
1310 VOLUME 7 | NUMBER 12 | DECEMBER 2004  NATURE NEUROSCIENCE

A R T I C L E S

Mechanosensory hair cells in the inner ear function as the primary 
transducers for the perception of sound and balance, and defects in 
their formation result in profound sensory deficits1. All inner ear hair 
cells are located in sensory epithelia that also contain nonsensory cells, 
referred to as supporting cells, and defects in the formation of sup-
porting cells also lead to sensory deficits2. Despite the importance of 
both types of cell, our understanding of the factors that regulate the 
formation of these epithelia remains limited.

Previous studies have shown that the transcription factor Math1 has 
a crucial role in hair cell formation. In particular, absence of Math1 in 
mice leads to a complete lack of hair cells3, whereas its overexpression 
in a group of epithelial cells located adjacent to the sensory epithe-
lium, termed ‘Kölliker’s organ’, induces nonsensory cells to develop 
as hair cells4. These results show that Math1 has a key role in hair cell 
formation; however, the specific molecular effects of Math1 remain a 
matter of debate. Conflicting descriptive results have suggested that 
Math1 might have a role in the specification of a ‘prosensory domain’ 
in which cells become competent to develop as either hair cells or sup-
porting cells3,5,6, or it might be a factor that functions to regulate only 
the differentiation of cells that are already committed to develop as 
hair cells7. To determine the specific role of Math1, here we examined 
its developmental effects and cellular regulation using both gain- and 
loss-of function models.

RESULTS
Math1 is broadly expressed in cochlear progenitor cells 
We analyzed the temporal and spatial distribution of Math1 expression 
in the developing sensory epithelium of the cochlea (the organ of Corti) 
because cellular commitment and differentiation in this organ occur in 

a highly stereotyped pattern. On the basis of existing data, mice in which 
the gene encoding β-galactosidase (β-gal) has been introduced into the 
Math1 (Atoh1) locus (called Math1βgal/+ mice) seem to represent the 
most sensitive model for assessing Math1 expression3.

Cellular commitment and differentiation in the organ of Corti begin 
in the midbasal region of the cochlear spiral at about embryonic day 
13.5 (E13.5) and proceed in a wave that progresses towards both the 
base and the apex8. No Math1 promoter activity was detected in the 
developing cochlea at E12.5, although expression was observed in devel-
oping vestibular structures. At E13.5, however, Math1 promoter activity 
was observed in a broad group of cells that extended along most of the 
length of the cochlear duct (Fig. 1a). Overall, the pattern of staining 
was broader in the apical part of the cochlea and narrowed towards the 
base. Cross-sections through the apical region of the cochlea indicated 
that Math1 promoter activity was localized to the lateral half of the 
cochlear duct (the site of the future organ of Corti) but was present in 
cells throughout the thickness of the epithelium (Fig. 1b).

By E15.5, the pattern of Math1 promoter activity had narrowed 
along the short axis of the cochlea, although it still persisted from 
base to apex (Fig. 1c). Because the organ of Corti develops in a gradi-
ent, it was possible to analyze developmental changes in the pattern 
of Math1 expression in a single cochlea. In the least mature (apical) 
region of the cochlea at E15.5, Math1 expression was broad and diffuse 
(Fig. 1d). In more mature (basal) regions, some individual cells with 
noticeably higher Math1 expression could be identified in the field of 
diffuse expression (Fig. 1e). In the most mature region of the epithe-
lium, individual Math1-positive cells were surrounded by Math1-nega-
tive cells (Fig. 1f). As reported previously3,5–7, expression of Math1 at 
postnatal day 0 (P0) was restricted to hair cells (Fig. 1g–i).

Section on Developmental Neuroscience, National Institute on Deafness and other Communication Disorders, National Institutes of Health, Porter Neuroscience 
Research Center, Building 35, Bethesda, Maryland 20892, USA. 1These authors contributed equally to this work. Correspondence should be addressed to M.W.K. 
(kelleymt@nidcd.nih.gov).

Published online 7 November 2004; doi:10.1038/nn1349

Math1 regulates development of the sensory 
epithelium in the mammalian cochlea
Chad Woods1, Mireille Montcouquioll & Matthew W Kelley

The transcription factor Math1 (encoded by the gene Atoh1, also called Math1) is required for the formation of 
mechanosensory hair cells in the inner ear; however, its specific molecular role is unknown. Here we show that absence 
of Math1 in mice results in a complete disruption of formation of the sensory epithelium of the cochlea, including the 
development of both hair cells and associated supporting cells. In addition, ectopic expression of Math1 in nonsensory 
regions of the cochlea is sufficient to induce the formation of sensory clusters that contain both hair cells and supporting 
cells. The formation of these clusters is dependent on inhibitory interactions mediated, most probably, through the Notch 
pathway, and on inductive interactions that recruit cells to develop as supporting cells through a pathway independent of 
Math1. These results show that Math1 functions in the developing cochlea to initiate both inductive and inhibitory signals 
that regulate the overall formation of the sensory epithelia.
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Supporting cell development is disrupted without Math1
The expression pattern determined above showed that Math1 is initially 
expressed in progenitor cells that will ultimately develop as either hair 
cells or supporting cells, which suggests that Math1 might be involved in 
the specification of a prosensory domain. If so, then absence of Math1 
should lead to defects in the formation of both hair cells and supporting 
cells. A previous study concluded, however, that supporting cells are 
still present, at least in the vestibular sensory epithelia, in Math1-null 
mice3. Because this conclusion was based on a limited morphological 
analysis, we reexamined supporting cells in the cochleae of Math1-null 

mice according to morphological and molecular criteria. At P0, the 
cochlear duct was comprised of three regions: Kölliker’s organ, the 
organ of Corti, and the outer sulcus (Fig. 2a). In the organ of Corti, 
specific hair cell and supporting cell types could be identified, including 
inner and outer hair cells and four unique supporting cell types: the 
inner phalangeal cells, the inner and outer pillar cells, and Deiter’s cells 
(Fig. 2a). In Math1-null mice, by contrast, although Kölliker’s organ 
and the outer sulcus appeared normal, the organ of Corti was com-
pletely absent (Fig. 2b).

To confirm that supporting cell development was disrupted in 
Math1-null mice, we examined the expression of supporting cell–
specific markers in cochleae from Math1-null and wild-type littermates. 
Glial fibrillary acidic protein (GFAP) was expressed in inner phalan-
geal cells and Deiter’s cells in the organ of Corti beginning around 
P0 (ref. 9 and Fig. 3a). By comparison, no positive staining for GFAP 
was observed in any cells located in the cochleae of Math1-null mice 
(Fig. 3b). Similarly, the gene encoding fibroblast growth factor recep-
tor 3 (Fgfr3), which is expressed strongly in pillar cells and weakly in 
Deiter’s cells in P0 wild-type mice10,11 (Fig. 3c), was completely absent 
in Math1-null mice (Fig. 3d).

Figure 1  Expression of Math1 in the developing 
cochlea. (a) Whole mount of the developing 
cochlea at E13.5. Basal (base) and apical (apex) 
ends of the duct are indicated. The Math1 
promoter (X-gal staining in blue) is expressed 
in a broad stripe of cells that extends from the 
base to the apex and is wider at the apex than at 
the base (compare brackets). (b) Cross-section 
through the apical turn of the cochlear duct 
at E13.5. Expression of Math1 (dark stain) is 
restricted to the lateral half of the duct but spans 
the epithelium from the basement membrane 
(BM) to the lumenal surface (lumen). 
(c) Whole mount of an E15.5 cochlea oriented 
as in a. At this stage, expression of Math1 in 
the base of the cochlea is fairly restricted, but 
it becomes more diffuse in more apical regions. 
(d) High-magnification view of the apical region 
of the cochlea at E15.5, showing that Math1 
expression is broad and diffuse. (e) A more basal 
region of the same E15.5 cochlea in which 
Math1 expression is still fairly diffuse, although 
some individual cells show higher expression 
(arrows).  (f) An even more mature region from 
the same E15.5 cochlea in which individual 
Math1-positive cells (arrows) are clearly 
separated from one another by unlabeled (Math1-negative) cells. (g) Whole mount of the cochlea at P0. Math1 expression is now restricted to a narrow 
band of cells that extends along the length of the basal-to-apical axis. (h) Surface of the organ of Corti at P0. Math1 expression is restricted to the single 
row of inner hair cells (IHC) and the three rows of outer hair cells (numbered 1–3). (i) Cross-section through the cochlear duct at P0. The section has been 
double-labeled for the β-gal transgene (red) and for filamentous actin (green). By this stage, expression of Math1 is completely restricted to the inner and 
outer hair cells. Scale bars, 100 µm (a,c,g); 50 µm (b); 100 µm (h; also applies to d–f); 20 µm (i). 

Figure 2  Cross-sections through the cochlear duct in wild-type and Math1-
null mice at P0. (a) Basal turn of the cochlea from a wild-type mouse. Three 
different regions, Kölliker’s organ (KO), the organ of Corti (OC) and the outer 
sulcus (OS) can be identified. In the OC, individual cell types including the 
inner (arrowhead) and outer (numbered 1–3) hair cells, and four different 
types of supporting cell, the inner phalangeal cells (IPH; white arrows), 
inner pillar cells (IP), outer pillar cells (OP) and Deiter’s cells (DC; black 
arrows), are present. (b) Basal turn of the cochlea from a Math1-null mouse. 
KO and OS are present and appear normal; however, the OC seems to be 
completely absent. No cells with supporting cell morphologies can be 
identified, and KO and OS appear to be directly adjacent to one another. 
Scale bar, 30 µm (a; also applies to b).
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Next, we examined two supporting cell markers with onsets of expres-
sion that closely follow the presumed timing of supporting cell specifi-
cation. The low-affinity nerve growth factor receptor, p75ntr, is initially 
expressed in a band of progenitor cells in the organ of Corti between 
E14.5 and E16 and becomes restricted to pillar cells and Hensen’s 
cells between E17 and P0 (refs. 11,12 and Fig. 3e,g). In the cochleae of 
Math1-null mice, expression of p75ntr was barely detectable at E16 and 
was completely lost by P0 (Fig. 3f,h). TC2, an antibody that recognizes 
glycosaminoglycans enriched in chondroitin-4-sulfate, labels pillar cells 
and Deiter’s cells specifically in the postnatal gerbil cochlea13. In wild-
type cochleae, weak staining for TC2 was observed in developing pillar 
and Deiter’s cells at E16 (data not shown), with stronger staining at P0 
(Fig. 3i). By contrast, no staining was observed for TC2 in the cochleae 
of Math1-null mice at either E16 (data not shown) or P0 (Fig. 3j).

We also evaluated the expression of jagged-1, S100A1 and β-tectorin. 
The onset of expression for each of these molecules precedes that of 
Math1, but all three ultimately become restricted to supporting cells14–16. 
Normal expression of S100A1 and β-tectorin was observed in cochleae 
from Math1-null mice at earlier time points (E12 and E16; Fig. 4a,b 
and data not shown); by P0, however, expression of all three markers 
was completely absent (Fig. 4c–h). On the basis of these results, it seems 
likely that the expression of each of these genes becomes dependent on 
the differentiation of cells as supporting cells. Their expression is not 
maintained in the absence of Math1, however, suggesting that the dif-
ferentiation of supporting cells is disrupted. 

Ectopic expression of Math1 induces supporting cell development 
The above results showed that, in addition to its role in hair cell for-
mation, Math1 is also necessary for the development of supporting 

cells. This result is consistent with the idea that Math1 has a role in the 
specification of a prosensory domain, but it could also be a result of the 
disruption of potential inductive and/or trophic interactions between 
developing hair cells and supporting cells.

To examine these hypotheses, we expressed wild-type Math1 (referred 
to here as Math1ORF to delineate it from endogenous Math1) ectopically 
(Methods) in cells in Kölliker’s organ in cochlear explants established 
at E13.5 or E14.5 (Fig. 5a). The expression vector also contained an 
internal ribosome entry site (IRES) sequence to generate independent 
transcripts of enhanced green fluorescent protein (EGFP) under the 
control of the same promoter (Methods). Explants were maintained 
for 6 days in vitro (DIV) and then labeled with antibodies to EGFP, and 
either to jagged-1 or otogelin17 as supporting cell markers (Fig. 5b and 
data not shown), or to myosin VI or myosin VIIa as hair cell markers18 
(Fig. 5c and Supplementary Fig. 1 online). We did not observe cells 
that were positive for jagged-1, otogelin, myosin VI or myosin VIIa in 
Kölliker’s organ of explants that were not transfected or were trans-
fected with EGFP alone (Fig. 5d and data not shown).

As previously reported4, more than 96% of cells in Kölliker’s organ 
that were transfected with Math1ORF developed as hair cells (Table 1 
and Supplementary Fig. 1 online). Staining with antibodies to either 
jagged-1 or otogelin showed, however, that transfection with Math1ORF 
(Fig. 5e) also induced the formation of clusters of jagged-1- or otogelin-
positive cells that surrounded the EGFP-positive hair cells in Kölliker’s 
organ (Fig. 5f,g). Closer analysis of the jagged-1-positive clusters 
indicated that they typically comprised a few EGFP-positive hair cells 
(Fig. 5h) surrounded by a roughly equivalent or slightly greater number 
of jagged-1-positive cells (Fig. 5i). The morphologies of the jagged-1-
positive cells were consistent with those of supporting cells (Fig. 5i, 
inset), and many had apical projections that interdigitated between 
the EGFP-positive hair cells (Fig. 5j). Similar morphologies and cel-
lular arrangements were also observed for otogelin-positive cells in 
transfected clusters (Fig. 5k–l). The morphology of these clusters was 
reminiscent of more ancestral hair cell structures, such as the lateral-
line neuromasts found in fish and amphibians19.

The observation that the supporting cell–like cells in these clusters 
were not transfected with Math1ORF suggested that hair cells can induce 
surrounding Math1-negative cells to develop as supporting cells, and 
therefore that transient expression of Math1 is not required for the 
formation of supporting cells. Considering the broad expression of 
endogenous Math1 at E13.5 (Fig. 1), however, it seemed possible that 

Figure 3  Expression of supporting cell markers in the cochleae of wild-type 
and Math1-null mice. Antibody or in situ labeling is indicated in red or blue 
for wild-type (a,c,e,g,i) and Math1-null (b,d,f,h,j) mice. Cell boundaries are 
labeled in green. (a,b) Cross-sections through the basal turns of the organ 
of Corti (OC) at P0 labeled with an antibody to GFAP. GFAP is expressed by 
Deiter’s cells (DC), inner phalangeal cells (IPh) and auditory nerve fibers 
(arrows) in wild-type cochleae, but no signal is present in Math1-null 
cochleae. (c,d) In situ hybridization for Fgfr3 at P0. Signal is present in 
the inner (IP) and outer (OP) pillar cells and, more weakly, in Deiter’s cells 
(arrowheads) in the wild-type OC, but no signal is present in the Math1-null 
OC. (e,f) Expression of p75ntr in a surface view of the developing OC at E16. 
A band of p75ntr expression is located directly adjacent to developing inner 
hair cells (arrowheads) in the wild-type OC. Only scattered cells that weakly 
express p75ntr can be identified (arrows) in the Math1-null OC. 
(g,h) Surface view of the OC at P0 labeled as in e. A row of p75ntr-positive 
pillar cells is located between the inner and outer hair cells in the wild-type 
OC. By contrast, no p75ntr labeling is present and cellular patterning is 
completely disrupted in the Math1-null OC. (i,j) Surface view of the OC at 
P0 labeled for expression of TC2. Pillar cells (PC) and Deiter’s cells (between 
outer hair cells) are labeled in the wild-type OC, but no signal for TC2 is 
present in the Math1-null OC. Scale bars, 20 µm (applies to all images). 
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the Kölliker’s organ cells that were recruited to develop as supporting 
cells might be, in fact, cells that had expressed small amounts of Math1 
at the time of transfection. We therefore transfected Math1ORF into 
Kölliker’s organ in explants established from mice at E17.5. By this 
stage, expression of Math1 was restricted to the sensory epithelium 
(Fig. 1). As observed in earlier explants (E13.5 and E14.5), expression 
of Math1ORF was sufficient to induce the differentiation of hair cells 
in Kölliker’s organ (data not shown). In addition, many ectopic hair 
cells were surrounded by cells that were positive for jagged-1 or otoge-
lin (Fig. 5m and data not shown), although the overall induction of 
jagged-1- or otogelin-positive cells was less than that observed when 
transfections were carried out at earlier time points. 

The induction of supporting cell markers in Kölliker’s organ of 
E17.5 explants is consistent with the theory that endogenous expres-
sion of Math1 is not required for the development of supporting cells; 
however, an alternative possibility is that Math1ORF-transfected cells 
induce transient expression of Math1 in neighboring cells as part of 
the program of supporting cell development. To determine whether 
any induction of Math1 expression occurs, Math1ORF was trans-
fected into explants established from Math1βgal/+ mice and Math1 
promoter activity was assayed by an antibody to β-gal (Fig. 1 and 
Supplementary Fig. 2 online). Expression of β-gal was observed in 
the organ of Corti in transfected cells, confirming the presence of a 
positive feedback loop for Math1 expression20, but not in cells sur-
rounding the transfected cells (Fig. 5n,o).

As final confirmation that Math1 expression is not directly required 
for the development of supporting cells, Math1ORF was transfected into 
Kölliker’s organ in Math1-null mice. The absence of the sensory epi-
thelium made the identification of Kölliker’s organ difficult in Math1-
null explants; however, clusters of transfected cells were observed to 
induce the expression of both otogelin and jagged-1 (Fig. 5p,q and 
Supplementary Fig. 4 online), albeit with less efficiency than in wild-
type explants. These results show that supporting cells can develop in 
the complete absence of Math1, and that hair cells generate inductive 
signals that are sufficient for the development of supporting cells.

Cells that transiently express Math1 can form supporting cells
The above results indicated that, although Math1 is required for the 
formation of both hair cells and supporting cells, only the formation 
of hair cells is directly regulated by this transcription factor. Because 
Math1 is initially expressed in progenitor cells that ultimately develop 
as supporting cells (Fig. 1), it must be downregulated in those pro-
genitor cells that go on to develop as supporting cells. Although the 
mechanism for this downregulation is unknown, it seems likely cell-
cell interactions between adjacent Math1-positive progenitor cells may 
be involved. Contrary to this, inhibition of Math1 through cell-cell 
interactions apparently did not occur when Math1ORF was transfected 
into cells in Kolliker’s organ, because almost all transfected cells, even 
those in contact with other transfected cells, developed as hair cells 
(Table 1). We expressed Math1ORF under the control of a strong pro-
moter, however, which might inhibit or eliminate any subsequent 
endogenous regulatory interactions. To examine cell-cell interactions, 
we therefore generated an inducible form of Math1 by fusing the Math1 
open reading frame (ORF) to a gene encoding a tamoxifen-specific 
version of the ligand-binding domain of the estrogen receptor (ER)21. 
The resulting Math1-ER fusion protein (hereafter designated Math1ER) 
was sequestered in the cytosol in an inactive complex22,23 but could be 
activated in the presence of tamoxifen.

Initial results indicated that expression of Math1ER in Kölliker’s organ 
did not generate hair cells or supporting cells in the absence of tamoxifen 
(Supplementary Fig. 3 online). By contrast, exposure to 15 nM tamoxifen 
for 6 DIV resulted in the formation of groups of hair cells and jagged-1-
positive cells in Kölliker’s organ (Supplementary Fig. 3). Quantification of 
the effects of expressing Math1ER in the presence of continuous tamoxifen 
indicated that more than 76% of transfected cells developed as hair cells. 
This value is lower than the 96% induction of hair cells observed in cells 
expressing Math1ORF, possibly as a result of either incomplete penetration 
of tamoxifen or a decrease in the efficacy of Math1 binding to DNA.

To determine whether transient activation of Math1ER would be also 
sufficient to induce the development of hair cells, explants were treated 
with tamoxifen for 48 h and then allowed to recover for 96 h. Analysis 
of isolated transfected cells indicated that 80% developed as hair cells 
(Fig. 6a–d and Table 1), showing that transient activation of Math1ER 
is sufficient to induce hair cell differentiation. In addition, 6.5% of 
the isolated transfected cells expressed jagged-1. Although these cells 
were classified as isolated because they were not in contact with other 
transfected cells, they were always located in clusters of hair cells and 
jagged-1-positive cells, suggesting that supporting cells may induce the 
additional development of supporting cells.

These results indicated that transient activation of Math1ER initi-
ates an autonomous Math1 pathway that includes a positive feedback 
loop for Math1 expression. To determine whether cell-cell contacts are 
involved in such a pathway, we determined the fates of transfected cells 

Figure 4  Supporting cell differentiation is disrupted in Math1-null mice. 
In situ or antibody labeling is indicated in red or blue for wild-type (a,c,e,g) 
and Math1-null (b,d,f,h) mice. (a,b) Cross-section through the cochlear duct 
at E16, showing a diffuse pattern of β-tectorin expression in both wild-type 
and Math1-null cochleae. (c,d) By P0, β-tectorin is expressed in border 
cells (BC) and Deiter’s cells (DC) in the wild-type organ of Corti (OC) but no 
signal is present in the Math1-null OC. (e–h) Antibody labeling for jagged-1 
(J1) and S100A1 in red in cross-sections of the OC at P0. Cell boundaries 
are labeled in green. Jagged-1 is present in inner phalangeal cells (IPh), 
Deiter’s cells (DC) and border cells (BC) located adjacent to the IPh in the 
wild-type OC, but no signal is present in the Math1-null OC. S100A1 is 
expressed in inner hair cells (IHC) and Deiter’s cells in the wild-type OC 
but is completely absent in the Math1-null OC. Scale bars, 50 µm (a; also 
applies to b); 20 µm (c; also apples to d); 20 µm (e; also applies to f,g,h). 
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in contact with other transfected cells (clusters) after transient activa-
tion of Math1ER. Similar to the expression of Math1ORF or the continu-
ous activation of Math1ER, transient activation of Math1ER resulted in 
the formation of clusters of jagged-1-positive cells in Kölliker’s organ 
(Fig. 6e,f). Examination of these clusters indicated, however, that some 
of the jagged-1-positive supporting cells were also transfected with 
Math1ER (Fig. 6g,h).

Triple labeling of the same clusters with phalloidin to identify stereo-
ciliary bundles indicated that many of these clusters comprised a mix-
ture of hair cells and supporting cells (Fig. 6i,j). These clusters appeared 
similar in morphology to the clusters observed in explants transfected with 
Math1ORF; in contrast to those clusters, however, some of the jagged-1-
positive cells in these clusters were also transfected with Math1ER (Fig. 6k–
n). Quantification indicated that the number of transfected cells in clusters 
that developed as hair cells after transient activation of Math1ER was only 
50% (Table 1). In addition, under these conditions more than 32% of 
the transfected cells expressed jagged-1 (as compared with only 6.5% of 
isolated transfected cells in the same explants). These results suggest that 
cell-cell interactions can indeed divert the fate of cells from their develop-
ment as hair cells, probably through the regulation of Math1 expression.

The notch signaling pathway is activated in transfected cells
We considered that the most likely mechanism for inhibitory cell-cell 
interactions in clusters of Math1ER-transfected cells would be activa-
tion of the Notch signaling pathway. Notch signaling has been shown 
to have a role in hair cell specification in the inner ear24–30, although 
the occurrence of inhibitory interactions between neighboring cells has 
not been directly shown. 

Notch1 is expressed in Kolliker’s organ cells between E13 and E18 
(ref. 24), and expression of the Notch ligand Jagged2 by hair cells is 
necessary for activation of Notch target genes in the organ of Corti6. 
To determine whether ectopic hair cells activate the Notch pathway, 
we analyzed the expression of Jagged2 by immunocytochemistry. 
Expression of Jagged2 was observed in hair cells in the sensory epi-
thelium and in Math1-transfected cells in Kolliker’s organ (Fig. 7a–c). 
To determine whether ectopic hair cells activated Notch signaling, 
nuclear localization of the intracellular domain (ICD) of Notch1 
(Notch-ICD) was determined by immunocytochemistry31. Control 
experiments indicated that an antibody to Notch-ICD localized to 
cells in the organ of Corti that have been shown29,30 to express the 
Notch target genes Hes1 and Hes5 (Fig. 7d,e). As expected, cells with 

Figure 5  Math1ORF expression induces formation of hair cells and 
supporting cells. (a) Representation of an E13 cochlear explant after 6 
DIV. The sensory epithelium develops in a band around the periphery of 
the explant; Kölliker’s organ (KO) is located in the center. (b) Antibody to 
jagged-1 (J1, red) labels supporting cells (arrows) in the sensory epithelium 
of an E13 explant. J1-positive supporting cells interdigitate between 
the mechanosensory hair cells, as indicated by the blue stereociliary 
bundles (arrowheads). (c) Hair cells express myosin VI (red). Stereociliary 
bundles are labeled as in b, but appear pink because of overlap with 
myosin VI labeling of hair cells (arrows). (d) Low-magnification image of 
an E13 explant transfected with an EGFP-expressing vector after 6 DIV. 
Supporting cells are indicated by J1 expression (red); expression of EGFP 
in transfected cells is shown in green (GFP). Expression of J1 is strong 
in cells in the sensory epithelium (arrows), but J1 is not expressed in KO 
in either transfected or untransfected cells. (e) Detection of Math1ORF-
transfected cells (green) in an explant established at E13 and maintained 
for 6 DIV. Clusters of transfected cells are present in KO (arrows). (f) As e, 
showing groups of J1-positive cells (red) in KO (arrows). (g) Merged image 
of e and f. Each cluster of Math1ORF-positive hair cells is surrounded by a 
group of J1 positive cells (arrows). (h) High-magnification image of a cluster 
of Math1ORF-transfected cells (green). (i) As h, showing expression of J1. 
Note the J1-negative cells in the center of the cluster (arrows). Inset, z-axis 
view of a single cell from the cluster in i, showing the constricted lumenal 
projection of one of the J1-positive cells. This morphology is consistent with 
that of supporting cells in the organ of Corti. (j) Merged image of h and i. 
The transfected hair cells (green) are located in the center of the cluster 
and are surrounded by J1-positive cells (red). The lumenal projection from 
one of the J1-positive cells interdigitates between two hair cells (arrow). 
(k) Cluster of otogelin-positive cells (red) in KO of an E13 explant. Note the 
otogelin-negative cells in the center of the cluster (arrows). (l) As k, but with 
Math1ORF-transfected hair cells (green) added. Note that the transfected 
hair cells are located in the center of the cluster. (m) Cluster of Math1ORF-
transfected cells (green) in KO of an explant established at E17.5. 
Surrounding cells are positive for J1. (n) High-magnification image of four 
Math1ORF-transfected cells (green). Expression of β-gal (red) indicates 
activation of the endogenous Math1 promoter. (o) As n, but with the 
green channel removed. Although the Math1 promoter has been activated 
in transfected cells, no activity is detected in the cells surrounding the 
transfected cells. (p) Cluster of Math1ORF-transfected cells (green) in KO of 
an explant established at E13 from a Math1-null mouse. Surrounding cells 
are positive for otogelin. (q) Cluster of Math1ORF-transfected cells (green) in 
KO of an explant established at E13 from a Math1-null mouse. Surrounding 
cells are positive for J1. Scale bars, 15 µm (b; applies to c); 200 µm 
(d; applies to e–g,k–m); 20 µm (h; applies to i–l); 20 µm (m); 5 µm (inset, 
i); 20 µm (n; applies to o); 20 µm (p,q).
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nuclear localized Notch-ICD were observed in cells surrounding ecto-
pic hair cells (Fig. 7f).

Inhibition of γ-secretase activity inhibits supporting cell formation
To examine whether Notch signaling is involved in cell fate, explants 
transfected with Math1ER and treated with tamoxifen for 48 h were 
subsequently treated with N-S-phenyl-glycine-t-butyl ester (DAPT), an 
inhibitor of γ-secretase that inhibits the Notch pathway both in vivo and 
in vitro32–34. Analysis of cell fates in Math1ER-transfected clusters after 
sequential treatment with tamoxifen and DAPT indicated that inhibition 

of γ-secretase resulted in a marked increase in the number of transfected 
cells that developed as hair cells (74%; Fig. 7g and Table 1). In addition, 
the number of jagged-1-positive transfected cells in similarly treated 
explants decreased to about 1% (Table 1). These results show that the 
effects of inhibiting γ-secretase are consistent with the proposed role of 
Notch signaling in the determination of cell fate in the ear. 

DISCUSSION
Math1 is not directly required for supporting cell development
The results presented here, along with previous work, show that in the 
cochlea Math1 is initially expressed in a broad group of progenitor 
cells beginning at about E13. As development continues, expression 
of Math1 is downregulated in progenitors that develop as supporting 
cells, but is maintained in progenitors that develop as hair cells. Math1 is 
therefore transiently expressed in cells that develop as supporting cells. 
Because ectopic hair cells in Kölliker’s organ can recruit surrounding 
naive cells to develop as supporting cells, however, Math1 does not have 
a direct role in supporting cell development. Instead, our results indicate 
that the loss of supporting cells in the cochleae of Math1 mutants is a 
consequence of the loss of hair cells and that hair cells may generate 
inductive signals that are required for supporting cell formation. This 
conclusion is supported, first, by the observation that the expression of 
early markers of supporting cells is normal but subsequently disappears, 
presumably as a result of the lack of development of hair cells; and 
second, by the fact that deletion of Math1 does not induce an increase 
in cell death7, suggesting that hair cells do not generate signals that are 
required for the survival of supporting cells.

It is important to consider that our analysis was restricted to the 
cochlea, and that the loss of supporting cells observed in Math1-null 
explants may not occur in the vestibular epithelia. As discussed above, 
supporting cells in the organ of Corti are highly specialized, suggest-
ing that the role of Math1 may be different in this epithelium. In fact, 
many important aspects of vestibular supporting cells are present in the 
utricles of Math1-null explants3, suggesting that supporting cell develop-
ment may not be affected in this epithelium.

Figure 6  Cells that transiently express Math1ER can develop as supporting 
cells. (a–d) An E13 explant was transfected with Math1ER, treated for 48 h 
with tamoxifen and then incubated in normal media for 96 h. (a) Hair cells 
are labeled by staining with myosin VI (Myo6, red) and by the presence of 
stereociliary bundles (Phal, blue). A normal complement of hair cells is 
present in the organ of Corti (bracket) and ectopic hair cells are present in 
Kölliker’s organ (KO; arrows). (b) As a, but with the red channel removed 
to allow visualization of stereociliary bundles (arrows) on ectopic hair cells. 
(c) As a, but with transfected cells shown in green (M1ER). Note that many 
transfected cells in KO have developed as hair cells. (d) As a, showing that 
transient activation of Math1ER is sufficient to induce KO cells to develop 
as hair cells. (e,f) Low-magnification image of an E13 explant treated as 
in a–d. (e) Jagged-1-positive cells (J1, red) are present in both the sensory 
epithelium and in clusters in KO (arrows). (f) As e, but with the transfected 
cells shown in green. Note the correlation between transfection and J1 
expression in the KO (arrows). (g) Higher-magnification view of a large 
region of J1-positive (red) cells in KO of an E13 explant transfected with 
Math1ER after 6 DIV. (h) As g, but with transfected cells shown in green. 
Many of the J1-positive cells also express EGFP (arrows). (i) As g, but 
with transfected cells (green) and filamentous actin (blue) shown. Some 
transfected cells have also developed as hair cells (arrowheads). (j) As g, 
but with all three labels indicated. Transfected cells in the cluster have 
developed as either hair cells (arrowheads) or supporting cells (arrows). 
(k) Cluster of J1-positive cells (red) in KO of an explant treated as in g. 
(l) As k, but with transfected cells shown in green. Transfected cells that 
are also J1-positive are indicated (arrows). (m) As k, but with transfected 
cells (green) and filamentous actin (blue) indicated. Transfected hair 
cells (arrowheads) are also present in both clusters. (n) As k, but with all 
three labels indicated. Both clusters comprise transfected cells that have 
developed as either hair cells (arrowheads) or supporting cells (arrows). 
Scale bars, 30 µm (a; applies to b–d); 200 µm (e; applies to f); 20 µm 
(g; applies to h–j); 20 µm (k; applies to l–n). 

Table 1 Fates of Math1-transfected cells under different conditions

 Clusters Isolated cells

Vector %HC %SC %UN %HC %SC %UN

Math1ORF a 97.6 (211) ND 2.4 94.3 (159) ND 5.7

Math1ER

Tx 120 hb 76.4 (89) ND 23.6 75.0 (32) ND 25.0

Tx 48 hc 50.0 (110) 32.7 17.3 80.0 (20) 6.5 13.5

Tx 48 h,
DAPT 120 hd 73.7 (103) 1.2 25.1 82.1 (28) 1.5 16.4

For each condition, fates were determined for transfected cells located either in 
clusters with other transfected cells or in isolation (that is, not contacting any other 
transfected cells). Values are a percentage of the total number of cells counted. HC, 
hair cells; ND, not determined; SC, supporting cells; Tx, tamoxifen; UN, undefined 
cells.
aExpression of Math1ORF induced more than 94% of transfected cells to develop as hair cells 
regardless of cell-cell contacts. bA similar, although slightly decreased, result was obtained 
for cells expressing Math1ER in the presence of continuous tamoxifen (see text for details). 
cTransient (48-h) activation of Math1ER resulted in a 34.6% decrease in the number of cells 
that developed as hair cells as compared with activation of Math1ER by continuous tamoxifen, 
but only in clusters of transfected cells. Nearly 33% of transfected cells in these explants 
also expressed the supporting cell marker jagged-1, suggesting that they had differentiated as 
supporting cells. dTransient activation of Math1ER followed by treatment with DAPT returned 
the percentage of transfected cells that developed as hair cells to the value observed with 
continuous tamoxifen treatment, suggesting that the Notch signaling pathway has a role in the 
decrease in hair cells observed in explants treated with tamoxifen for 48 h.
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Hair cells can induce supporting cell development
The existence of inductive interactions between hair cells and support-
ing cells has been suggested previously35–40, but without experimental 
proof. In addition, the observation that supporting cells can develop in 
Kölliker’s organ, a nonsensory structure, indicates that all of the signals 
required for supporting cell development, at least in the Kolliker’s 
organ epithelium, must be produced by hair cells. These results sug-
gest that in the cochlea the presence of hair cells is sufficient for the 
organization of at least rudimentary sensory epithelia. It is intriguing, 
however, that only more ancestral supporting cell markers, such as 
jagged-1 and otogelin were induced in these clusters, whereas mark-
ers of more derived supporting cell types, such as p75ntr, were not 
observed (data not shown). These results suggest that additional fac-
tors may be required for formation of the specialized sensory epithe-
lium in the organ of Corti.

Notch signaling regulates supporting-cell fate
Although the Notch signaling pathway was known to be involved in the 
regulation of hair cell number, its specific role in the ear had not been 
determined24–28.  In particular, the previous observation that inhibition 
of Notch pathway signaling does not consistently disrupt supporting 
cell development suggested that Notch might not have a role in the 
final determination of cells as hair cells or supporting cells. Our current 
results indicate, however, that ectopic expression of Math1 is sufficient 
to activate the Notch pathway and suggest that Math1 itself is a target 
of that activation.

It is important to consider that the effects of inhibition of γ-secretase 
may not be limited to the Notch pathway41; however, other studies have 
indicated that inhibition of γ-secretase leads to a phenocopy of Notch 
mutation in both Drosophila and zebrafish32,33, strongly suggesting that 
inhibition of Notch is a primary effect of this treatment. These results, 
along with previous work showing that activation of Notch1 leads to 
the expression of HES genes and that HES genes can inhibit and down-
regulate Math1 (refs 6,29,30), are consistent with a molecular signal-

ing loop that uses both basic helix–loop–helix and Notch components 
to regulate the specification of hair cells and supporting cells. At the 
same time, developing hair cells must express other, as yet unidentified, 
inductive signals that recruit these ‘Notch-diverted’ cells to develop as 
supporting cells.

Math1 defines a ‘pro-hair cell’ equivalence group
Existing data suggest that hair cell sensory epithelia develop in sev-
eral steps, including the specification of groups of progenitor cells, 
termed ‘prosensory domains’, that become capable of developing as 
either hair cells or supporting cells, and a subsequent step in which 
cells in these groups become committed to specific cell fates42,43. It had 
been suggested that Math1 might specify the prosensory domain6 or, 
alternatively, might be a differentiation factor for cells that are already 
committed to develop as hair cells7.

Our results indicate that Math1 does not function specifically in 
either of these processes in the cochlea. Although Math1 is expressed 
in a population of cells that correlates with the prosensory domain, our 
finding that Math1 expression is not required for generating support-
ing cells suggests that Math1 is not involved in the formation of this 
domain. However, the relatively broad expression of Math1, coupled 
with the fact that subsequent cell-cell interactions lead to the down
regulation of Math1 in some of these cells, indicates that Math1 is 
expressed in prosensory cells that have not, and will not, become com-
mitted to develop as hair cells. In addition, cells that maintain Math1 
expression invariably develop as hair cells. These results are consistent 
with the formation of a developmental equivalence group in which 
all of the cells in the prosensory domain initiate a Math1-dependent 
program, which if unabated will lead to the specification of the hair 
cell fate. As discussed above, however, an early target of the Math1-
dependent program is activation of the Notch pathway, which leads to 
downregulation of Math1 and a diversion from the hair cell fate.

The concept of the prosensory domain should be reconsidered in 
light of our finding that ectopic hair cells in Kölliker’s organ can induce 

Figure 7  Components of the Notch signaling pathway are expressed in 
ectopic hair cells and inhibition of γ-secretase influences cell fate decisions 
by supporting cells. (a) High-magnification image of Jagged2-positive cells 
(red) in an E13 explant after 6 DIV. Cells positive for Jagged2 are located in 
both the organ of Corti (OC; bracket) and Kölliker’s organ (KO; arrows). 
(b) As a, but with cells transfected with Math1ORF shown in green (arrows). 
(c) Merged image of a and b. Most transfected cells located in KO also 
express Jagged2 (arrows), and even cells that are weakly transfected 
(arrowhead) express Jagged2. (d) Cross-section through the cochlear duct 
at P0 showing localization of Notch-ICD. Nuclear Notch-ICD is present in 
the three Deiter’s cells (arrows) and is also weakly expressed in a group of 
cells in KO (arrowheads). Inner (IHC) and outer (numbered 1–3) hair cells 
are negative. Gray arrow indicates the plane of focus in e. (e) Expression 
of Notch-ICD in a whole mount of the cochlea at P0. The plane of focus 
is at the level of the Deiter cell and pillar cell nuclei (see d). Notch-ICD is 
present in the nuclei of Deiter’s cells (bracketed area) but is negative in 
the pillar cells (PC). Notch-ICD is also present in a group of cells in KO 
(arrows). These cells are slightly out of focus because the nuclei are located 
at a higher plane of focus (compare with d). (f) High-magnification image 
of myosin VI–positive (purple) ectopic hair cells (arrows and white asterisks 
in nuclei) generated by transfection with Math1ORF in KO of an E13 
explant after 3 DIV. Cells surrounding the ectopic hair cells show nuclear 
localization of Notch-ICD (black nuclei, arrowheads), indicating activation 
of the Notch signaling pathway in response to transfection with Math1. 
(g) Three groups of hair cells (labeled with myosin VI in red) in KO of an 
E13 explant transfected with Math1ER, treated with tamoxifen for 48 h 
and then incubated for 96 h in media containing DAPT. Despite the close 
proximity of these cells, all transfected (green) cells have developed as hair 
cells (arrows). Scale bars, 50 µm (a; applies to b,c); 20 µm (d–g). 
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surrounding cells to develop as supporting cells. This result suggests 
either that the formation of a prosensory domain is not required for 
the development of cochlear sensory epithelia, or that cells in Kölliker’s 
organ should be considered as part of the prosensory domain. At this 
point, it is not possible to determine which of these possibilities is more 
likely. With the exception of Math1, the best marker of the putative pro-
sensory domain in the cochlea is the cell cycle inhibitor p27kip1, which 
is expressed in a pattern that roughly overlaps with that of Math1 and 
is excluded from the Kölliker’s organ7,44. Because hair cells and sup-
porting cells can develop outside the expression domains of Math1 and 
p27kip1 (ref. 4), however, the prosensory domain in the cochlea may be 
much larger than was previously thought and may be defined before 
the expression of either Math1 or P27kip1.

In summary, our results show that Math1 specifies the formation of 
a ‘pro-hair cell’ equivalence group in the cochlea. Consistent with this 
molecular effect, Math1 is not directly required for the formation of 
supporting cells; however, absence of Math1 results in a complete loss 
of both hair cells and supporting cells in the cochlea as a result of a dis-
ruption in interactions between developing hair cells and surrounding 
uncommitted progenitor cells. Our results also show that developing 
hair cells produce two signals that influence the fate of surrounding 
cells: an inhibitory signal that most probably uses the Notch pathway 
to divert cells from developing as hair cells, and an inductive signal that 
recruits these same cells to develop as supporting cells.

METHODS
Math1-null mice and expression of Math1. Math1-null mice were generated 
by crossing Math1+/βgal heterozygotes as described3. We obtained cochleae at 
specific time points between E12 and E18.5. All experiments involving mice were 
approved by the National Institutes of Health Animal Care and Use Committee.  
Expression of the gene encoding β-gal was determined by staining whole mounts 
as described44.

Immunohistochemistry. Cochleae were dissected from wild-type and mutant 
littermates at the time points described above. Some cochleae were processed as 
whole mounts and others were sectioned in a cryostat at a thickness of 12 µm.

Whole-mount immunostaining of whole cochleae was done as described11 
with antibody to p75ntr (Chemicon; diluted 1:1,000) and with TC2 (a gift of 
A. Capehart, East Carolina University; undiluted). Antibody binding was 
detected by an Alexa-594 (red fluorophore)-conjugated secondary antibody 
(Molecular Probes; 1:1,000).

Cryostat sections were incubated overnight in primary antibodies to S100A1 
(DAKO; 1:100), GFAP (DAKO; 1:100) and Jagged1 (Santa Cruz; 2 µg/ml). 
Antibody labeling was visualized as described. We used Alexa-488-conjugated 
phalloidin (Molecular Probes; 1:1,000) to visualize cellular borders in both 
whole mounts and cryosections.

In situ hybridization. Cryostat sections of cochleae from Math1-null and wild-
type littermates were obtained as described and in situ hybridization for Fgfr3 
or β-tectorin was done as described45.

Construction of the Math1ER construct. The cDNA for the tamoxifen-specific 
form of the ER was a gift of A. McMahon (Harvard University, Boston, MA). 
This fragment was ligated into the NotI site of a pcDNA-Math1 expression vector 
generated and provided by M. Rivolta (University of Sheffield, Sheffield, UK). Two 
independent PCR reactions were then done with primers that removed the stop 
codon from the Math1 cDNA and generated short complementary overhangs at 
the end of the Math1 and the beginning of ER cDNAs. We carried out a third PCR 
with primers from the beginning of Math1 and the end of the ER using the prod-
ucts of the first two PCR reactions as a template to generate the fusion construct. 
Construction of an in-frame Math1-ER fusion product was confirmed by DNA 
sequencing and the product was ligated into a pIRES2-EGFP vector (Clontech).

Transfection of cochlear explants. Cochlear explant cultures were established 
from E13.5 and E14.5 embryos as described46. Individual cells in Kolliker’s 

organ were transfected by square-wave electroporation as described4. Both the 
Math1ORF and Math1ER vectors contained an IRES sequence followed by the 
cDNA for enhanced green fluorescent protein (EGFP).

The Math1ER fusion protein was activated by treating explants with 15 nM 
tamoxifen in dimethyl sulfoxide (Sigma) for either 48 h (transient activation) 
or 6 DIV (continuous activation). Preliminary results indicated that long-term 
exposure to tamoxifen concentrations greater than 15 nM resulted in toxicity. 
To inhibit Notch signaling, the γ-secretase inhibitor DAPT (Sigma) was added 
to culture media at a concentration of 2 µM for the duration of the experiment. 
Control experiments indicated that DAPT treatment of explant cultures trans-
fected with EGFP alone did not induce ectopic hair cells (data not shown).

Transfected cells were identified by an antibody to GFP conjugated to Alexa-488 
(Molecular Probes). Supporting cells were labeled with antibodies to either jagged-1 
(Santa Cruz) or otogelin (a gift of C. Petit, Pasteur Institute), and hair cells were 
labeled with antibodies to myosin VI (Sigma) or myosin VIIa (a gift of C. Petit).  All 
antibody labeling was visualized with a secondary antibody conjugated to Alexa-594 
(Molecular Probes). Cell boundaries and stereociliary bundles were visualized with 
phalloidin conjugated to Alexa-633 (Molecular Probes). Expression of β-gal was 
detected by using an antibody to β-gal as described (Promega).

Expression of Notch pathway components. Expression of Jagged2 was deter-
mined by an antibody specific for human Jagged2 protein (Orbigen). Activation 
of Notch was determined by a Val1744 antibody (Cell Signaling Technology). 
Samples were fixed in 100% methanol, as described in the manufacturer’s 
protocol. Antibody labeling was detected by a Vector Elite ABC kit (Vector 
Laboratories) using diaminobenzidine as a chromogen. Because the EGFP 
epitope could not be detected after methanol fixation, ectopic hair cells were 
identified by labeling with an antibody to myosin VI followed by an alkaline 
phosphatase chromogen reaction.

Note: Supplementary information is available on the Nature Neuroscience website.
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