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Abstract

It is widely accepted that the process of retinal cell fate determination is under tight transcriptional 

control mediated by a combinatorial code of transcription factors. However, the exact repertoire of 

factors necessary for the genesis of each retinal cell type remains to be fully defined. Here we 

show that the HMG-box transcription factor, Sox9, is expressed in multipotent mouse retinal 

progenitor cells throughout retinogenesis. We also find that Sox9 is downregulated in 

differentiating neuronal populations, yet expression in Müller glial cells persists into adulthood. 

Furthermore, by employing a conditional knockout approach, we show that Sox9 is essential for 

the differentiation and/or survival of postnatal Müller glial cells.
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An essential aspect of the creation of mature, functional neural circuitry is the genesis of the 

correct proportions of neuronal cell types and localization of these cell types to the 

appropriate regions of the nervous system. During vertebrate retinogenesis all seven retinal 

cell types (six neuronal and one glial) are derived from a multipotent pool of retinal 

progenitor cells (RPCs) (Turner and Cepko, 1987). Neurogenesis proceeds in a stereotypical 

order that is conserved among most vertebrate species. Beginning around embryonic day 11 

(E11) the ganglion cells (GCs) are the first retinal cell type to exit the cell cycle and begin 

the terminal differentiation program. Shortly thereafter, around E11.5, the cones, horizontal 

cells (HCs), and amacrine cells (ACs) exit the cell cycle and begin to differentiate. This is 

followed by a second wave of differentiation when the rods and bipolar (BP) cells are born, 
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ending with the generation of the Müller glial (MG) cells (Carter-Dawson and LaVail, 1979; 

Young, 1985; Harman and Beazley, 1989; La Vail et al., 1991; Prada et al., 1991; Stiemke 

and Hollyfield, 1995; Rapaport et al., 2004).

It is now well established that the process of retinal cell fate determination is guided by 

transcription factor activity (intrinsic) in addition to signaling via extracellular (extrinsic) 

cues (Cepko et al., 1996; Livesey and Cepko, 2001; Hatakeyama and Kageyama, 2004). The 

time course of retinal cell fate determination led to the proposal of the “competence model 

of neuronal fate determination” (Cepko et al., 1996). This model describes RPCs as existing 

in various states of competency that change over time so that, during a particular period, 

only certain cell types can be generated. There is increasing evidence that competency is 

endowed upon a cell by expression of a combinatorial transcription factor network 

(Belliveau et al., 2000). These transcription factors likely regulate the expression of cell 

surface receptors or components of signal transduction cascades, thereby enabling the cells 

to respond to specific extrinsic cues (Cepko et al., 1996; Belliveau and Cepko, 1999; 

Hatakeyama and Kageyama, 2004). In order to obtain a thorough understanding of neuronal 

fate determination, deciphering this transcriptional network is of the utmost importance. 

Prime candidates for factors that control RPC competence states are the neuronal basic 

helix-loop-helix (bHLH) transcription factors (such as Mash1 and Math5), which are widely 

known to promote neurogenesis in both invertebrate and vertebrate species (Cepko et al., 

1996; Belliveau and Cepko, 1999; Hatakeyama and Kageyama, 2004). However, it is 

becoming increasingly clear that bHLH factors alone cannot specify discrete neuronal 

subtypes. Rather, bHLH factors appear to function coordinately with other classes of 

transcription factors in order to specify particular neuronal subtypes (Hatakeyama et al., 

2001; Hatakeyama and Kageyama, 2004).

Here we report the expression of HMG box transcription factor Sox9 in mitotic, multipotent 

RPCs as well as postmitotic and adult MG cells. Through co-immunofluorescence 

experiments we observed a down-regulation of Sox9 in differentiating, postnatal neuronal 

populations. These data potentially implicate Sox9 in the maintenance of the RPC pool and 

possibly in MG cell specification or terminal differentiation. In order to test this hypothesis 

we conditionally ablated Sox9 within the entire RPC population. Retinal neuronal 

specification appears to occur normally. However, postnatal MG cells are lost, thereby 

implicating Sox9 in MG cell genesis.

MATERIALS AND METHODS

Mouse strains

Sox9flox/flox (Akiyama et al., 2005) and Six3-Cretg/+ (Furuta et al., 2000) mice were 

maintained on a C57BL/6J, 129/SvEv mixed genetic background. Chx10-GFPCre+/tg 

(Rowan and Cepko, 2004) mice were maintained on an FVB, 129/SvEv, C57BL/6J, and SJL 

mixed genetic background. Analyses of wildtype mouse tissue was from a C57BL/6J, 129/

SvEv mixed genetic background. For all embryonic time course studies, noon on the day 

when vaginal plugs were observed was designated E0.5. Furthermore, any analysis of 

mutant and control tissue samples was performed on littermates. All work reported was 

approved by the institutional animal care and use committee at the University of Texas, M. 
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D. Anderson Cancer Center. Polymerase chain reaction (PCR) was used to genotype mice 

from all breeding experiments. Sox9flox/flox, Six3-Cretg/+, and Chx10-GFPCre+/tg mice were 

genotyped as described previously (Furuta et al., 2000; Rowan and Cepko, 2004; Akiyama 

et al., 2005).

Tissue processing

For embryonic retinae, whole heads were fixed in 4% paraformaldehyde (PFA) for 45 

minutes at 4°C. For postnatal retinae, animals were transcardially perfused with 4% PFA 

and the eyes were carefully removed with rat tooth forceps and then submersion-fixed in 4% 

PFA for 30 minutes at 4°C. After fixation, all tissue was washed in 1× phosphate-buffered 

saline (PBS, pH 7.3) 3× 10 minutes at 4°C. Next the samples were cryoprotected by 

immersing in 15% and then 30% sucrose until the tissue sank to the bottom of the tubes. 

Subsequently the tissue was immersed in a 1:1 solution of 30% sucrose and OCT medium 

and left at 4°C for a couple of hours. Then the tissue was embedded in OCT on dry ice and 

stored at − 80°C prior to sectioning. Cryosections were cut at 20 µm on a cryostat and 

mounted on superfrost plus slides (VWR Brand, Westchester, PA). In order to make more 

direct comparisons between mutant and control retinal architecture, all sections were 

collected at the level of the optic nerve.

Immunofluorescence

Immunofluorescence on retinal cryosections was performed as described (Wang et al., 2001; 

Ohtoshi et al., 2004) with slight modifications. A table of all primary antibodies including 

dilutions and references can be found in Table 1. All secondary antibodies were Alexa 

Fluor-conjugated antibodies from Molecular Probes (Eugene, OR) and used at a dilution of 

1:400. For immunohistochemistry, cryosections were allowed to dry completely. Slides were 

postfixed in 4% PFA for 10 minutes and then washed in 1× PBS-T (PBS + 0.1% Triton 

X-100) 3× 10 minutes at room temperature. Next the slides were blocked in 2% normal 

horse or goat serum diluted in 1× PBS for 1 hour at room temperature. Primary antibodies 

were diluted in the same blocking solution and incubated on the slides overnight at 4°C in a 

humid chamber. Next the slides were washed 4 times at room temperature in 1× PBS. 

Labeling with the secondary antibodies was performed using the same blocking solution 

(2% normal serum in 1× PBS) and slides were incubated for 1 hour at room temperature. All 

double-labeling experiments were performed by mixing primary antibodies followed by 

labeling with a mixture of the corresponding secondary antibodies. Slides were finally 

mounted with Vectashield Mounting Medium (Vector Laboratories, Burlingame, CA) 

containing DAPI nuclear stain. Negative controls, following the above protocol but without 

the primary antibodies, were run, consistently showing no cellular labeling.

Antibody characterization

Pax6 monoclonal antibody specificity was previously tested by Western blot of chicken E10 

retinal extracts. In two separate experiments this antibody gave an identical staining pattern, 

detecting only a 48-kDa major band and an ≈34-kDa minor band (Kawakami et al., 1997; 

Bumsted-O’Brien et al., 2007). Furthermore, the Pax6 antibody stains with a cellular pattern 
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and distribution that is consistent with previous studies in the mouse and chicken retina 

(Belecky-Adams et al., 1997; Marquardt et al., 2001).

The syntaxin-1 monoclonal antibody was shown to detect a single band of 35 kDa on 

Western blots of rat retinal lysate (Barnstable et al., 1985). Also, this antibody is routinely 

employed to label mouse retinal amacrine cell processes and gives a staining pattern 

identical to results reported here (Dyer and Cepko, 2000b; Haverkamp and Wassle, 2000; 

Marquardt et al., 2001).

The calretinin monoclonal antibody has also been extensively used to label mouse amacrine 

cells and their stratifications as well as displaced amacrine cells and ganglion cells and gives 

a reproducible staining pattern (Haverkamp and Wassle, 2000; Heinze et al., 2007).

The calbindin monoclonal antibody detects a single 28 kDa band on Western blots (Gargini 

et al., 2007). This particular calbindin antibody is also routinely used as a retinal marker and 

gives consistent staining of horizontal cells, ganglion cells, and a subset of amacrine cells 

(Haverkamp and Wassle, 2000; Elshatory et al., 2007; Poche et al., 2007).

The Brn3 antibody specifically recognizes three bands on Western blot corresponding to the 

three Brn3 family members. Brn3a is 53 kDa, Brn3b is 51 kDa, and Brn3c is 42 kDa 

(manufacturer’s technical information). This antibody is also typically used as a Brn3b+ 

retinal ganglion cell-specific marker (Wagner et al., 2002; Elshatory et al., 2007). Based on 

matrix-assisted laser desorption/ ionization-time-of-flight (MALDI-TOF) and liquid 

chromatography (LC) mass spectrometry, we determined the Brn3 blocking peptide (Santa 

Cruz Biotechnology, Santa Cruz, CA) sequence to be from amino acid 397–410 (data not 

shown).

The Chx10 antibody recognizes a single 46-kDa band upon Western blot of mouse retinal 

lysate (manufacturer’s technical information; Elshatory et al., 2007). This particular 

antibody is also used as a standard marker for postnatal retinal bipolar cells and gives a 

staining pattern that matches the adult retinal RNA in situ pattern (Liu et al., 1994; Fu et al., 

2006; Fujitani et al., 2006; Elshatory et al., 2007).

The glutamine synthetase (GS) antibody detects a single 45-kDa band upon Western blot of 

rat brain lysate (manufacturer’s technical information). Furthermore, this antibody is often 

used as a marker for postnatal Müller glial cells and gives consistent staining patterns in 

accordance with previous reports of mouse retinal GS expression (Linser et al., 1984; 

Haverkamp and Wassle, 2000; Greenberg et al., 2007).

The p27Kip1 antibody labels a single 27 kDa-band on Western blots of mouse retinal lysate 

(Dyer and Cepko, 2001). This antibody has been previously used for labeling of postnatal 

Müller glial cells and gives a regular pattern of expression (Dyer and Cepko, 2001; 

Elshatory et al., 2007).

The rhodopsin antibody specificity was determined via Western blot which shows detection 

of a closely spaced doublet of 39 kDa in addition to less intense bands of 78 kDa and 115 

kDa representing monomers and aggregates (manufacturer’s technical information). This 
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particular antibody has been used in numerous studies to label postnatal photoreceptors 

(Nishida et al., 2003; Fu et al., 2006; Fujitani et al., 2006; Koike et al., 2007).

The Sox2 antibody used our study detects a single, specific 34 kDa band in mouse 

embryonic stem cell lysate (manufacturer’s technical information). Sox2 protein was 

previously shown to be expressed in postnatal Müller glial cells and a subset of amacrine 

cells. In the same study, this expression pattern was also recapitulated in a Sox2+/GFP 

knockin mouse line (Taranova et al., 2006). The antibody used in our study results in a 

temporal and spatial staining pattern identical with these above-mentioned results. Based on 

MALDI-TOF and (LC) mass spectrometry, we determined the Sox2 blocking peptide (Santa 

Cruz) sequence to be from amino acid 277–293 (data not shown).

The Sox9 antibody detects the 60–65 kDa Sox9 protein and no other bands on Western blots 

of mouse brain lysate (manufacturer’s technical information). Furthermore, RNA in situ 

hybridization with a Sox9 probe that spans nucleotides 972–1508 (Wright et al., 1995) labels 

the E16.5 retina in an identical pattern to that of the Sox9 antibody (Fig. 1E of this study and 

data not shown). Additionally, conditional ablation of Sox9 in the developing retina 

abrogates Sox9 antibody staining, further supporting antibody specificity (Fig. 4 of this 

study).

Image acquisition

All immunofluorescence staining was analyzed with a Leica DMR upright epifluorescence 

microscope equipped with a Photometrics CoolSnap ES, 12-bit, high resolution 

monochrome camera (Roper Scientific, Tucson, AZ). Blue, red, and far-red fluorescent 

channels were imaged separately as gray-scale images, pseudocolored, and merged using 

Metamorph image acquisition software (Molecular Devices, Palo Alto, CA). In Adobe 

Photoshop CS2 (San Jose, CA), all original digital images were cropped, scaled, and the 

resolution set to 300 pixels/inch. Depending on the intensity of the fluorescence for the 

particular antibody used, Adobe Photoshop CS2 was used to enhance the brightness and/or 

contrast. For comparisons of wildtype and mutant tissue, all image brightness/contrast 

enhancements were kept consistent for all genotypes.

RESULTS

Sox9 expression during ocular development

Immunostaining of wildtype mouse ocular cryosections with a Sox9 antibody revealed 

robust expression of Sox9 during eye development. At E12.5, low but detectable levels of 

Sox9 were observed within the neuroblastic layer of the developing retina in what appear to 

be mitotic RPCs (Fig. 1A,B). Intracellular localization of Sox9 did not appear to be 

exclusively nuclear, as some expression in the cytoplasm was observed. As embryonic 

development proceeds, Sox9 is upregulated in the neuroblastic layer (Fig. 1C–H). This 

expression pattern persists until early post-natal stages, when Sox9 expression becomes 

progressively restricted to the developing inner nuclear layer (INL) (Fig. 1I,J). Importantly, 

Sox9 in situ hybridization recapitulates the Sox9 antibody staining pattern thereby 

supporting antibody specificity (data not shown). By postnatal day 20 (P20), Sox9 
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expression is confined to a single layer of cells within the INL in a position indicative of 

MG cells (Fig. 1K,L). This overall temporal and spatial expression pattern is highly 

reminiscent of Notch1, Hes1, and Sox2.

In addition to its RPC and MG expression, nuclear Sox9 is also robustly expressed in the 

retinal pigment epithelium (RPE) throughout embryonic development and into postnatal 

stages (Fig. 1A–H,O–Q, and data not shown). Furthermore, at E12.5 and E14.5 intense Sox9 

expression is observed in cells that appear to be entering the developing optic nerve (Fig. 

1A–D). This expression persists throughout embryonic development (data not shown). At P7 

and P20, Sox9 expression in astrocytes residing within the ganglion cell layer as well as in 

the optic nerve is readily apparent (Fig. 1M,N, and data not shown).

Sox9 is expressed in Sox2+ multipotent RPCs

In order to determine whether Sox9 is indeed expressed in multipotent RPCs, we performed 

Sox9 co-immunofluorescence experiments with antibodies against related HMG-box 

transcription factor Sox2. Recently, Sox2 was shown to be expressed in proliferating, 

multipotent RPCs and its activity is essential for temporal and spatial regulation of RPC 

differentiation (Taranova et al., 2006). Sox9 colocalizes with Sox2 in RPCs. It should be 

noted that, at E12.5, Sox2 expression appears to be more intense and widespread than Sox9 

(Fig. 2A–F). By E14.5, the staining for both antibodies appears comparable (Fig. 2G–L). At 

E16.5, Sox9 and Sox2 are still coexpressed in RPCs. However, at this time cells positive for 

Sox2 and negative for Sox9 are observed near the developing INL and ganglion cell layer 

(GCL) (Fig. 2M–O). These cells are likely the previously described Sox2+, postmitotic 

displaced amacrine cell subtypes (Taranova et al., 2006). In addition to Sox9/Sox2 

coexpression in the retinal neuroblastic layer, these genes are also coexpressed in cells that 

appear to be entering the developing optic nerve (Fig. 2C,I). The Sox9 + RPE cells do not 

express Sox2 (Fig. 2F and data not shown).

Sox9 is downregulated in developing retinal neurons, whereas expression in postnatal 
Müller glia persists

In our time course analyses of Sox9 expression it was noticed that, as development proceeds 

toward postnatal stages, Sox9 expression becomes progressively restricted to the developing 

INL (Fig. 1I,J). In order to investigate this observation further we performed Sox9/Pax6 co-

immunofluorescence. Pax6 is expressed in mitotic RPCs, but is also highly expressed in the 

postmitotic retinal ganglion cells (RGCs) settling into the prospective GCL (Marquardt et 

al., 2001; de Melo et al., 2003). At E12.5, Sox9 and Pax6 are coexpressed in the neuroblastic 

layer in a similar fashion to Sox2, thereby confirming that Sox9 is expressed in RPCs (Fig. 

3A–C). However, cells that are negative for Sox9 and positive for Pax6 were observed in the 

vitreal side of the retina within the developing GCL (Fig. 3C). These data indicate that Sox9 

is turned off once RPCs have exited the cell cycle and are undergoing a differentiation 

program. As a confirmation of these results, we colabeled retinae for Sox9 and Brn3b. 

Brn3b is specifically expressed in recently postmitotic, differentiating RGCs (Gan et al., 

1996). At E14.5 there is no overlap between Sox9 and Brn3b staining (Fig. 3D–F). We ob-

served cells positive for only Brn3b residing within the Sox9+ neuroblastic layer. These 

cells are likely recently postmitotic RGCs in transit to the developing GCL (Fig. 3F).
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At P20, Sox9 expression is restricted to a discrete layer within the central INL in a position 

indicative of MG cells (Fig. 1K,L). In order to confirm the identity of these cells we 

performed Sox9 co-immunofluorescence with the Müller glia markers p27Kip1 and GS 

(Linser et al., 1984; Dyer and Cepko, 2000a). Sox9 and p27Kip1 are coexpressed in all MG 

cell nuclei (Fig. 3G–I). Additionally, Sox9+ nuclei precisely localize to the cell bodies of GS 

+ Müller glia (Fig. 4H). Thus, adult retinal expression of Sox9 is confined specifically to the 

Müller glial cells.

Sox9 conditional mutant retinae

Our Sox9 expression data indicate a potential role for Sox9 in regulating RPC proliferation 

and/or differentiation as well as possibly postmitotic MG cell terminal differentiation or 

survival. However, the Sox9-null allele results in perinatal haploinsufficient lethality and is 

lethal by E11.5 in the homozygous state (Bi et al., 2001; Chaboissier et al., 2004). Thus, in 

order to test these hypotheses, we employed a Sox9 floxed allele and a Chx10-CreGFP 

transgenic line, thereby producing retinal-specific Sox9 mutant mice (Rowan and Cepko, 

2004; Akiyama et al., 2005). Chx10-Cre becomes active at E10.5 and exhibits widespread 

Cre-mediated recombination shortly thereafter, leading to fate mapping of all retinal cell 

types (Rowan and Cepko, 2004).

We were successful in generating Chx10-Cre; Sox9flox/flox mice that were viable with no 

obvious gross ocular or behavioral abnormalities. It should be noted that we also attempted 

to create Sox9 mutant mice using the RPC-expressed Six3-Cre transgenic line (Furuta et al., 

2000). However, this line resulted in high levels of residual Sox9 expression, likely due to 

mosaic activity of the Cre recombinase (data not shown). Furthermore, Chx10-Cre; 

Sox9flox/flox and Six3-Cre; Sox9flox/flox mice were obtained at frequencies of ≈9% and 10%, 

respectively, which is below the expected Mendelian ratio of 25%. We interpret these results 

to indicate that early embryonic (possibly ectopic) Chx10-Cre and Six3-Cre activity resulted 

in early recombination of the Sox9-floxed allele (Furuta and Behringer, 2005). We believe 

that this apparent early Cre activity, combined with the haploinsufficient nature of the Sox9-

null allele, caused the majority of Chx10-Cre; Sox9flox/flox and Six3-Cre; Sox9flox/flox mice to 

die in utero or at perinatal stages.

In order to assess the efficiency of Chx10-Cre in recombining the Sox9 locus, we performed 

Sox9 immunofluorescence on P20 retinal cryosections. In all samples analyzed a mosaic 

pattern of Sox9 deletion was evident. Throughout the entire retina, large patches of Sox9 

expression persisted with a level of intensity comparable to that of the control animals (Fig. 

4A,B). These data are in accordance with the previously reported mosaic activity of the 

Chx10-Cre transgene (Rowan and Cepko, 2004; Johnson et al., 2006). Nevertheless, we 

were able to identify discrete patches of the retina that exhibited significant loss of Sox9 

expression (Fig. 4A,C). For all subsequent analyses we will focus on these regions of 

unambiguous loss of Sox9 expression compared to control samples.

Using a DAPI stain, we first analyzed P20 Sox9 mutant retinae for gross defects in retinal 

architecture. In order to make direct comparisons with control retinae, all images were taken 

at the level of the optic nerve. Sox9 mutant retinae exhibited normal lamination as well as 

nuclear layer thickness comparable to control samples (Fig. 4A–C). These data indicate that 
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loss of Sox9 alone likely does not affect global retinal fate determination, as disruptions in 

this process would likely result in a thin, poorly defined retina as seen for the Sox2 

conditional mutant (Taranova et al., 2006). Additionally, Sox9 likely does not affect retinal 

lamination, as this would be expected to lead to a broad disorganization of the retina, 

possibly with formation of rosette structures (Fu et al., 2006).

In order to determine whether a more discrete disruption of retinal fate determination or 

lamination had occurred, we analyzed P20 Sox9 mutant retinae for various retinal markers 

(Table 1). We began our analyses by checking for defects in Müller gliogenesis by 

performing Sox9/p27Kip1, Sox9/Sox2, and Sox9/GS co-immunofluorescence. In retinal 

patches that display loss of Sox9 expression, we also observed corresponding loss of Sox2, 

p27Kip1, and GS expression (Fig. 4D–I). These data suggest that MG cells are not present in 

retinal areas that lose Sox9 expression, thereby implying that Sox9 is necessary for MG cell 

differentiation and/or survival. Importantly, in Sox2 labeled mutant retinae, Sox2 expression 

in the lower INL and GCL persists, further indicating that loss of Sox2 is due to an absence 

of MG cells (Fig. 4G). Subsequently, we performed co-labeling experiments for Sox9 and 

markers corresponding to all other retinal cell types. We did not observe any alterations in 

the expression of these markers coincident with loss of Sox9 (Fig. 5A–L). Therefore, we 

conclude that Sox9 loss-of-function has no obvious consequence on retinal neurogenesis, but 

specifically affects Müller gliogenesis.

DISCUSSION

Sox9 expression is consistent with a possible role in retinal fate determination

All seven retinal cell types are derived from a common progenitor pool (Turner and Cepko, 

1987). Throughout the entire period of retinogenesis, RPCs proliferate while simultaneously 

giving rise to specific subtypes over time. Therefore, it is absolutely essential to maintain 

multipotent RPCs until late in development so that there is a large enough pool of RPCs still 

available for “late” cell type specification in the appropriate proportions. The bHLH 

repressors Hes1 and Hes5 are necessary for maintaining RPC potency over time (Tomita et 

al., 1996; Hatakeyama and Kageyama, 2004). The recognition of Hes1 and Hes5 as factors 

essential for RPC maintenance immediately implicated Notch signaling as Hes1 and Hes5 

are direct downstream targets of the Notch pathway (Ohtsuka et al., 1999; Hatakeyama and 

Kageyama, 2004). Once activated by the Notch pathway, Hes1 and Hes5 negatively regulate 

the expression of bHLH proneural genes, thereby inhibiting neuronal differentiation. Indeed, 

an early retinal-specific knockout of Notch1 recapitulates some aspects of the Hes1-null 

phenotype (Jadhav et al., 2006b; Yaron et al., 2006). In one of these studies, as expected, 

Notch1 inactivation resulted in a downregulation of Hes1 and Hes5 expression and the 

consequential upregulation of proneural transcription factors leading to precocious 

differentiation and RPC depletion (Yaron et al., 2006). Surprisingly, both studies also found 

that the Notch1 conditional mutant retinae exhibit a dramatic increase in photoreceptors at 

the expense of other retinal cell types. These data suggest that, in addition to its role as a 

negative regulator of neural induction, Notch1 signaling contributes to retinal cell 

diversification by inhibiting the acquirement of the photoreceptor fate. It was initially 

reported, through data generated in the chick, that Notch1 knockdown results in an excess of 
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the earliest retinal cell types, the ganglion cells (Austin et al., 1995). These data 

conceptually make sense. If Notch1 functions to repress neurogenesis, upon early alleviation 

of that repression one would expect the retinal developmental program to proceed in a 

normal histogenic order with the genesis of the ganglion cells (the first specified retinal 

neurons) followed by the other cell types. In the Notch1 conditional mutants, however, there 

was actually a reduction in ganglion cell numbers (Jadhav et al., 2006b; Yaron et al., 2006). 

The reason for the discrepancy between the mouse and chicken data is not currently clear. It 

is also unclear whether Hes genes are functioning downstream of Notch1 in the mouse to 

repress photoreceptor production.

In this article we have shown that Sox9 is expressed in proliferating RPCs in a very similar 

temporal and spatial manner to that of Hes1, Hes3, Notch1, and Sox2. Of particular note is 

our finding that Sox9 expression is down-regulated in differentiating retinal neurons 

(summarized in Fig. 6). These data suggest that Sox9 might be important in maintaining 

progenitor cell status within the retina, possibly functioning within the Notch pathway, 

rather than having a direct role in neurogenesis. Recently, it was reported that Sox9 regulates 

pancreatic expression of Hes1 and is required for the maintenance of the mouse pancreatic 

progenitor pool (Seymour et al., 2007). Thus, Sox9 might be a Notch1 transcriptional 

cofactor in activating Hes1 expression or Sox9 might directly promote Notch1 expression. In 

terms of retinal fate determination, Sox2 has recently been identified as a direct upstream 

component of the Notch1 pathway (Taranova et al., 2006). These data, in light of our finding 

that Sox9 is expressed in the Sox2+ RPC population, suggest that Sox9 might function in a 

similar capacity as Sox2 in regulating the competence status of RPCs by promoting Notch1 

expression.

In order to test our hypothesis that Sox9 functions to maintain RPC competence, we 

genetically ablated Sox9 within multipotent RPCs. We were able to discern discrete regions 

of postnatal mutant retinae that showed significant loss of Sox9 expression and these tissue 

samples were further evaluated for defects in retinogenesis. In regions of unambiguous Sox9 

loss, mature retinal architecture was intact and there was no dramatic decrease in retinal 

thickness. These data indicate that Sox9 alone does not play a role in maintaining RPC 

competence. Nevertheless, one caveat in the interpretation of these data is that we were not 

able to achieve high levels of Sox9 loss-of-function. Furthermore, since the Sox9 conditional 

mutants did not exhibit defects in retinal neurogenesis, it is formally possible that Sox2 may 

be able to compensate for the loss of Sox9 resulting in appropriate maintenance of the RPC 

pool. Whatever the case, our data do not entirely fit within a model whereby Sox9 regulates 

the Notch pathway, as we obviously did not recapitulate all aspects of the mouse Sox2 or 

Notch1 loss-of-function phenotypes. However, we believe that definitive confirmation of a 

role for Sox9 in RPC maintenance awaits a more robust knockout of Sox9.

Sox9 in Müller glial cell development

In this study we showed that postnatal expression of Sox9 is confined to the MG cells. Thus, 

it is possible that Sox9 directly promotes MG cell specification or regulates MG cell 

differentiation. In order to test this hypothesis we analyzed Sox9 conditional mutant retinae 

for expression of MG cell-specific markers. Interestingly, we observed a loss of MG marker 

Poché et al. Page 9

J Comp Neurol. Author manuscript; available in PMC 2015 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



p27Kip1 coincident with loss of Sox9 expression. We also observed a loss of Sox2 and GS 

within the MG cell layer. Our data suggest that MG cells are not present in regions of the 

mutant retinae that exhibit a profound loss of Sox9. Thus, it is possible that Sox9 directly 

promotes Müller gliogenesis or is responsible for MG cell differentiation and survival. 

Consistent with this idea is our finding that loss of Sox9 expression does not affect postnatal 

retinal neuron populations. An alternative interpretation of our data is that, in the absence of 

Sox9, MG cells are still present but remain in an undifferentiated state whereby they fail to 

express markers of differentiated MG cells (such as GS and p27Kip1). While certainly 

possible, we believe this conclusion to be less likely since we also fail to detect Sox2 

expression in retinal patches that lost Sox9. If Sox9-mutant cells remained as 

undifferentiated progenitor cells, which would have otherwise formed mature MG cells, we 

would expect these cells to maintain expression of Sox2 (Taranova et al., 2006).

In this article we speculate that Sox2 might be able to compensate for Sox9 function in RPC 

maintenance. However, it is curious that Sox9 does not appear to compensate for the loss of 

Sox2 (Taranova et al., 2006). Furthermore, it does not appear that Sox2 can compensate for 

Sox9 in MG differentiation and/or survival. Further experimental confirmation of this 

relationship would suggest the role of Sox9 in Müller glia formation or survival is distinct 

from any role it has in RPCs. Future studies aimed at precisely defining the genetic 

interaction (if any) between Sox9 and Sox2 will be most informative.

It is also important to note that, in the absence of MG cells, deficiencies in retinal 

homeostasis would likely result (Bringmann et al., 2006). Nevertheless, we observed no 

gross retinal degeneration or structural defects. At present, we believe this discrepancy to be 

due to the mosaic nature of the Chx10-Cre transgene. Perhaps, in the Sox9 mutants, there is 

a large enough population of MG cells still present that functionally compensate for a partial 

loss of the MG population. A more thorough knockout of Sox9 would address this 

possibility.

If Sox9 is indeed functioning in direct MG cell specification, it is possible that some 

interplay with Notch signaling is also important in this context, as Hes5 has already been 

implicated in MG fate specification (Furukawa et al., 2000; Hojo et al., 2000). In addition to 

the Hes-family members, similar results were observed by forced expression of 

homeodomain transcription factor Rx as well as Notch1 in the rat retina (Furukawa et al., 

2000). In these experiments, Rx and Notch1 lead to the induction of MG cell markers. 

However, it was not clear whether these cells completed the full MG cell differentiation 

program. The overall interpretation of these results was that Rx lies at the top of a genetic 

hierarchy which leads to activation of the Notch pathway, thereby promoting MG 

specification. However, these data can also be interpreted to suggest that MG cells and 

RPCs are closely related to one another. It is possible that cells that do not downregulate 

Notch1 in the postnatal retina eventually adopt the MG cell (last cell) fate. It is also possible 

that, for an RPC to become an MG cell, it must initially downregulate Notch1 whereby it 

exits the cell cycle and subsequently reactivates Notch1 (once all neuronal populations are 

specified) in order to directly promote MG fate. In a very recent study this model was tested 

by acute reactivation of Notch1 in what were described as newly postmitotic retinal cells 

(Jadhav et al., 2006a). Interestingly, it was shown that a significant subset of these Notch-
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reactivated cells expressed glial markers and exhibited morphology reminiscent of MG cells. 

If this model of Notch pathway reactivation in instructing MG cell specification is correct, at 

least conceptually, Sox9 could fit nicely within such a mechanism. In the developing gonad, 

before the onset of sex determination, Sox9 protein appears cytoplasmic in both sexes. 

However, once Sry-induced male sex determination begins, Sox9 is imported into the 

nucleus in a male-specific manner, thereby regulating genes necessary for testis 

development (Gasca et al., 2002; Argentaro et al., 2003; Malki et al., 2005). This apparent 

capacity of the Sox9 protein for nuclear shuttling could provide a rapid regulatory 

mechanism to control Notch activity. Once all neuronal populations are specified, Sox9 

might briefly leave the nucleus of the remaining RPCs which could possibly result in a 

downregulation of Notch activity. Then Sox9 might reenter the nucleus shortly thereafter 

leading to a reactivation of Notch activity and specification of the remaining RPCs to an MG 

cell fate. Consistent with this idea, in the developing retinae, Sox9 expression does not 

appear to be exclusively nuclear.

Future efforts should be focused on a more complete assessment of Sox9 function by 

generating conditional mutants with a greater level of recombination. Furthermore, in order 

to determine whether Sox9 directly promotes Müller gliogenesis, experiments which force 

ectopic expression of Sox9 in RPCs should be performed in vivo.

Sox9 expression in other ocular cell types

In addition to its expression in retinal cell types, we also observed Sox9 expression in glial 

cells of the optic nerve. Significantly, conditional ablation of Sox9 in the developing spinal 

cord revealed defects in the specification of gray matter astrocytes and oligodendrocytes as 

indicated by severe loss of these glial cell types (Stolt et al., 2003). The authors interpreted 

these results to mean that Sox9 determines the switch from spinal cord neurogenesis to 

gliogenesis. Furthermore, the authors also transfected Sox9 into Neuro2a cells and observed 

coincident induction of glial cell markers, thereby suggesting that Sox9 is instructive for the 

glial cell fate. This study did not investigate glial cells of the optic nerve, but it is likely that 

Sox9 is playing a similar role within this context. Furthermore, these findings allude to a 

possible role for Sox9 in directly specifying MG cell fate in a similar manner to spinal cord 

glial fate. One other point of interest is that Sox9 expression in the spinal cord ventricular 

zone precedes the onset of gliogenesis (Stolt et al., 2003). This expression profile is similar 

to the developing retina where Sox9 is expressed at early stages of retinogenesis well before 

the generation of MG cells. The significance of this expression pattern as it relates to 

gliogenesis remains to be further defined.

Another interesting location of Sox9 expression described in this study is within the 

embryonic and mature RPE. In human melanocytes it was recently reported that SOX9 can 

directly bind to and regulate the microphthalmia-associated transcription factor (MITF) 

promoter, thereby increasing the expression of melano-genic proteins leading to the 

stimulation of pigmentation (Passeron et al., 2007). In addition to its role in the development 

of neural-crest-derived melanocytes, Mitf is essential for the specification of the RPE versus 

neuroretina, as both tissues are derived from an initially bipotential optic neuroepithelium. 

Evidence for this mechanism comes from studies of Mitf mutant mouse embryos that exhibit 
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transdifferentiation of the prospective RPE into a second neuroretina (Hodgkinson et al., 

1993; Steingrimsson et al., 1994; Nguyen and Arnheiter, 2000; Bumsted-O’Brien et al., 

2007). Our observation that Sox9 is expressed in the developing and mature RPE and the 

evidence that Sox9 is a direct regulator of Mitf makes it formally possible that Sox9 is 

playing a role in either RPE specification or pigmentation. Consistent with this idea, a 

transgene insertion within a 0.98 Mb region upstream of Sox9 results in microphthalmia and 

pigmentation defects (Bishop et al., 2000; Qin et al., 2004). Future studies aimed at 

conditional ablation of Sox9 within the RPE should be performed.
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Fig. 1. 
Sox9 expression throughout retinal development. Retinae from the indicated developmental 

stages were stained with an antibody against Sox9. All images represent the central retina at 

the level of the optic nerve. Sox9 is expressed throughout prenatal retinogenesis within the 

retinal neuroblastic layer (arrowhead in A–H). Sox9 is also expressed in cells that appear to 

be entering the optic nerve (arrow in B). As development proceeds into postnatal stages, 

Sox9 expression becomes restricted to discrete cells in the center of the inner nuclear layer 

(I–L). Sox9 expression is also observed in the optic nerve (M–N) and retinal pigment 
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epithelium (O–Q, arrow). For a nuclear stain, 4′,6-diamidino-2-phenylindole (DAPI) 

(B,D,F,H,J,L,P) or Draq5 (N) was used. R, retina; L, lens; onbl, outer neuroblastic layer; 

INL, inner nuclear layer; GCL, ganglion cell layer; OPL, outer plexiform layer; ONL, outer 

nuclear layer; ON, optic nerve; RPE, retinal pigment epithelium. N = 3 mice per timepoint. 

Scale bars = 50 µm.
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Fig. 2. 
Sox9 and Sox2 are coexpressed in multipotent retinal progenitor cells. Retinae from the 

indicated developmental stages were colabeled with antibodies against Sox9 and Sox2. At 

E12.5, Sox9 and Sox2 are expressed throughout the RPCs (A–F) and the developing optic 

nerve (C, arrowhead) while Sox9 is expressed distinctively in the retinal pigment epithelium 

(arrowheads in F). By E14.5, Sox9, and Sox2 are coexpressed at comparable levels in the 

RPCs (J–L). At E16.5, discrete Sox2 +, but Sox9-negative cells appear within the vitreal 

side of the retina (M–O, arrows). R, retina; L, lens; onbl, outer neuroblastic layer; inbl, inner 
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neuroblastic layer; INL, inner nuclear layer; GCL, ganglion cell layer. N = 3 mice per 

timepoint. Scale bars = 50 µm.
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Fig. 3. 
Sox9 is not expressed in retinal ganglion cells, while expression in postnatal Müller glial 

cells persists. E12.5 retinae were colabeled with antibodies against Sox9 and Pax6 (A–C). 
Clear colo-calization is observed within the retinal ventricular zone. Within the developing 

ganglion cell layer, which consists of Pax6 + differentiating retinal neurons, Sox9 is not 

expressed (arrow in C). Colabeling for Sox9 and Brn3b (D–F) confirms the above-

mentioned results as Brn3b + ganglion cells do not express Sox9. These cells appear to be 

traversing the Sox9+ ventricular zone toward the developing GCL (arrowheads in F). At 
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P20, Sox9 protein expression is confined to the inner nuclear layer (G). Colabeling with 

Sox9 and p27Kip1 revealed that postnatal retinal expression of Sox9 is specific to Müller 

glial cells (G–I). R, retina; L, lens; onbl, outer neuroblastic layer; inbl, inner neuroblastic 

layer; ONL, outer nuclear layer, INL, inner nuclear layer; GCL, ganglion cell layer; OPL, 

outer plexiform layer; IPL, inner plexiform layer. N = 3 mice per timepoint. Scale bars = 50 

µm.
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Fig. 4. 
Mosaic deletion of Sox9 results in a loss of Müller glial cell markers. At P20, Chx10-Cre-

mediated recombination of the Sox9-floxed allele resulted in retinae that exhibited residual 

Sox9 expression (compare A to B). However, within the same retinal sample, discrete 

patches showing profound reduction of Sox9 expression were evident (compare A to C). In 

the same retinal patches that lose Sox9 expression, a DAPI nuclear stain revealed that all 

retinal regions maintained a characteristic gross retinal architecture with a thick-ness 

comparable to controls (compare A–C). Colabeling for Sox9 with p27Kip1 (D,E, arrow), 
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Sox2 (F,G, arrow), and GS (H,I, arrows) revealed that loss of Sox9 expression coincided 

with loss of p27Kip1, Sox2, and GS expression, indicating a loss of Müller glial cells. Sox2 + 

amacrine cells were not affected (arrowheads in G). ONL, outer nuclear layer, INL, inner 

nuclear layer; GCL, ganglion cell layer; OPL, outer plexiform layer; IPL, inner plexiform 

layer. N = 3 mice per genotype. Scale bars = 50 µm.
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Fig. 5. 
Retinal neuron populations are not affected by loss of Sox9. Co-immunofluorescence for 

Sox9 and retinal neuron markers was performed in adult conditional mutant retinae and 

compared to controls. In the conditional mutant retinae, expression of all markers appeared 

comparable to control littermates. Chx10 is a pan-bipolar cell marker (A,B). Calretinin 

(C,D) and Syntaxin (I,J) were used to label amacrine cell populations. Calbindin was used 

to assess horizontal cells (E,F). Brn3b marks retinal ganglion cells (G,H) and rhodopsin 

marks photoreceptor segments (K,L). ONL, outer nuclear layer, INL, inner nuclear layer; 

GCL, ganglion cell layer; OPL, outer plexiform layer; IPL, inner plexiform layer. N = 3 

mice per genotype. Scale bar = 50 µm.
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Fig. 6. 
Summary of Sox9 expression and hypothetical placement of Sox9 within the Müller glial cell 

developmental genetic pathway. In early stages of retinal development, Sox9 is expressed in 

all retinal progenitor cells (RPCs) (A). As progenitor cells exit the cell cycle and 

differentiate into neurons (clear cells), Sox9 is downregulated (B). Once retinal neurogenesis 

is complete, Sox9 is specifically expressed in postmitotic MG cells (C). Data presented in 

this article raise the possibility that Sox9 functions in RPC maintenance and/or MG cell 

terminal differentiation or survival. In the bottom panel a developmental genetic pathway of 
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MG cell fate determination and differentiation is presented. This figure is not meant to 

suggest that MG cells are derived from a separate RPC lineage, but rather to outline the 

emerging genetic pathway leading to the MG cell fate to now include Sox9 (D). In order for 

MG cells to be specified (or to differentiate), some proportion of the RPC population must 

maintain Sox9 expression, whereas RPCs giving rise to neurons lose Sox9 expression. 

Furthermore, Sox9 might function in a similar capacity as Sox2 in regulating Notch1 

expression in retinal development (see Discussion for details).
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TABLE 1

Antibodies

Antiserum Dilution Immunogen Source

Mouse anti-Brn3 1:50 aa. 397–410 of human BRN3B* Santa Cruz sc-6026

Mouse anti-calbindin 1:500 Purified bovine kidney calbindin-D-28 Sigma C9848

Mouse anti-calretinin 1:100 Recombinant rat calretinin Chemicon MAB1568

Sheep anti-Chx10 1:300 Recombinant N-terminal aa. 1–131 of human CHX10 
conjugated to GST

Exalpha Anti-Chx10

Mouse anti-glutamine synthetase 1:200 aa. 1–373 of sheep glutamine synthetase BD Transduction Labs 
610517

Mouse anti-p27Kip1 1:100 Recombinant mouse p27Kip1 BD Transduction Labs 
610241

Mouse anti-Pax6 1:20 Recombinant chicken Pax6 DSHB Pax6

Mouse anti-rhodopsin 1:400 Rat retinal membranes Sigma O4886

Goat anti-Sox2 1:100 Recombinant C-terminus aa. 277–293 of human SOX2* Santa Cruz sc-17320

Rabbit anti-Sox9 1:200 Synthetic peptide VPSIPQTHSPQHWEQPVYTQLTRP from 
human SOX9

Chemicon AB5535

Mouse anti-Syntaxin-1 1:200 Synaptosomal plasma fraction of rat hippocampus Sigma S0664

*
Based on matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) and liquid chromatography (LC) mass spectrometry performed 

in this study.
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