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Abstract

The retina has diverse neuronal cell types derived from a common pool of retinal progenitors. Many molecular
drivers, mostly transcription factors, have been identified to promote different cell fates. In Drosophila, atonal
is required for specifying photoreceptors. In mice, there are two closely related atonal homologs, Atoh1 and
Atoh7. While Atoh7 is known to promote the genesis of retinal ganglion cells, there is no study on the function
of Atoh1 in retinal development. Here, we crossed Atoh1Cre/1 mice to mice carrying a Cre-dependent
TdTomato reporter to track potential Atoh1-lineage neurons in retinas. We characterized a heterogeneous
group of TdTomato1 retinal neurons that were detected at the postnatal stage, including glutamatergic ama-
crine cells, AII amacrine cells, and BC3b bipolar cells. Unexpectedly, we did not observe TdTomato1 retinal
neurons in the mice with an Atoh1-FlpO knock-in allele and a Flp-dependent TdTomato reporter, suggesting
Atoh1 is not expressed in the mouse retina. Consistent with these data, conditional removal of Atoh1 in the
retina did not cause any observable phenotypes. Importantly, we did not detect Atoh1 expression in the retina
at multiple ages using mice with Atoh1-GFP knock-in allele. Therefore, we conclude that Atoh1Cre/1 mice have
ectopic Cre expression in the retina and that Atoh1 is not required for retinal development.
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Significance Statement

The Atoh1Cre/1 mice have been broadly used to study the Atoh1-lineage cells in many different contexts in-
cluding neurons in the hindbrain and the spinal cord, hair cells in the inner ear, secretory cells in the intes-
tine, Merkel cells in the epidermis, and tumor cells in the medulloblastoma. While the Atoh1-Cre allele
matches endogenous Atoh1 expression in these tissues, in this study we describe ectopic expression of
Atoh1-Cre allele in the retina and demonstrate that Atoh1 is not required for retinal development.
Importantly, we further characterized the cell types that were reliably labeled by the ectopic Cre, providing a
potential tool to target retinal cells with Atoh1Cre/1 mouse model.

Introduction
The retina is a thin layer of tissue that converts the light

to the electrical signal and transmits the information to the
visual system in the brain. There are six major neuronal

cell types, as follows: rod and cone photoreceptors;
bipolar, horizontal, and amacrine interneurons; retinal
ganglion cells; and a glial cell type, Müller glia, in the
mammalian retina. These cells are derived from a pool
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of retinal progenitor cells (Turner and Cepko, 1987).
Recently, single-cell RNA sequencing (RNA-seq) un-
covered .60 neuronal subtypes in the retina (Peng et al.,
2019; Yan et al., 2020), raising an important question about
how retinal cell diversity arises during development. The
basic helix-loop-helix (bHLH) transcription factor atonal
(ato) plays a key role in the developing retina in Drosophila
by promoting the transition from retinal progenitor cells to
photoreceptors (Jarman et al., 1994). Among the seven
mammalian homologs of ato, only ATOH1 and ATOH7
share the identical basic domain with ATO, which is impor-
tant for DNA binding (Hassan and Bellen, 2000). In contrast
to ato in the fruit fly, Atoh7 is required for genesis of retinal
ganglion cells rather than photoreceptors in mice (Brown et
al., 2001). Atoh1, on the other hand, has not been studied
in mammalian retinas yet.
Mouse genetic tools have been used to interrogate the

function of Atoh1 by replacing the coding region of Atoh1
with either a lacZ reporter or a Cre recombinase, which al-
lows us to remove Atoh1 and track the Atoh1-lineage
neurons in combination with a Cre-dependent reporter
(Ben-Arie et al., 2000; Yang et al., 2010). The specificity of
labeling Atoh1 lineage using lacZ reporter or Cre recombi-
nase has been validated by loss of the labeled cells upon
Atoh1 deletion. Specifically, Atoh1 knockout leads to loss
of several neuronal cell types in the brainstem, granule
cells in the cerebellum, interneurons in the spinal cord
(Hassan and Bellen, 2000; Bermingham et al., 2001; Wang
et al., 2005; Rose et al., 2009), as well as non-neuronal
cells such as Merkel cells in the skin (Morrison et al., 2009),
secretory cells in the intestine (Yang et al., 2001), and hair
cells in the inner ear (Yang et al., 2010). Although Atoh1-lin-
eage neurons have been systematically identified in the
mouse hindbrain and shown to be critical components of
the auditory, vestibular, proprioceptive, and interoceptive
pathways (Rose et al., 2009), it remains unclear whether
Atoh1 is also involved in retinal development.
In this study, we set out to characterize the potential

Atoh1-lineage neurons in the mouse retina by crossing
Atoh1Cre/1 mice to the mice carrying a Cre-dependent
TdTomato reporter (Ai14). While we detected TdTomato la-
beling in the retina by Atoh1-Cre at the postnatal stage, fur-
ther studies using Atoh1FlpO/1 mice with a Flp-dependent

reporter (Ai65F) revealed that the Atoh1-Cre allele leads to
ectopic expression in the retina. Interestingly, the ectopic
labeling is consistent across animals and enriched for ve-
sicular glutamate transporter 31 (VGluT31) amacrine cells,
AII amacrine cells, and BC3b bipolar cells. Last, we
demonstrated that conditional knockout (cKO) of Atoh1
in mouse retina does not cause histologic phenotype,
suggesting that Atoh1 does not play a role in retinal
development.

Materials and Methods
Animals
The following mouse lines were used in this study:

Atoh1lacZ/1 (catalog #005970, The Jackson Laboratory);
Atoh1Cre/1 (Yang et al., 2010); Atoh1FlpO/1 (catalog #036541,
The Jackson Laboratory); Atoh1flox/1 (catalog #008681, The
Jackson Laboratory); mRx-Cre (Klimova et al., 2013); Ai65
(catalog #021875, The Jackson Laboratory); and Ai14 (cata-
log #007914, The Jackson Laboratory). Ai65F mice
were generated by crossing the Ai65 mice to Sox2-
Cre mice (catalog #008454, The Jackson Laboratory).
All mice were housed in a level 3, American Association
for Laboratory Animal Science-certified facility on a 14 h
light/dark cycle. Husbandry, housing, killing, and experimen-
tal guidelines were approved by the institutional animal care
and use committee at Baylor College of Medicine.

Immunofluorescence staining
After the euthanasia and enucleation of the animals, the

corneas and the lenses were removed from the globes. Both
males and females were collected. The globes were fixed
with 4% paraformaldehyde in PBS for 30min on ice, fol-
lowed by PBS wash and incubation in 30% sucrose in
PBS at 4°C for 14–16 h. The samples were cryopre-
served in optimal cutting temperature (OCT) compound
and stored at �80°C until use. The retinal sections were
collected on slides by cryostat (Leica) with 10–20 mm
thickness and stored at �20°C until use. For immuno-
fluorescence staining, the slides were rinsed with PBS
to remove OCT, followed by blocking with the blocking
buffer (5% normal goat serum with 0.2% Triton X-100 in
PBS) for 1 h at room temperature (RT). The sections
were incubated with primary antibodies in blocking
buffer at 4°C for 24 h, followed by PBS wash for three
times. The sections were incubated with secondary
antibodies in blocking buffer at RT for 2 h. The counter-
stain was performed by DAPI staining at RT for 5min. The
slides were mounted with Vectashield Antifade Mounting
Media (catalog #H-1000–10, Vector Laboratories). The
following primary antibodies were used in this study
with the following indicated dilutions: anti-SLC6A9 (GlyT1;
1:1000; catalog #BMP091, MBL); anti-GAD65/67 (1:500; cat-
alog #AB1511, Millipore); anti-Pax6 (1:500; catalog #901301,
BioLegend); anti-TH (1:500; catalog #AB152, Millipore); anti-
ChAT (1:100; catalog #AB144P, Millipore); anti-VGluT3
(1:2000; catalog #AB5421-1, Millipore); anti-Dab1 (1:200;
catalog #AB5840-1, Millipore); anti-Vsx2 (1:200; cata-
log #X1179P, Exalpha); anti-Islet1/2 (1:100; catalog
#40.2D6, Developmental Studies Hybrbridoma Bank);
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anti-Prkar2b (1:500; catalog #610625, BD); anti-PKCa
(1:100; catalog #610107, BD); anti-Hcn4 (1:500; catalog
#APC-052, Alomone Labs); anti-Syt2b (1:200; catalog
#ZDB-ATB-081002–25, ZFIN); and anti-GFP (1:1000;
catalog #ab13970, Abcam).

Quantification of the immunostaining and statistics
For colocalization studies, three animals were used. Six

regions of interest were quantified for each animal. The
total number of marker1 cells and the number of marker1

and TdTomato1 cells were determined by manually count-
ing with ImageJ. The percentage of marker1 cells over-
lapped with TdTomato was presented as the mean 6 SD
for each retinal subtype. For Atoh1 cKO studies, three ani-
mals were used. Six regions of interest were quantified for
each animal. The total number of marker1 cells were de-
termined by manually counting with ImageJ. Data were
presented as the mean 6 SD for each retinal subtype.
Statistics were performed between the control and Atoh1
cKO using the t test.

Results
Genetic lineage tracing indicates Atoh1-Cre labels
several neurons postnatally in the mouse retina
To test whether Atoh1 contributes to retinal cells, we

crossed Atoh1Cre/1 mice (Yang et al., 2010) to Ai14 re-
porter mice (Rosalsl-TdTomato; Madisen et al., 2010; Fig.
1A). We examined the mouse retinas at different timepoints
to determine whether there are TdTomato1 cells (presum-
ably Atoh1-lineage cells) and, if so, where and when those
cells emerge. We did not find TdTomato1 cells until post-
natal day 7 (P7). We found a few TdTomato1 cells in the
inner nuclear layer (INL) at P7 (Fig. 1B). The number of
TdTomato1 cells increased as the animals aged. At P14,
most of the TdTomato1 cells were located at the inner part
of INL, where most amacrine cells reside (Fig. 1B). In addi-
tion, TdTomato labeling extended to the inner plexiform
layer (IPL), where amacrine cells project their dendritic ar-
borization. At P28, TdTomato1 cells were observed in the
outer layer of INL, the area occupied by bipolar cells and

horizontal cells, and in the ganglion cell layer (GCL), the re-
gion where ganglion cells and amacrine cells reside (Fig.
1B). We did not find TdTomato1 cells in the outer nuclear
layer (ONL), suggesting that Atoh1 did not contribute to
rod and cone photoreceptors (Fig. 1B). Together, these
data suggest that Atoh1may be expressed at the postnatal
stages and give rise to a subset of retinal neurons, includ-
ing amacrine cells, bipolar cells, horizontal cells, and gan-
glion cells.

Atoh1-Cre-labeled neurons include glutamatergic
amacrine cells, AII amacrine cells, and BC3b OFF
bipolar cells
Given the heterogeneity of the retinal neurons, we sought

to characterize the TdTomato1 neuronal subtypes labeled
by Atoh1-Cre using immunofluorescence staining in adult
mice with subtype-specific markers. The percentage of the
marker1 cells that coexpress TdTomato was calculated. We
focused on amacrine cells and bipolar cells because these
two cell types compose the majority of the TdTomato1 cells
based on their anatomic location. First, we examined the
amacrine cells, the interneurons in INL and GCL, which are
categorized into the following two broad groups: glycinergic
amacrine cells and GABAergic amacrine cells (Extended
Data Table 2-1). Using a pan amacrine cell marker Pax6, we
observed 29.06 3.1% of amacrine cells are Atoh1-Cre-la-
beled neurons (Fig. 2A). In addition, we found 67.466.7%
of glycinergic amacrine cells labeled by glycine transporter
11 (GlyT11) are TdTomato1 (Extended Data Fig. 2-1A). On
the other hand, ;44.662.9% of GABAergic amacrine cells
demarcated by glutamate decarboxylase (GAD65/671) are
TdTomato1 (Extended Data Fig. 2-1B). Both glycinergic and
GABAergic amacrine cells can be classified into subtypes
depending on the expression of other neurotransmitters or
neuropeptides (Extended Data Table 2-1). Interestingly, the
glycinergic amacrine cells coexpressing glutamate are
highly overlapped with TdTomato (88.86 12.9%) shown by
vesicular glutamate transporter 3 (VGluT3) staining (Fig. 2B).
Moreover, the AII amacrine cell subtype defined by Dab1 ex-
pression also exhibits a high percentage of overlapping with

Figure 1. Genetic lineage tracing reveals Atoh1-Cre-labeled neurons in the mouse retina. A, A schematic illustration of the lineage-
tracing method. Atoh1-Cre knock-in mice (Atoh1Cre/1) were crossed with mice carrying a Cre-dependent TdTomato reporter (Ai14).
B, TdTomato expression in the mouse retina at different postnatal stages. The retinas were collected from Atoh1Cre/1; Ai14/1 mice
at P4, P7, P14, and P28 (n¼ 3 per timepoint). The nuclei were stained with DAPI.

Research Article: Negative Results 3 of 8

November 2023, 10(11) ENEURO.0307-23.2023 eNeuro.org

https://doi.org/10.1523/ENEURO.0307-23.2023.t2-1
https://doi.org/10.1523/ENEURO.0307-23.2023.f2-1
https://doi.org/10.1523/ENEURO.0307-23.2023.f2-1
https://doi.org/10.1523/ENEURO.0307-23.2023.t2-1


TdTomato (80.96 7.1%; Fig. 2C). In contrast, we de-
tected no GABAergic amacrine cells coexpressing dopa-
mine that are TdTomato1 and only a few GABAergic
amacrine cells coexpressing acetylcholine that are
TdTomato1 (1.76 1.8%; Extended Data Fig. 2-1C,D).
These data suggest that Atoh1 may contribute to other
GABAergic subtypes that express either neuropeptide Y
or nitric oxide.

Next, we examined the bipolar cells, the key neurons
that are located in INL and directly receive inputs from the
photoreceptors and transmit the signals to the ganglion
cells. There are .10 subtypes of bipolar cells, which are
divided into two broad categories, ON and OFF bipolar
cells, depending on their chromatic preference. Several
markers have been used to identify different subtypes
(Cheng et al., 2005; Wässle et al., 2009). For example,

Figure 2. Atoh1Cre/1 labels a heterogeneous group of neurons in the retina. A–F, Immunofluorescence staining of different retinal
cell markers on adult mouse retina. The retinas were collected from Atoh1Cre/1; Ai14/1 mice. The arrows show examples of the co-
localization of the marker and TdTomato. For BC3b subtype (F), Pax6 was used as an additional marker to exclude Prkar2b1 ama-
crine cells. The percentage of the marker1 cells overlapping with TdTomato is calculated and reported as the mean 6 SD (n¼3 for
each marker). Scale bar, 25 mm. AC, Amacrine cell; BC, bipolar cell. Also see Extended Data Figures 2-1 and 2-2 for additional im-
munofluorescence staining for ACs and BCs, respectively. The quantification of AC and BC subtypes was summarized in Extended
Data Tables 2-1 and 2-2, respectively.
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Islet-1 is selectively expressed in ON, but not in OFF, bi-
polar cells. We found that ,10% of ON bipolar cells were
TdTomato1 (8.76 1.4%; Fig. 2D). Using PKCa as a
marker, we observed 4.36 2.0% of rod bipolar cells are
TdTomato1 (Extended Data Fig. 2-2A). However, when
we stained for Vsx2, a pan marker for bipolar cells, we
observed that about one-quarter of bipolar cells also
express TdTomato (24.66 4.3%; Fig. 2E), suggesting
that Atoh1-Cre was expressed in OFF bipolar cells.
Therefore, we used the following markers Syt2b, Hcn4,
and Prkar2b (PKA type II b regulatory subunit) to iden-
tify BC2, BC3a, and BC3b OFF bipolar cells, respec-
tively (Extended Data Table 2-2). While none of the
BC3a neurons coexpressed TdTomato, 75.46 5.0% of
BC3b bipolar cells were labeled with TdTomato (Fig.
2F, Extended Data Fig. 2-2B). In addition, a small pop-
ulation of BC2 coexpressed TdTomato (3.76 3.8%;
Extended Data Fig. 2-2C).
Altogether, these data demonstrated that Atoh1Cre/1

labels a heterogeneous group of neurons in the retina
consistently across adult mice. In addition, we char-
acterized several retinal subtypes that are highly over-
lapped with TdTomato, including glutamatergic amacrine
cells, AII amacrine cells, and OFF bipolar cell subtype
BC3b.

Atoh1-deficient mice do not exhibit cellular
phenotypes in the retina
To test whether Atoh1 is required for development of

the Atoh1-Cre-labeled neurons in the retina, we condi-
tionally deleted Atoh1 in the retina using mRx-Cre trans-
genic mice (Klimova et al., 2013). To ensure the Atoh1
knockout efficiency, we used mice carrying an Atoh1flox

allele (Shroyer et al., 2007) and an Atoh1lacZ allele (Ben-
Arie et al., 2000), in which the coding region of Atoh1 was
replaced with lacZ allele, creating a null allele (Fig. 3A).
We confirmed the conditional knockout in the retinal cell
but not in other tissues using PCR (Fig. 3B) and quantified
the numbers of amacrine cells and bipolar cells in control
and mRx-Cre; Atoh1flox/lacZ mice (Atoh1 cKO), respec-
tively. There is no significant difference in the number of
total amacrine cells (Pax61) or bipolar cells (Vsx21) be-
tween the control and Atoh1 cKO mice (Fig. 3C–F).
Moreover, we also found no change in the numbers of the
subtypes including glycinergic amacrine cells (GlyT11),
glutamatergic amacrine cells (VGluT31), BC3b OFF bipo-
lar cells (Prkar2b1), and rod ON bipolar cells (PKCa1;
Extended Data Fig. 3-1). Overall, we did not find a signifi-
cant difference in the gross morphology of the retina and
the number of major retinal cell types between control
and Atoh1 cKO mice. These data suggest that Atoh1 is

Figure 3. Conditional removal of Atoh1 in the retina does not cause cellular phenotypes. A, A schematic illustration of the strategy
to knock out Atoh1 specifically in mouse retina. B, The red arrows denote the primers used to detect knockout efficiency. B, PCR
validation of Atoh1 knockout in the retina. The genomic DNA was extracted from the retina and the tail of the control and Atoh1
cKO mice, respectively. PCR was performed using the primers shown in A. C, E, Immunofluorescence staining of PAX6 (C) and
VSX2 (E) on the retinas from control and Atoh1 cKO mice (n¼3 per genotype). The nuclei were stained with DAPI. D, F,
Quantification of the PAX61 (D) and VSX21 (F) neurons in control and Atoh1 cKO mice. Data are presented as the mean 6 SD
(n¼ 3 per genotype). The p values were determined by the t test (Extended Data Fig. 3-1, additional immunofluorescence staining
and quantification).
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not required for the generation of the Atoh1-Cre-labeled
cells in retina. However, we cannot exclude the possibility
that the function of the potential Atoh1-lineage cells is im-
paired. Moreover, without labeling the Atoh1-lineage neu-
rons with fluorescence reporter, the phenotype, if any,
could be masked by the non Atoh1-lineage neurons.

Ectopic expression of Cre recombinase under Atoh1
promoter labels a subpopulation of retinal cells
To eliminate the potential confounding effects of non-

Atoh1-lineage neurons on phenotyping the Atoh1 cKO
mice, we used an intersectional approach to label the
Atoh1-lineage neurons by crossing mRx-Cre; Atoh1FlpO/1

mice to Atoh1flox/1; Ai65/Ai65 mice. The FlpO allele was

knocked in to the Atoh1 locus and replaced the entire
coding region of Atoh1, resulting in an Atoh1-null allele
(van der Heijden and Zoghbi, 2018). Using a Cre- and Flp-
dependent TdTomato reporter Ai65 allele (Madisen et al.,
2015), we selectively labeled the intersectional domain of
Rax and Atoh1 in the retina (Fig. 4A). To our surprise, we
did not observe any TdTomato1 cells in the retina using
the intersectional approach (Fig. 4B). We confirmed indi-
vidual recombinases were functional with the following
experiments. First, mRx-Cre; Ai14/1 mice demonstrated
the efficient function of Cre recombinase shown by
TdTomato labeling of all retinal cells (Fig. 4C). Second, we
crossed the Atoh1FlpO/1 mice to Ai65F mice, which carry
an Flp-dependent TdTomato allele. Although we ob-
served TdTomato signal in the cerebellar granule neurons,

Figure 4. Atoh1-Cre but not Atoh1-FlpO lead to ectopic expression of TdTomato1 cells in the retina. A, A schematic illustration of
the intersectional labeling approach. mRx-Cre; Atoh1FlpO/1 mice were crossed to mice carrying a TdTomato reporter (Ai65) whose
expression requires both Cre and Flp recombinases. B, TdTomato expression in the retinas of mRx-Cre; Atoh1FlpO/1; Ai65/1 mice.
The retinas were collected at P28 (n¼ 3). The nuclei were stained with DAPI. C, Validation of TdTomato expression in the retinas of
mRx-Cre; Ai14/1 mice. The retinas were collected at P28 (n¼ 3). The nuclei were stained with DAPI. D, Validation of TdTomato ex-
pression in the retinas of Atoh1FlpO/1; Ai65F/1 mice. The retinas and cerebella were collected at P28 (n¼ 3). The nuclei were stained
with DAPI. E, ATOH1-GFP expression in the retinas of Atoh1GFP/GFP mice. The retinas were collected at P5, P7, P9, and P14 (n¼ 3
per timepoint). F, The t-distributed stochastic neighbor embedding (tSNE) plot of the single-cell RNA sequencing data from P14 WT
mouse retinas (Macosko et al., 2015). G, Expression of Atoh1, Pax6, and Vsx2 on the tSNE plot.
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a well established Atoh1-lineage neuronal population, no
TdTomato1 cells were detected in the retina (Fig. 4D).
These data were in stark contrast with the results from
Atoh1Cre/1; Ai14/1 mice (Fig. 1B). Given that Cre-de-
pendent TdTomato reporter (Ai14) was in the ROSA locus
with a strong CAG promoter, a trace amount of Cre re-
combinase is sufficient to drive TdTomato expression in
the cells. Therefore, the presumed “Atoh1-lineage” neu-
rons in the retinas of Atoh1Cre/1; Ai14/1mice may be arti-
facts caused by ectopic expression of Cre recombinase.
To further investigate whether Atoh1 is expressed in the

retinas, we performed immunofluorescence staining on
the retina of a mouse model carrying Atoh1-GFP fusion al-
lele (Atoh1GFP/GFP), which we have validated to mirror na-
tive Atoh1 expression (Lumpkin et al., 2003). We collected
the retinas from P5, P7, P9, and P14 mice and performed
immunostaining using GFP antibody. At all timepoints, we
did not detect ATOH1–GFP signal in the retina (Fig. 4E).
In addition, we analyzed the publicly available single-
cell RNA-seq data of mouse retinas at P14 (Macosko et
al., 2015) and confirmed that Atoh1 transcripts were not
detected in all retinal cell types (Fig. 4F,G). Together,
these data reveal an undetectable Atoh1 expression in
mouse retina, corroborating the finding that no TdTomato1

cells are observed in the retinas of Atoh1FlpO/1; Ai65F mice.
Therefore, we conclude that there is an ectopic expression
of Cre recombinase postnatally in the retinas in Atoh1Cre/1

mice.

Discussion
The Cre-loxP system has been widely used in genetic

lineage tracing and cell type-specific genetic manipula-
tion in vivo. The specificity and efficiency of targeting a
particular cell type varies depending on the loci of the
Cre, the loci of the targeted gene of interest, and the ge-
netic background of the mice (Song and Palmiter, 2018).
Indeed, several studies have revealed nonspecific Cre ex-
pression using transgenic or knock-in Cre lines (Hébert
and McConnell, 2000; Spinelli et al., 2015; Wu et al., 2020;
Ogujiofor et al., 2021). Therefore, careful characterization
of the Cre knock-in mouse line is important for understand-
ing the limitations and advantages of a mouse model.
Atoh1Cre/1 mice have been widely used to target well

established Atoh1-lineage cells including several neurons
in the hindbrain and the spinal cord, hair cells in the inner
ear, secretory cells in the intestine, Merkel cells in the epi-
dermis, and tumor cells in the medulloblastoma. Atoh1-
Cre expression in those lineages is validated given loss of
the labeled cells on Atoh1 knockout. In this study, we
demonstrated the nonspecific labeling of the retinal
cells in Atoh1Cre/1; Ai14/1 mice by using Atoh1FlpO/1;
Ai65F/1 mice. The absence of the labeled retinal cells
in Atoh1FlpO/1; Ai65F/1 mice is not likely because of in-
sufficient FlpO-mediated recombination in the retina
given that Atoh1-FlpO allele successfully labeled all
other Atoh1-lineage neurons shown in the present study
(Fig. 4D) and a previous study (van der Heijden and
Zoghbi, 2018). Moreover, other FlpO-mediated genetic
tools have been used to study different cell types in the
retina (Jo et al., 2018), disputing that FlpO recombinase

may not function in the retina. Most importantly, we did
not detect Atoh1 expression in the mouse retina by immu-
nostaining in this study (Fig. 4E) or in the published single-
cell RNA-seq data (Macosko et al., 2015).
The mechanism underlying the ectopic labeling in the

retinas of Atoh1Cre/1 mice remains unclear. However,
the unexpected expression of Cre has been reported
in the motor neurons of the intrinsic hand and foot using
the same Atoh1Cre/1 mice with Ai14 reporter (Ogujiofor
et al., 2021). Of note, Ogujiofor et al. (2021) and our
study both demonstrated that the ectopic labeling hap-
pened postnatally and reliably in a particular group of
cells across animals. These data suggest that the ec-
topic expression of Cre is not a stochastic event. Given
the robust labeling of the glutamatergic amacrine cells,
AII amacrine cells, and BC3b bipolar cells in Atoh1Cre/1;
Ai14/1 mice (Fig. 2), we propose to use the intersec-
tional approach by combining Atoh1Cre/1 mice and
other FlpO mouse lines to achieve selective labeling of
the retinal neurons. For example, FlpO driven by Slc17a8
promoter in combination with Atoh1Cre/1 can be used to
target ;89% of VGluT31 amacrine cells in the retina, but
not other Atoh1-lineage cells or other VGluT3-express-
ing cells in the brain. On the other hand, when targeting
the retinal neurons is not desired, we suggest using
Atoh1FlpO/1 mice rather than Atoh1Cre/1 mice since we
did not observe the ectopic labeling in the retina in
Atoh1FlpO/1 mice (Fig. 4E).
Although we did not detect Atoh1 expression in the

retinas or observe any histologic phenotype in the
Atoh1-deficient retinas, a recent study demonstrated
that overexpression of Atoh1 and another bHLH tran-
scription factor, Ascl1, in the retinal Müller glia stimu-
lated neurogenesis in the adult mice (Todd et al.,
2021). Importantly, Todd et al. (2021) also showed that
endogenous Atoh1 was not detected in adult retinas and
that overexpressing Atoh1 in the Müller glia alone is not
sufficient to drive the glia-to-neuron reprogramming. Our
data corroborate the previous study and demonstrate that
Atoh1 is dispensable for retinal development.
In sum, this study provides evidence that Atoh1, unlike

its paralog Atoh7, is not expressed in the mouse retina.
We also highlight the ectopic expression of Cre in the reti-
nas of a commonly used mouse model, Atoh1Cre/1, which
is important to note when interpreting data using this
mouse line.
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