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Abstract
The avian basilar papilla (BP) is a likely homolog of the auditory sensory epithelium of the
mammalian cochlea, the organ of Corti. During mammalian development Fibroblast growth factor
receptor-3 (Fgfr3) is known to regulate the differentiation of auditory mechanosensory hair cells
(HCs) and supporting cells (SCs), both of which are required for sound detection. Fgfr3 is
expressed in developing progenitor cells (PCs) and SCs of both the BP and the organ of Corti;
however its role in BP development is unknown. Here we utilized an in vitro whole organ
embryonic culture system to examine the role of Fgf signaling in the developing avian cochlea.
SU5402 (an antagonist of Fgf signaling) was applied to developing BP cultures at different stages
to assay the role of Fgf signaling during HC formation. Similar to the observed effects of
inhibition of Fgfr3 in the mammalian cochlea, Fgfr inhibition in the developing BP increased the
number of HCs that formed. This increase was not associated with increased proliferation,
suggesting that inhibition of the Fgf pathway leads to the direct conversion of PCs or supporting
cells into HCs, a process known as transdifferentiation. This also implies that Fgf signaling is
required to prevent the conversion of PCs and SCs into HCs. The ability of Fgf signaling to inhibit
transdifferentiation suggests that its down-regulation may be essential for the initial steps of HC
formation, as well as for the maintenance of SC phenotypes.
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1. Introduction
Similar to the mammalian organ of Corti, the avian basilar papilla (BP) contains
mechanosensory hair cells (HCs) which act as the primary transducers of auditory stimuli.
While birds are able to replace damaged HCs through a regenerative process (Corwin et al.,
1988; Cotanche, 1987; Ryals et al., 1988), HC loss in the mammalian auditory system is
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permanent. In both sensory epithelia, HCs are surrounded by supporting cells (SCs) to form
a mosaic that spans the proximal-to-distal and neural-to-abneural axes, and previous lineage
tracing experiments have demonstrated that HCs and SCs are derived from a common
progenitor pool (Fekete et al., 1998). It has been suggested that HC formation during
regeneration may share similarities with HC formation during development, and studies
have identified many aspects of HC development that are recapitulated during regeneration
(Cotanche et al., 2010; Levic et al., 2007; Stone et al., 2007). Thus, a full characterization of
the process of HC and SC development and the genes that are responsible for their
differentiation from a common precursor pool should provide insights into the process of
regeneration.

In the chick, outgrowth of the BP from the otic vesicle is evident by embryonic day 5 (E5),
and HCs begin to differentiate around E6 (Bartolami et al., 1991; Cotanche et al., 1983)
even though terminal mitosis will not be complete until E8.5 (Katayama et al., 1989). The
initial progenitor cell (PC) population forms a pseudostratified epithelium with multiple
layers of disorganized nuclei (Fig. 1A). As the distal-to-proximal gradient of HC
differentiation begins, the epithelium reorganizes (Fig. 1B) to form a single lumenal layer of
HCs with several layers of SCs more basally located (Cotanche et al., 1984).

Recent work has demonstrated that formation of the PC population, often referred to as
prosensory cells in mammals, is dependent on expression of the transcription factor Sox2
and activation of the Notch signaling pathway (Basch et al., 2011; Daudet et al., 2005;
Daudet et al., 2007; Kiernan et al., 2005; Yamamoto et al., 2011), while subsequent
development of some PCs into HCs requires expression of another transcription factor,
Atoh1 (Bermingham et al., 1999; Woods et al., 2004). In both mammals and birds,
expression of Sox2 is maintained in the SC population into adulthood (Dabdoub et al., 2008;
Neves et al., 2007). Sorting of PCs into hair cells and supporting cells is mediated through a
lateral inhibitory pathway in which differentiating HCs inhibit neighboring PCs from
developing into HCs through activation of the Notch-Delta signaling pathway (Adam et al.,
1998; Daudet et al., 2005; Daudet et al., 2007). A similar mode of regulation has been
demonstrated in the mouse cochlea (Lanford et al., 1999; Lewis et al., 1998). However, data
from both species suggest that Notch-Delta signaling alone is not sufficient to fully explain
the generation of the HC-SC mosaic, and published reports suggest that the Fibroblast
growth factor (Fgf) signaling pathway may also contribute to this patterning (Chen et al.,
1999; Hayashi et al., 2007; Jacques et al., 2007; Mueller et al., 2002; Puligilla et al., 2007;
Shim et al., 2005).

The Fgf family includes more than 20 secreted ligands and 4 membrane-bound receptors
(each with multiple splice variants) that play important roles in cell survival, proliferation,
migration, and differentiation (Hebert, 2011). During inner ear formation Fgf signaling has
been shown to regulate otic placode induction as well as early events in otocyst formation
(Schimmang, 2007). Later in development, Fgf ligands and their receptors have also been
shown to regulate the formation of auditory HCs. In particular, in the developing murine
cochlea Fgf20 has been suggested to signal through Fgfr1 to promote early HC specification
(Hayashi et al., 2008; Pirvola et al., 2002). Fgfr3 is also expressed in the mouse cochlear
sensory epithelium (Peters et al., 1993) and inhibition either in vivo or in vitro results in the
loss of SCs and the formation of ectopic HCs (Colvin et al., 1996; Hayashi et al., 2007;
Jacques et al., 2007; Mueller et al., 2002; Puligilla et al., 2007) suggesting that one effect of
Fgfr3 activation is to prevent HC differentiation. In both the developing organ of Corti and
the BP, undifferentiated progenitor cells express fgfr3 (Bermingham-McDonogh et al.,
2001); but as HC differentiation begins (at approximately E6 in the BP) the expression of
fgfr3 becomes restricted to the SC layer. In chick, fgfr3 expression persists in SCs and is
maintained into adulthood. However, if a regenerative response is induced in the BP as a
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result of HC loss, fgfr3 becomes down-regulated in SCs. This down-regulation is transient,
and once HC regeneration is complete fgfr3 expression in the SCs returns to normal levels
(Bermingham-McDonogh et al., 2001). These results suggest that Fgfr3 activation within
SCs of the BP may act to block the differentiation of cochlear progenitors and/or SCs into
HCs. The aim of the present study was to test this hypothesis using an in vitro preparation of
the developing BP coupled with pharmacological inhibition of Fgfr activity.

2. Materials and methods
2.1 Chick embryos

Fertilized eggs from White Leghorn chickens (Gallus gallus domesticus) were obtained from
CBT Farms (Chestertown, Maryland) or McIntyre Poultry and Fertile Eggs (Lakeside,
California) at zero, three or six days post-fertilization and incubated until specific stages
between E5 and E12. Embryos were removed from their eggs, developmentally staged
(Hamburger et al., 1951) and then decapitated. All embryos were terminated prior to
hatching. All protocols for embryo use were approved by the Animal Care and Use
Committees at the NIH, the University of Maryland and the University of California San
Diego.

2.2 Basilar papilla cultures
Developing basilar papillae (BPs) were dissected from embryonic chicks at specific
gestational ages between E5 and E8 as follows: the bony labyrinth was visualized through
the ventral aspect of the skull and the cartilaginous capsule surrounding the duct of the
basilar papilla was removed. Next, the overlying membrane was peeled away to expose the
sensory epithelium; in E5–E6 dissections this included tissue that would form the sacculus,
the BP, and the macula lagena, as these structures are in close approximation at these stages.
The underlying mesenchyme and developing auditory-vestibular ganglion were removed to
free the epithelium. The dissected BPs and associated tissue were placed onto Matrigel-
coated (diluted to 5% to prevent activity of endogenous aminoglycoside antibiotics, which
are ototoxic; BD Biosciences, San Jose, CA) Millipore tissue-tek permeable membrane
inserts that were then placed into 35 mm culture dishes containing 0.8 mL of culture media
(Medium-199, Sigma-Aldrich) with 10% FBS (Sigma), 1% N2 supplement (Gibco) and
ciprofloxacin (10 μg/mL). Membrane inserts were placed in contact with the surface of the
culture media. This technique allowed BP explants to be maintained at an air-media
interface with the resulting surface tension acting to hold the tissue in a flat orientation
(Stone et al., 1991). Cultures were maintained for 3–10 days in vitro (DIV). Fgf signaling
was antagonized by adding 10 μM SU5402 (Santa Cruz Biotech, Santa Cruz, California) to
the culture media. Control media contained an equivalent amount of the carrier, DMSO. At
the conclusion of each experiment, explants were fixed in 4% PFA for 30 minutes then
rinsed in PBS. For all experiments, a minimum of 3 independent culture sets with at least 6
explants per treatment condition were analyzed.

2.3 Immunohistochemistry
The same labeling protocol was used for all BP tissue. Samples were permeabilized in 0.5%
PBS-triton (PBST) for one hour followed by one hour of blocking in 10% goat or horse
serum in PBST. All cultures were incubated in primary antibodies for 3 hours at room
temperature or over night at 4°C. Antibody labeling was visualized using secondary
antibodies directed against the primary host species that were conjugated to Alexa 488, 546
or 633 (1:1000; Invitrogen). The following primary antibodies were used at the indicated
dilutions: Myosin7a, 1:1000, Proteus Biosciences; HCA, 1:10 (a gift from Guy Richardson,
University of Sussex, UK); Tuj1 (anti-β-tubulin III), 1:500, Sigma; Sox2, 1:200, Santa Cruz
Biotechnology; activated caspase 9, 1:100, Cell Signaling Technology. Alexa-conjugated
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(488, 546 or 633) Phalloidin (Invitrogen) was used at 1:200. DAPI (1:3000; Roche) was
used to stain cell nuclei. For identification of BrdU-positive cells, tissue was placed into 1N
HCl for 30 minutes following fixation, tissue was then incubated in anti-BrdU antibody
(1:50 in PBST, BD Biosciences) over night, and secondary antibody detection was
performed as described above.

2.4 Quantification of cell density and epithelial thickness
Embryonic BP cultures were established such that one ear from each embryo was
maintained under control conditions while the contralateral ear was treated with SU5402.
Once fixed, explants were immuno-labeled to detect class III β tubulin (the Tuj1 antigen) in
HCs and to detect Sox2 in SCs. Z-stack confocal images were obtained from the proximal,
middle and distal regions of each sample using a Zeiss LSM510 laser scanning microscope
with the Z-plane beginning at the tips of the stereocilia and ending below the level of
supporting cell nuclei. HC and SC densities were determined by placing a scale box
measuring 50×100 μm (approximately 10% of the total surface area of each region) over the
image and counting the number of cells of each cell type inside the box. Three non-
overlapping boxes were counted for each region. Three or more independent culture sets
were quantified for each experiment. HC and SC numbers were then averaged for each
condition. Nuclear density was analyzed in these explants by labeling nuclei with DAPI then
comparing similar regions from control and SU5402-treated explants as described above.
Zeiss Image Browser software was used to quantify epithelial thickness; measurements were
obtained by analyzing confocal images in the z-plane, spanning from the lumenal surface of
the HCs through the last Sox2-positive SC nuclei. The Student’s t-test was used for all
statistical analysis.

2.5 BrdU analysis
To identify cells undergoing mitosis, BrdU (3 μg/mL; BD Biosciences) was added to the
culture media of some control and SU5402-treated explants. For the quantification of BrdU-
incorporation by hair cells, samples were double-labeled with antibodies to BrdU and either
HCA (a HC-specific antigen) or Sox2. The same imaging process was used as described in
section 2.4. The total number of BrdU-positive cells per explant that were also positive for
either HCA or Tuj1 was determined (n=6 explants analyzed per condition).

2.6 Measurement of hair cell diameters and surface areas
To determine HC diameter in control and SU5402-treated cultures, BP cultures were labeled
with Phalloidin to mark the cell boundaries and Tuj1 or HCA to identify HCs. Z-stack
confocal images were generated beginning at the lumenal surface and extending down to the
level of the supporting cell nuclei, at 1 μm intervals. For each sample, the composed Z-stack
was analyzed to qualitatively assess the depth in the epithelium at which HC diameters were
greatest. Measurements of the cross-sectional area of each HC were then obtained from the
depth at which HC diameter was largest using Zeiss LSM Image Analysis software.
Measurements were obtained from the proximal and distal regions of the BP in control and
SU5402-treated samples. To determine the total surface area of cultured BPs, low
magnification images were taken of whole explants that had been immuno-reacted for Tuj1
or HCA to identify the HC domain. Zeiss LSM Image Browser software was then used to
measure the total surface area of the BP.
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3. Results
3.1 Inhibition of Fgf signaling in the developing basilar papilla results in supernumerary
hair cells

As discussed, the pattern of fgfr3 expression in the developing BP, along with its known role
in the mammalian cochlea, suggests that it may play a role in inhibiting progenitor cells
from developing as HCs. To test this hypothesis, a modification of the in vitro culture
system for the chicken BP developed by Stone and Cotanche (1991) was used; with this
method, the time course and pattern of HC differentiation proceeds as in vivo. Briefly, the
ventral out-pocketing of the otocyst was dissected from E6-E7 chick embryos and placed in
a Millipore filter cup with the lumenal surface oriented up (see section 2.2 in Materials and
Methods for details). After 5 or 6 days in culture, explants were fixed and HCs were
visualized with one of the following HC markers: anti-β-tubulin III (Tuj1), Myosin7a or the
hair cell antigen (HCA). Tuj1 labeling indicated relatively normal HC pattern formation in
control explants (Fig. 1C, D). At this stage of development, the sacculus (located at the
proximal end of the cochlear duct), the BP, and macula lagena (located at the distal end of
the cochlear duct) were easily distinguished from one another (Fig. 1D). In these explants,
HCs were clearly present along the entire length of the BP and the normal proximal-to-distal
gradients of HC morphology and HC density were evident (Fig. 1C, E, F).

At E6, HC and SC differentiation from the pool of sensory progenitor cells is just beginning
(Cohen et al., 1978; Cotanche et al., 1983). To determine if Fgf signaling regulates the
number of cells that develop as HCs, explants were maintained in media containing 10 μM
SU5402, a potent and specific pharmacological inhibitor of Fgfr signaling (Mohammadi et
al., 1997; Mueller et al., 2002). Treatment with SU5402 for 5 DIV beginning on E5 or E6
resulted in a significant increase in HC density along the length of the BP compared to
control explants (Fig. 2). In SU5402 treated cultures, HCs were clearly smaller and appeared
to be present at a higher density than in controls in all three regions of the BP (Fig. 2C-H).
Quantification of HC density indicated a significant increase in the number of HCs (by
approximately 30%) at each position along the BP (Fig. 2I). While the density of HCs was
significantly greater in SU5402-treated samples, there was no significant difference in the
overall surface area of the sensory epithelium between control and SU5402-treated explants
(n=8 control and n=9 SU5402-treated explants measured), further indicating an overall
increase in the number of HCs by Fgfr inhibition. In addition to HC quantification, we also
analyzed nuclear density in control and SU5402-treated BP cultures. While a clear increase
in DAPI-positive nuclei was evident in the upper HC layer of the epithelium, no difference
was observed in the deeper layers of control compared to SU5402 samples (See
Supplementary Figure). During normal development most HC differentiation occurs
between E6 and E8, and by E9 most HCs have differentiated. When treatment with SU5402
was initiated at E9, a similar increase in HC density was observed (data not shown)
suggesting that the temporal window of sensitivity to Fgf signaling extends to later periods
of BP development.

Moreover, the increase in HC density following treatment with SU5402 was dose dependent
(Fig. 3A). At 5 μM, HC density increased by approximately 37%, a significant increase
compared to controls (p=0.02); at 10 μM, density increased by almost 60% compared to
controls (Fig. 3C). At 15 μM, HC density was slightly less than at 10 μM (although this
difference was not significant) and at 20 μM few HCs could be detected and cell death was
observed, suggesting significant toxicity at this dose.

To determine whether the increase in HC density could be accounted for by a corresponding
change in the number of SCs or progenitor cells, the number of Sox2-positive cells was
determined following SU5402-treatment. During early development Sox2 is known to be
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expressed in all progenitor cells of the BP; it eventually is down-regulated in differentiating
HCs but is maintained by SCs (Neves et al., 2007). Tuj1 expression is one of the earliest
markers of a differentiating HC (Molea et al., 1999), therefore cells that are Tuj1-negative
and Sox2-positive can be considered to be SCs or progenitor cells. Unfortunately there is no
marker available to clearly distinguish between differentiated SCs and undifferentiated
progenitor cells (PCs), thus we will refer to these cells as SCs/PCs. To determine if the
increase in HC density is coupled to changes in the number of SCs/PCs, Sox2 was used to
label and count the number of SCs/PCs. (Fig. 3B). Quantification could identify no
significant change in the number of Sox2-positive cells at doses between 0 and 15 μM (Fig.
3C).

3.2 SU5402-induced hair cells are not the direct result of increased mitosis
To identify if the increase in HC density was the result of enhanced proliferation induced by
SU5402, the mitotic tracer BrdU was added to SU5402 or control media for the entire
culture period starting at E6. Tissue was fixed after 5 DIV and the explants were labeled for
nuclear incorporation of BrdU (Fig. 4A). Results indicated no difference in the number of
BrdU-positive HCs between control (Fig. 4B; with an average of 2.4 BrdU+ HCs per
culture) and SU5402-treated (Fig. 4C, 2.2 HCs per culture) explants (n=6 explants counted
per condition). However, a slight increase in BrdU-positive cells was observed in the SC/PC
layer (data not shown).

3.3 Inhibition of Fgfr activity produces new hair cells in the developing BP
The lack of mitotically generated HCs indicated by the results of the BrdU experiment
described in section 3.2 suggested that the source of additional HCs in SU5402-treated
cultures was likely due to an increase in the number of post-mitotic SCs/PCs that adopted a
HC fate. During normal development of the BP, PCs have processes that span the entire
depth of the epithelium forming contacts with both the lumenal and basal surfaces; these
cells are also characterized by having centrally placed nuclei (Whitehead et al., 1985). As
HC differentiation begins, nuclei migrate toward the lumenal surface and retract their
basally extended processes. In contrast, differentiating SCs maintain contact with both
surfaces (Stone et al., 2000). Thus newly differentiating HCs should have a spindle-shaped
morphology, intermediate between SCs and HCs (Umemoto et al., 1995), with nuclei
located below the level of the normal HC layer. To determine if treatment with SU5402
results in the ectopic differentiation of SCs/PCs into HCs, we examined the cellular mosaic
along the basal-to-lumenal axis using confocal Z-stack projections in E6 explants that had
been maintained for 5 DIV. Following SU5402-treatment, a reduction in the surface area of
SCs was apparent at the lumenal surface of the BP (Fig. 5A and B). Moreover, similar
images captured at the level of the HC nuclei indicated the presence of immature, potentially
newly differentiated HCs. In controls, the HC nuclear layer was comprised of uniformly
sized, Tuj1-positive HC nuclei surrounded by projections from SCs (Fig. 5C). In contrast,
within the HC nuclear layer of SU5402-treated BPs, many narrow Tuj1-positive profiles
could be observed interspersed between other HC nuclei (Fig. 5D). Focusing downward into
the epithelium revealed that these profiles were actually processes from HCs with more
deeply situated nuclei (schematics in Fig. 5G and H show the approximate position of the
images in Fig. 5C and D within the z-plane of the epithelium and generalized drawings of
the basic types of HCs within these explants). These results suggest that these cells represent
differentiating HCs that are still relatively immature.

During early stages of HC development in the BP (prior to E9), HCs are often observed to
be in direct contact with one another, i.e. forming HC-HC contacts, however at later stages
(E12) these contacts are rarely observed (Goodyear et al., 1997). This suggests that it likely
takes a few days for Notch signaling and lateral inhibition to become fully established and
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uniformly separate HCs. Fgfr inhibition in embryonic BPs established at E6 and maintained
for 5 DIV resulted in disorganized HC patterning and an increase in apparent HC-HC
contacts compared to controls (Fig. 5E compared to F). In controls, very few of these “HC-
HC” contacts are present (Fig. 5E), and most HCs appear to be of uniform size when viewed
below the surface of the epithelium at the level of the HC nuclei (Fig. 5E′). In the many
cases of HC-HC contacts in SU5402-treated cultures (Fig. 5F), however, it appears that one
large HC may be directly adjacent to a smaller HC when viewed at the nuclear level (Fig. 5F
′), further suggesting that the two HCs are not of comparable ages. Finally, measurements of
epithelial thickness in the lumenal-basal z-plane identified no significant change between
control and SU5402-treated samples (control: mean thickness=18.9±2.9, n=15; SU5402:
mean thickness=20.5±4.3, n=18; standard deviation is shown), suggesting the presence of
smaller cells.

To further examine if treatment with SU5402 leads to an increase in immature-appearing,
small HCs, HC diameters were measured at their widest point (a few micrometers below the
lumenal surface) and were quantified at different positions along the proximal-to-distal axis
of the BP in E9 cultures maintained for 5 DIV. Because HCs located in the distal third of the
BP are significantly smaller than HCs located in the middle and proximal thirds at this stage,
data from distal regions was grouped separately (Fig. 5I). In controls, HCs located in the
middle and proximal thirds of the BP showed a roughly normal distribution around an
average diameter of 35.49 μm. In contrast, in SU5402-treated explants the average HC
diameter in the proximal and middle thirds was shifted to 23.11 μm, representing a
significant decrease (p<0.005). Moreover, HC diameters showed a bimodal distribution with
approximately 50% of the cells normally distributed around the same mean as in control, but
with the remaining 50% of cells normally distributed around a lower mean centered between
10 and 15 μm (Fig. 5I). Since these explants were established at E9, and most HC formation
in the proximal and middle thirds of the BP is complete by this stage, these results suggest
that the population of smaller cells may represent younger, newly formed HCs that have
begun to differentiate over the course of the experiment. Similarly, the average diameter of
HCs in the distal region of control explants was 27.80 μm while in SU5402-treated explants
the diameter was 18.79 μm, also a significant decrease (p<0.005). In this region of the BP, a
normal distribution of HC shapes was not observed in either the control or SU5402-treated
explants, which may reflect the relative level of immaturity in this region of the BP at the
time of these experiments.

3.4 SU5402 induces transdifferentiation of Sox2-positive cells into HCs
The transcription factor Sox2 is initially expressed by all PCs in the developing BP but as
development proceeds expression is down-regulated in HCs while it is maintained in SCs
(Neves et al., 2007). Thus the presence of Sox2-positive nuclei within the HC layer might
indicate newly differentiated HCs. While control explants established at E6 and maintained
for 48 hours in vitro showed a clear separation of HCs and Sox2-positive cells into two
distinct layers (Fig. 5J), treatment with SU5402 during the same time period resulted in a
substantial increase in the number of Sox2-positive nuclei within the upper HC layer (Fig.
5K). During later stages of development, if treatment with SU5402 induces the
transdifferentiation of SCs into HCs, then some HCs should show residual expression of
Sox2. To confirm this, Sox2 expression was examined at the mid-point between the
proximal-distal and neural-abneural axes in E9 control and SU5402-treated explants fixed at
a stage equivalent to E15, a time point and region in which most normal HC differentiation
has been completed. In controls, Sox2 expression was strictly limited to the SC layer (Fig.
5L), whereas in SU5402-treated samples, cells positive for Sox2 were observed in both the
SC and the HC layer (Fig. 5M) suggesting that SCs may be undergoing transdifferentiation
into HCs.
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3.5 Fgfr inhibition leads to the formation of immature hair cells during advanced stages of
BP development

To determine if Fgf signaling may play a role in preventing the spontaneous transition of
SCs into HCs, Fgfr activity was inhibited in later-stage embryonic sensory epithelia. By
E12, the nearly full complement of HCs is present along the length of the BP (Tilney et al.,
1986) and HCs begin to show signs of maturity such as polarization of stereocilia bundles
(Cohen et al., 1978) and activation of mechanotransduction channels (Si et al., 2003). While
our attempts to establish explants at this late stage resulted in significant HC death, an
alternative approach in which explants were established at a young age (E6–E8) then
maintained in vitro until the equivalent of E12 proved highly successful. Explants
established between E6-E8 and fixed after 5 DIV (at an age equivalent to E12 or greater)
looked healthy and viable, indicated by strong labeling for HC markers and a normal
distribution and patterning of HCs in both the proximal and distal regions (Fig. 6A). If these
explants were maintained for an additional 3 days (for a total of 8 DIV, to an age equivalent
to E15+), the epithelia appeared very similar to explants fixed after only 5 DIV (compare
Fig. 6A to B), although they were larger and appeared to have a slightly reduced HC density.
The basis for the change in density is unclear, but given that there was no observed increase
in cell death (data not shown) the change is most likely the result of ongoing growth of the
HCs and expansion of the epithelium (Tilney et al., 1986) during the additional 3 DIV.

Next, the effects of inhibiting Fgfr signaling were examined by treating E7+5DIV explants
with SU5402 for 3 DIV. Consistent with experiments at earlier time points, a significant
increase in HC density was observed (Fig. 6C,D). Rather than being organized into a single
layer as in controls (Fig. 6B′), HCs were observed to be stacked upon one another (Fig. 6C
′) and those in the lower layer extended long, thin processes up to the lumenal surface (see
arrow in Fig. 6C′, and arrowheads in Fig. 6C‴). The average number of HCs per 50×100
μm area in explants treated with SU5402 for 3 days beginning at E12-equivalent showed a
significant increase in HC density in both the distal (39.6% increase; n=6 explants counted,
*p<0.001) and proximal (18.7% increase; n=6 explants counted, **p=0.02) regions
compared to controls (Fig. 6D). To confirm that the increased HC density was not the result
of a change in the overall size of the explants, the total surface area of the HC region of the
BP was measured in both control (n= 5) and SU5402-treated (n=3) explants. No significant
change was detected suggesting that the increase in HC density was not the result of reduced
epithelial size. Moreover, the approximate 30% increase observed in the proximal region in
these late-stage cultures is similar to the increase observed in young BP explants. Similar to
treatment with SU5402 at early stages, BrdU incorporation was not observed in HCs of
these late-stage cultures (data not shown), suggesting that new HCs are the product of
transdifferentiation.

Analysis of BrdU incorporation within the SCs of these late-stage explants revealed no
apparent difference in the number of mitotic cells between control and SU5402-treated
epithelia after a 3 day exposure to SU5402 (Fig. 7A and B). After an additional 5 DIV,
however, an increase in Sox2-postive/BrdU-positive cells was observed in SU5402-treated
explants compared to controls (Fig. 7C and D).

4. Discussion
The chicken basilar papilla, and all other vertebrate sensory HC-containing epithelia, is
comprised of a mosaic of HCs and SCs. The basic process in which this mosaic develops is
thought to be largely conserved in all vertebrates. Signaling through Sox2 and the Notch
pathway leads to the formation of a prosensory domain with subsequent up-regulation of the
bHLH transcription factor Atoh1 in cells that will develop as HCs although there is still
some debate regarding the extent of Atoh1 signaling (Bermingham et al., 1999; Chen et al.,
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2002; Woods et al., 2004). A second round of Notch signaling then mediates the formation
of a mosaic of HCs and SCs (Brooker et al., 2006; Daudet et al., 2005; Kiernan et al., 2005;
Lanford et al., 1999). However, studies in both the developing mammalian cochlea and the
regenerating adult BP have suggested that Notch signaling alone is not sufficient to account
for all HC/SC patterning decisions (Daudet et al., 2009; Doetzlhofer et al., 2009; Hayashi et
al., 2007; Puligilla et al., 2007). In particular, Notch activity does not maintain SC
quiescence in the post-embryonic BP (Daudet et al., 2009). Similarly, during regeneration of
zebrafish lateral line HCs, Notch1 has been shown to regulate proliferation and the number
of new HCs that form (Ma et al., 2008), however this study also suggested that a
complementary, as yet unidentified pathway, likely acts upstream of Notch signaling to
maintain SCs in a quiescent state in which they retain the potential to become HCs.

The results presented here are consistent with a role for Fgf signaling in regulating HC fate
in the chick BP. While the specific Fgf ligand and receptor pairs that may mediate this
process cannot be determined from the results presented here, data from the literature
suggests fgfr3 as a good candidate receptor. In mammals, Fgfr3 is broadly expressed in
prosensory cells but becomes down-regulated in cells that will differentiate into HCs.
Moreover, Fgfr3 expression is only maintained in a subset of SCs unique to the mammalian
cochlea, the pillar cells (Mueller et al., 2002; Pirvola et al., 2002), which have been shown
to retain the ability transdifferentiate into HCs, at least through the early post-natal period
(Kiernan et al., 2005; White et al., 2006). Similarly, in the BP all SCs maintain fgfr3
expression throughout adulthood, unless a regenerative response is induced, in which case
fgfr3 is transiently down-regulated in SCs as well (Bermingham-McDonogh et al., 2001).
This expression pattern suggested that fgfr3 may play an in inhibitory role in HC formation
during both development and repair. Consistent with this hypothesis, in the present study in
vitro treatment of developing BPs with the Fgfr antagonist SU5402 resulted in a significant
increase in HC numbers. This increase, measured as a function of HC density, was observed
in all regions of the BP and could be induced during early or mid-developmental stages (E5–
E14). Moreover, we observed supernumerary HCs of various sizes and different
developmental stages, indicated by their positioning within the lumenal-to-basal plane of the
epithelium, regardless of whether treatment was started during the early or late stages of BP
development. The presence of seemingly immature HCs interspersed among more mature
HCs suggests that inhibition of Fgf signaling leads to an increase in the number of SCs/PCs
that differentiate into HCs and that blocking Fgf signaling may remove an inhibitory signal
which is necessary to prevent excess HC formation. Furthermore, the presence of Sox2
positive HCs in some SU5402-treated cultures that were fixed at an in vitro age equivalent
to E15, a time point at which initial HC formation is complete, demonstrates that SCs may
be undergoing direct transdifferentiation into HCs as a result of Fgfr inhibition. It is possible
however, that some cells appear smaller due to crowding within the epithelium, and their
nuclei may fail to complete their lumenal migration due to this crowding, however their
overall morphology and positioning, along with the expression of Sox2 in some of these
cells, suggests that they differentiated more recently than the original population of HCs.

The lack of BrdU incorporation within SU5402-induced HCs, or other cells within the
sensory epithelium of BP explants, suggests that cellular proliferation is not required for
their formation, consistent with the hypothesis that these HCs are derived from SCs/PCs
within the epithelium. However, it is important to consider that at the earliest stages tested in
these experiments (E6), PCs within the developing BP are still actively proliferating in vivo
and therefore some might be expected to incorporate BrdU. Therefore, the lack of BrdU-
positive HCs suggests that overall levels of mitosis may be reduced in these cultures. It has
been reported that non-mitotic HC formation is favored in an in vitro model of regeneration
in the post–hatch BP (Shang et al., 2010), and it is possible that our in vitro model may
inherently favor non-mitotic development as well. However, we did observe a slight

Jacques et al. Page 9

Hear Res. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



increase in proliferation within the SC/PC population in SU5402-treated explants. This is
likely a secondary response to SU5402 treatment and/or the differentiation of progenitors
which leads to prolonged or increased proliferation within the progenitor population.

In older epithelia (E12+), when most normal HC production is complete (Tilney et al.,
1986), the increase in HC density resulting from the inhibition of Fgf signaling is likely
attributable to the direct transdifferentiation of SCs into HCs. Alternatively, it is possible
that a subpopulation of undifferentiated progenitor cells is still present within the epithelium
at E12 and some of these cells, in addition to SCs, may contribute to new HCs at later
stages. Unfortunately, there are currently no specific markers which can be used to
distinguish differentiated SCs from PCs. Within these older SU5402-treated explants, the
lack of BrdU incorporation by Sox2-positive cells after 3 DIV, and the subsequent increase
in BrdU after 5 DIV is similar to that observed during HC regeneration in which SC
proliferation does not occur until a few days after the initial round of transdifferentiation
(Roberson et al., 2004). This suggests that Fgfr inhibition may induce the
transdifferentiation of some SCs into HCs, which subsequently induces some of the
remaining SCs to re-enter the cell cycle to restore the number of SCs. It is likely that these
mitotic SCs do not subsequently differentiate into HCs as there is an over-abundance of HCs
in these SU5402-treated explants, unlike in regenerating BPs where transdifferentiation of
these proliferating SCs is necessary to restore the normal complement of HCs.

The expression of fgfr3 in embryonic and mature SCs of the BP and its transient reduction
during HC regeneration (Bermingham-McDonogh et al., 2001) is consistent with our
hypothesis that blocking Fgf signaling at any stage can push SCs or PCs out of Fgf-induced
stasis enabling them to undergo transdifferentiation into HCs. The persistent expression of
fgfr3 in adult tissue suggests that fgfr3, or at least Fgf signaling, may continue to prevent
transdifferentiation even in the mature BP. This conclusion is consistent with data from the
mammalian auditory epithelium where Fgfr3 is initially expressed in a broad pool of
progenitors that will develop as both outer HCs and SCs, but later becomes restricted to the
pillar cells (Jacques et al., 2007; Mueller et al., 2002). Inhibition of Fgfr3 signaling (Colvin
et al., 1996; Hayashi et al., 2007; Mueller et al., 2002; Puligilla et al., 2007) or its ligand
Fgf8 (Jacques et al., 2007) results in a decrease in the number of pillar cells, and in Fgfr3
mutant mice, results in an increase in HCs (Hayashi et al., 2007; Puligilla et al., 2007).
Conversely, in vitro activation of Fgfr3 in the organ of Corti increases the number of SCs
and/or undifferentiated progenitor cells at the expense of HCs, while transient activation
likely holds progenitors temporarily in an undifferentiated state (Jacques et al., 2007).
Similarly, ectopic SCs (specifically pillar cells) have been reported in both a mouse model
expressing a ligand-independent, constitutively active form of Fgfr3(P244R), as well as in a
null mutant of the Fgf signaling antagonist Sprouty2 (Mansour et al., 2009; Shim et al.,
2005). These data are consistent with the hypothesis that Fgfr3 activation acts to prevent
auditory PCs from differentiating into HCs, and therefore regulates the number of each cell
type that forms.

Of all the SC types in the organ of Corti, only pillar cells maintain Fgfr3 expression through
adulthood, suggesting that they may retain some similarities with SCs of the BP. In addition
to maintaining Fgfr3 expression, pillar cells have also been shown to maintain the most
developmental plasticity compared to other SCs of the mammalian cochlea (Jacques et al.,
2007; White et al., 2006), suggesting that the presence of Fgfr3 may act as a competency
factor to prevent terminal differentiation thus allowing cells to switch fate. Interestingly, a
study in the mammalian cochlea has demonstrated that the HC inhibitory effect of Fgfr3 in
pillar cells is mediated through Notch-independent induction of Hey2 expression, a known
Notch target, which acts by repressing Hes5, an inhibitor of Atoh1 (Doetzlhofer et al.,
2009). Furthermore, it has been suggested that pillar cells may express low-levels of Atoh1
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(Matei et al., 2005; Yang et al., 2010), although current studies have not identified atoh1 in
SCs of the BP except during regenerative transdifferentiation (Cotanche et al., 2010). While
the expression of c-hey2 has yet to be studied in the BP, future studies aimed at examining
its expression and function might yield important insights into potential differences between
avian SCs and the extent to which they may differentially respond to Notch signaling and/or
a Hey2-Fgf mode of regulation.

Despite the discussion above, the specific Fgf receptors and ligands that regulate SC and HC
formation in the BP, have yet to be conclusively determined. While the pattern of fgfr3
expression is consistent with the responses that were observed in vitro, SU5402 has
equivalent inhibitory effects on all four Fgfrs (Mohammadi et al., 1997). Both fgfr1 and
fgfr2 have been shown to be transcribed within the adult chicken inner ear during
regeneration (Pickles et al., 1997), although the developmental expression pattern and the
specific cell types which express these receptors has not been characterized, and data is
lacking for fgfr4. In mice, Fgfr2 is not expressed within the cochlear prosensory domain,
and while Fgfr2-IIIb null mutants fail to develop a cochlear sensory epithelium, the overall
gross morphological defects in the inner ears of these embryos (Pirvola et al., 2000) suggest
that the lack of HCs and SCs is due to disturbances in otocyst formation and not direct
effects on sensory cell development. Fgfr1, however, has been shown to be required for
normal mammalian HC development (Pirvola et al., 2002), although activation of this
receptor, likely by Fgf20 (Hayashi et al., 2008), positively promotes HC formation whereas
Fgfr3 activation is inhibitory to HC formation (Jacques et al., 2007). In addition to its
pattern of expression, Fgfr3 has been shown to regulate cellular differentiation in other
systems such as in developing lens fibers (Govindarajan et al., 2001), further supporting a
similar role in the inner ear.

The potential endogenous Fgf ligands that may activate Fgfrs within the BP, however, have
been less studied. In the organ of Corti, Fgf8 is the reported ligand for Fgfr3 activation - its
secretion by the inner hair cells regulates the timing and differentiation of pillar cells and
outer hair cells (Jacques et al., 2007; Mueller et al., 2002; Pirvola et al., 2002). However,
unlike the avian vestibular system in which HCs do express fgf8, auditory HCs do not
express this ligand (Sanchez-Calderon et al., 2002; Sanchez-Calderon et al., 2004). Fgf9,
which is also a potent activator of Fgfr3 (Ornitz et al., 1996) and has been reported to be
expressed in the mammalian cochlea and utricle (Pirvola et al., 2004; Sajan et al., 2007), is
expressed in the avian inner ear as well (Alvarado et al., 2011), although Fgf9 null mutants
showed no defects in the organ of Corti (Pirvola et al., 2004). Thus this family of Fgf
ligands, which also includes Fgf16 and Fgf20, is one possible candidate for Fgfr activation
in the developing and mature BP and should be explored further. Additionally, in mammals,
Fgf20 has been shown to signal through Fgfr1 to regulate initial HC formation (Hayashi et
al., 2008; Pirvola et al., 2002) and it is possible that this pathway may also function within
the BP, although, as described above, the apparent effects of Fgf20/Fgfr1 interactions as
inducers of HC formation suggest that this ligand-receptor pair likely does not play an
inhibitory role on HC formation in the chick BP. Fgf10 expression has also been reported in
and surrounding the developing organ of Corti (Pirvola et al., 2000) and in the developing
chick inner ear (Pujades et al., 2006), although cochlear HC patterning in an Fgf10 null
mutant appeared relatively normal (Pauley et al., 2003). Fgf10, however, has been
implicated in cross-regulation with Bmp signaling, and Bmp4 is known to influence organ
of Corti formation (Ohyama et al., 2010; Puligilla et al., 2007) as well as HC formation in
the chick (Li et al., 2005; Pujades et al., 2006; Wu et al., 1996) thus future studies should be
aimed at identifying the expression of BMPs and their relationship with Fgf signaling in the
developing and regenerating BP.
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Overall, current research supports the hypothesis that HCs may secrete Fgf ligands that can
bind to and activate Fgfr3 in neighboring SCs/PCs, thereby preventing those cells from
differentiating into HCs. In mammals, this interaction may only be required during
embryonic development, while in birds, loss of this interaction, as would occur following
HC death, could act as a trigger to initiate a regenerative response. Future studies to
characterize the developmental expression profiles for all of the Fgf receptors and ligands in
the BP and organ of Corti would help clarify our understanding of how this complex
pathway regulates the generation of HCs and SCs. In addition, the identification and
functional characterization of the factors that regulate Fgfr3 expression within the BP is
needed. In the developing lymphatic system, the homeodomain transcription factor Prox1
has been shown to regulate the expression of Fgfr3 (Shin et al., 2006), and in the developing
BP, the onset of c-prox1 expression corresponds with that of fgfr3 around E5 (Stone et al.,
2003). Expression of c-prox1 is eventually restricted to SCs (Stone et al., 2003) suggesting
that it may act to regulate expression of fgfr3within the BP as well. Similar to Fgfr3, it has
been suggested that Prox1 may serve to antagonize the HC phenotype in the mammalian
cochlea (Kirjavainen et al., 2008); however, the Fgfr3 knockout and the Prox1 null mutant
phenotypes were not identical although both resulted in the formation of some additional
outer hair cells. Finally, the antagonistic Sprouty family of genes (Mason et al., 2006; Shim
et al., 2005), as well as other negative regulators of Fgf signaling, should also be
investigated to provide an overall understanding of the role of Fgf signaling during avian
HC development and regeneration.
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Highlights

We investigated the function of Fgf signaling in the developing basilar papilla (BP).

Fgf receptor activity was inhibited in cultured E5–E12 developing BPs with
SU5402.

Early Fgfr inhibition resulted in the conversion of progenitor cells into hair cells.

Late-stage Fgfr inhibition induced supporting cell transdifferentiation.

Fgf signaling prevents conversion of supporting/progenitor cells into hair cells.
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Figure 1. Development of the basilar papilla in vivo and in vitro
(A,B) Schematic cross-sections through the developing basilar papilla (BP) at the indicated
time points. At E6, the BP is comprised of a population of progenitor cells (PCs) that have
yet to differentiate. Presumptive hair cell nuclei (HCs, green) are located at more lumenal
positions within the epithelium. By E12, HCs (green) are located at the lumenal surface
while supporting cell nuclei (SCs, yellow) are located closer to the basement membrane
(BM) although their cell bodies extend processes forming contacts with both surfaces.
Neural and abneural axes are indicated for orientation. (C) Schematic of the BP at
approximately E12. Two axes of the BP, proximal-distal and neural-abneural are indicated.
Shading represents the gradient of HC density (darker regions are higher density). (D) An
E6 BP culture after 6 days in vitro (DIV) on a Millipore-tissue-tek membrane. HCs have
been labeled with the Tuj1 antibody. The three sensory organs within the original explant
are outlined in different colors. The vestibular sacculus is near the proximal end of the BP
(yellow), the auditory BP is in red and the vestibular lagena is in blue. While the overall
growth of the BP is somewhat restricted, the general shape is consistent with the shape of a
normal BP. (E,F) High magnification views of the proximal (E) and distal (F) regions of an
E6 explant maintained for 4 DIV showing the normal change in HC density between the
proximal and distal regions as well as the different HC morphologies across the neural-
abneural axis (indicated by N-A). Scale bars: D, 500 μm; E and F, 50 μm.
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Figure 2. SU5402 treatment beginning at E6 results in a significant increase in hair cell density
(A,B) Low-magnification images of control (A) and SU5402-treated (B) BP explants,
established on E6 and maintained for 5 DIV. HCs are labeled with Tuj1 (green). Arrow
heads indicate the proximal regions and arrows indicate the distal regions. (C–H) High-
magnification images from proximal, middle and distal regions of control (C–E) and
SU5402-treated (F–H) BPs. Note the increased HC density across all three regions of the BP
in the SU5402 treated explants. (I) HC density was determined as the number of HCs within
a 50×100 μm box placed at different positions (proximal, middle, distal) along the BP.
Exposure to SU5402 leads to a 30% or greater increase in the number of HCs per unit area
in each region of the BP. (*) p<0.0005; (#) p<0.02. Scale bar in A and B: 200 μm.
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Figure 3. SU5402-induced increase in hair cell density is dose dependent
(A) High-magnification surface views of BP explants maintained in various concentrations
of SU5402; images were taken at a position located 1/3 of the total length of the BP from the
proximal end, at the midpoint between the neural-abneural axis. Actin in the HC membranes
and stereocilia is labeled with phalloidin (green). Control (0 μM) is shown at left and
increasing doses (5, 10, and 15 μM) are shown adjacent. HC density increases up to 10 μM;
at 15 μM density is greater than at 5 μM yet less than at 10 μM, and HC death occurs at 20
μM. (B) Supporting cell/progenitor cell (SC/PC) nuclei from the same tissue samples as in
A are shown at the level below the HC nuclei; no change in the number of Sox2-positive
cells (red) is apparent. Scale bar is the same for all: 20 μm. (C) Graph illustrating the
changes in HC and SC/PC density at different concentrations of SU5402; (*) P=0.02 for 0
vs. 5 μM; (#) P<0.0003 for 0 vs. 10 μM.
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Figure 4. SU5402 treatment does not result in BrdU incorporation in developing HCs
(A) Low-magnification view of an embryonic BP culture established at E6 and maintained
for 5 DIV with SU5402 shows BrdU incorporation (green) in the nuclei of mesenchymal
cells outside the epithelium but few BrdU-positive cells within the sensory epithelium; HCs
are identified by Tuj1 expression (red). High agnification images of two control (B, B′) and
two SU5402-treated (C, C′) BP cultures shows that HC nuclei are not positive for BrdU
incorporation. Lumenal surfaces are shown above, and confocal-generated Z-stack cross
sections of the same BrdU-positive cells are shown below.
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Figure 5. Inhibition of Fgf signaling induces developing progenitor cells/supporting cells to
differentiate into hair cells
(A,B) High magnification lumenal surface views of control E6 +5 DIV (A) and SU5402-
treated (B) explants demonstrating higher HC (Tuj1, red) density and a reduction in the size
of lumenal SC/PC projections (actin shown in green) following Fgfr inhibition (B)
compared to control (A). (C,D) High magnification z-slices at the level of the HC nuclei of
control (C) and SU5402-treated (D) explants indicating the presence of many small HCs
deep within the epithelium of SU5402-treated explants and not in control. At this level, large
HC nuclei are visible and only thin projections of the new HCs are visible as bright red
circles (Tuj1), as their nuclei are situated below those of the larger HCs. (E-F′) Surface
(E,F) and nuclear-level (E′,F′) views of control (E,E′) and SU5402-treated (F,F′) BP
explants established at E6 and maintained for 5 DIV demonstrating the increased number of
HC-HC contacts between small (arrows) and large (arrowheads) HCs (HCA, red; actin,
green) following Fgfr inhibition. (G,H) Generalized cartoon renderings of control (G) and
SU5402-treated (H) BP explants; the dashed white lines approximate the level in the
epithelium depicted in C and D. Red cells represent the newly formed HCs with deeply
situated nuclei; pink cells represent those undergoing differentiation into HCs. Schematics
do not reflect actual nuclear density. (I) HC size distribution in the embryonic BP following
SU5402 treatment. HC sizes were measured as the cross-sectional area through the widest
point of the HC in the z-plane in control and SU5402 treated samples that were established
at E9 and maintained for 5 DIV. HCs were binned in groups based on the size of their cross
sectional area, each bin represents a range of 5 μm2; the number of HCs was then plotted as
a percentage of the total number of HCs measured (n= 90 HCs per region of the cochlea).
Distribution of HC sizes from the proximal 2/3 of the cochlea is shown at left and HCs in
the distal 1/3 are shown at right. (J,K) Sox2 expression (red) in the lumenal HC (HCA,
green) region of E6 explants maintained for 48 hours in vitro in either control (J) or
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SU5402-treated (K) media. Far left panels are lumenal surface views (at 0 μm depth in the
epithelium) and the right panels are sections at the indicated depths from the lumenal
surface. Far right panels are bright point projections starting at a depth of 12 μm and
extending down through the region of Sox2 expression (12+ μm). (L,M) Optical z-cross
sections of control (L) and SU5402-treated (M) E9 BP explants maintained for 6 DIV. HCs
are labeled with Tuj1 (green) and SC/PC nuclei with anti-Sox2 (red). Stereociliary bundles
are marked with phalloidin (actin, blue); arrow heads point to Sox2-positive nuclei in the
HC region. Scale bars: A–D, 5 μm; E–F′, 10 μm; J and K, 20 μm.
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Figure 6. Inhibition of Fgfr activity promotes HC formation in more mature basilar papillae
(A) Whole mount image of an E7 BP maintained for 5 DIV; HC stereociliary bundles are
immuno-labeled with HCA (red) and HC bodies labeled with Tuj1 (green). At this time
point HCs appear healthy and relatively mature in confocal z-stack cross sections (A′) as
well as in surface views of the HC bundles (A″). At this stage, all HC nuclei are within the
same z plane (A‴). (B) Whole mount image of an E7 BP from the same culture set as the
sample shown in A, “pre-incubated” for 5 DIV then maintained in control media for an
additional 3 days prior to fixation. HCs appear healthy and mature in z-stack cross sections
and in surface preparations (B′ and B″, respectively) with evenly distributed, although
slightly larger, nuclei (B‴) by comparison with samples fixed 3 days earlier (A‴). (C) In an
explant from the same culture set that had been “pre-incubated” for 5 DIV followed by 3
DIV in SU5402, HC nuclei are located at different levels within the lumenal-to-basal axis (C
′, arrow points to a deeply situated long-necked HC), and HC density is increased (C″)
compared to controls (B″). A single confocal section through the HC nuclear layer confirms
the presence of HCs with nuclei situated deeper in the epithelium (arrows in C‴). All high-
magnification images were taken at the midpoint between the neural-abneural and proximal-
distal axes. (D) A significant increase in HC density was present in the distal (*p<0.0001)
and proximal (**p=0.02), region of the explants in the presence of SU5402. Scale bars: A,
same for column, 500 μm; A″, same for column, 10 μm; A‴, same for column, 20 μm.
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Figure 7. Sox2-positive cells re-enter the cell cycle following SU5402-induced transdifferentiation
(A–D) High magnification bright-point projections of the Sox2-positive (red) nuclear
supporting cell layer of BP explants that were established at E6.5, maintained for 5 DIV,
then treated with BrdU and either control media (A and C) or SU5402 (B and D) for an
additional 3 or 5 DIV (A and B or C and D, respectively). No BrdU incorporation (green)
was observed in the Sox2-positive SCs (red) after an additional 3 DIV in either treatment
condition (A,B). Similarly, after an additional 5 DIV, no Sox2/BrdU-positive cells were
apparent in control explants (C), however many Sox2/BrdU-positive cells were observed in
SU5402-treated explants (D). Scale bar: 20 μm.
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