SEM). Scale bar is 100 μm in A’-C’, F-F’, and 500 μm 

for D-E’.
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Figure 7. Atoh1 CKO mice have balance and coordination defects
(A-C) Atoh1 CKO mice (white) have normal mass, length, and width compared to controls 

(black) at 9-13 weeks old, but have less mass by 23-27 weeks. (D-F) During a five minute 

exposure to a novel environment, the Atoh1 CKO mice exhibited some unique behaviors 

(see Movies S1 and S2). (G-M) Atoh1 CKO mice have some walking defects. Sample 

footprint traces for a control and Atoh1 CKO mouse with definitions of Swing, Stance, 

Stride, and Paw Angle (θ) are shown (G). Atoh1 CKO mice have an overall decreased stride 

time (## p < 0.01) for both forelimbs (FL) and hindlimbs (HL) with a corresponding 

increase in stride frequency (H-I). The HL of Atoh1 CKO mice have significantly less paw 

area at peak stance (J) and both FL and HL paws are pronated outward (K). Atoh1 CKO 

mice have normal stance width (L) and are not ataxic (M). (N-P) Atoh1 CKO mice have 

pronounced defects in balance and coordination assays. Atoh1 CKO mice (white squares) 

are markedly slower and have more foot slips when crossing progressively thinner beams 

(18 mm, 9 mm, 5 mm) compared to control mice (black circles)(N). (O) Atoh1 CKO mice 

have significantly lower quality steps on the ladder rung test and a clearly higher ratio of 

missteps than control for both FL and HL. See Movies S3 and S4. (P) Atoh1 CKO mice 

immediately fall off an accelerating rotarod compared to control mice. (Q-S) Thermal and 

nociceptive responses in Atoh1 CKO mice are normal. n=21-24 for control, n=13-16 for 

Atoh1 CKO. Mean ± SEM shown. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

See Figure S3 for additional behaviors.
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