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The establishment of functional retinal circuits in the mammalian retina depends critically on the proper generation and assembly of six
classes of neurons, five of which consist of two or more subtypes that differ in morphologies, physiological properties, and/or sublaminar
positions. How these diverse neuronal types and subtypes arise during retinogenesis still remains largely to be defined at the molecular
level. Here we show that all four family members of the early B-cell factor (Ebf) helix-loop-helix transcription factors are similarly
expressed during mouse retinogenesis in several neuronal types and subtypes including ganglion, amacrine, bipolar, and horizontal cells,
and that their expression in ganglion cells depends on the ganglion cell specification factor Brn3b. Misexpressed Ebfs bias retinal
precursors toward the fates of non-AII glycinergic amacrine, type 2 OFF-cone bipolar and horizontal cells, whereas a dominant-negative
Ebf suppresses the differentiation of these cells as well as ganglion cells. Reducing Ebf1 expression by RNA interference (RNAi) leads to
an inhibitory effect similar to that of the dominant-negative Ebf, effectively neutralizes the promotive effect of wild-type Ebf1, but has no
impact on the promotive effect of an RNAi-resistant Ebf1. These data indicate that Ebfs are both necessary and sufficient for specifying
non-AII glycinergic amacrine, type 2 OFF-cone bipolar and horizontal cells, whereas they are only necessary but not sufficient for
specifying ganglion cells; and further suggest that Ebfs may coordinate and cooperate with other retinogenic factors to ensure proper
specification and differentiation of diverse retinal cell types and subtypes.

Introduction
In the mammalian retina, seven classes of neuronal and glial cells
comprise a delicate multilayered sensorineural epithelium. They
are the rod and cone photoreceptors; the horizontal, bipolar, and
amacrine cell (AC) interneurons; the retinal ganglion cell (RGC)
output neurons; and the Müller glial cells. Except for rods, all
classes of neurons consist of two or more subtypes that differ in
morphologies, physiological properties, and/or sublaminar posi-
tions, with ACs and RGCs as the most diversified classes (Wässle
and Boycott, 1991; Masland, 2001a,b). For instance, bipolar cells
are composed of one type of rod bipolar and nine subtypes of
cone bipolar cells, whereas horizontal cells have only two sub-
types (Dacey et al., 1996; Hack and Peichl, 1999; Ghosh et al.,
2004). RGCs come in 10 –15 subtypes, and there are at least 29
subtypes of ACs (Wässle and Boycott, 1991; MacNeil and
Masland, 1998; MacNeil et al., 1999; Masland, 2001b). Most
ACs contain either glycine or GABA inhibitory neurotrans-

mitters and therefore form two major neurotransmitter sub-
types of approximately equal number (Vaney, 1990; Marquardt et
al., 2001).

During retinogenesis, the seven classes of cells are generated from
multipotent progenitors following a loose temporal order by the
coordinated action of various intrinsic and extrinsic factors (Harris,
1997; Cepko, 1999; Livesey and Cepko, 2001). Transcription factors
have emerged as the most important intrinsic regulators that control
the determination and differentiation of different retinal cell types.
In the mouse, for instance, Math5 activates the expression of Brn3b
and Isl1, and the three of them constitute a major molecular pathway
underlying RGC specification and differentiation (Brown et al.,
2001; Wang et al., 2001; Mu et al., 2008; Pan et al., 2008; Qiu et al.,
2008; Badea et al., 2009). The specification of ACs involves the con-
certed activities of Foxn4, Neurod1, Math3, and Ptf1a (Inoue et al.,
2002; Li et al., 2004; Fujitani et al., 2006; Nakhai et al., 2007), whereas
Bhlhb5, Nr4a2, and Isl1 are involved in specifying GABAergic or
cholinergic ACs (Feng et al., 2006; Elshatory et al., 2007; Jiang and
Xiang, 2009). Foxn4 also acts upstream of Ptf1a, Prox1, and Lim1 to
control the specification and differentiation of horizontal cells (Dyer
et al., 2003; Li et al., 2004; Fujitani et al., 2006). Fate determination of
bipolar cells relies on the synergistic activities between Chx10 and the
basic helix-loop-helix (HLH) factors Mash1, Math3, and Ngn2
(Burmeister et al., 1996; Tomita et al., 2000; Akagi et al., 2004).
Bhlhb4 is critically involved in the terminal differentiation of rod
bipolar cells, whereas Vsx1, Irx5, and Bhlhb5 are all required for the
specification of cone bipolar subtypes (Bramblett et al., 2004; Chow
et al., 2004; Ohtoshi et al., 2004; Cheng et al., 2005; Feng et al., 2006).
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The vertebrate early B-cell factor (Ebf) proteins (Ebf1-4) be-
long to a small family of HLH transcription factors that contain a
non-basic HLH dimerization domain and an atypical zinc-finger
DNA-binding domain (Dubois and Vincent, 2001; Wang et al.,
2002). They are expressed in distinct yet overlapping patterns in
multiple tissues and cell types, including the B-lymphocytes, adi-
pocytes, osteoblasts, and neuronal cells, and play crucial roles
during their development (Lin and Grosschedl, 1995; Akerblad et
al., 2002; Wang et al., 2004; Kieslinger et al., 2005; Croci et al.,
2006). In the mouse retina, Ebf1 and 3 were previously shown
to be expressed by differentiating and mature RGCs and/or
ACs (Davis and Reed, 1996; Wang et al., 1997; Trimarchi et al.,
2007). Despite this prominent expression, however, the func-
tion of Ebfs during retinogenesis is unclear at present. Here we
investigated their expression patterns and functions in the
mouse retina.

Materials and Methods
Animals. All experiments with mice were performed in accordance with
animal protocols approved by the University of Medicine and Dentistry
of New Jersey. The animals were housed and bred at a facility of the
University and fed with a standard rodent diet. The C57BL/6J mice were
purchased from the Jackson Laboratory, and CD1 mice from the Charles
River Laboratories. The Brn3b knock-out mice were generated previ-
ously (Gan et al., 1996) and maintained by breeding with C57/BL6J mice.
The stage of mouse embryos was determined by taking the morning
when the copulation plug was seen as E0.5. An approximately equal
number of male and female animals were used, and all genotypes de-
scribed were confirmed by PCR.

Retrovirus preparation and infection. The full-length Ebf1, Ebf2, and Ebf3
open reading frames were obtained by reverse transcriptase PCR from
C57BL/6J mouse retinal RNA, and verified by DNA sequencing. To con-
struct Ebf-EnR, a DNA fragment corresponding to amino acids 1-430 of
Ebf1 was fused with a fragment containing the repressor domain of the
Drosophila-engrailed protein (EnR) (Akerblad et al., 2002), followed by a
small Myc-tag sequence. These fragments were then ligated into the Control-
green fluorescent protein (GFP) retroviral vector (Mo et al., 2004) to yield
Ebf1-GFP, Ebf2-GFP, Ebf3-GFP, and Ebf-EnR-GFP viral plasmids. Retrovi-
ruses were prepared as described previously (Mo et al., 2004) and stored at
�80°C. Before infection, retrovirus mixture was prepared by mixing viruses
with polybrene (Sigma) to a final concentration of 8 �g/ml. For in vivo
infection, 0.5–1 �l of virus mixture was injected into the subretinal space of
postnatal day (P) 0 neonates, and retinal samples were collected at P21
for analysis. For in vitro infection of retinal explants, 20 �l of virus
mixture was overlaid onto the explant, and this procedure was re-
peated once 30 min later. Retinal explant culture was performed as
described previously (Tomita et al., 1996).

Small hairpin RNA plasmids and electroporation. The pU6-Ebf1i5 small
hairpin RNA (shRNA) plasmid was generated by inserting the following
annealed oligonucleotides into the pBS/U6 (pU6) RNA interference
(RNAi) vector (Sui et al., 2002): 5�-GATCCCCAGAGGTTACAGAA-
GGTCATTTCAAGAGAATGACCTTCTGTAACCTCTGGTTTTTTG-3�
and 5�-AATTCAAAAAACCAGAGGTTACAGAAGGTCATTCTCTTGA-
AATGACCTTCTGTAACCTCTGGG-3�. pCIG-Ebf1, Ebf2, Ebf3, and
Ebf1sm expression plasmids were constructed by inserting the corre-
sponding open reading frames into a modified pCIG vector that contains
a cytoplasmic instead of nuclear GFP (Megason and McMahon, 2002).
The RNAi-resistant Ebf1sm was obtained by PCR-mediated, site-
directed mutagenesis. pBS/U6 and pCIG plasmids were mixed at a ratio
of 2:1 �g/�l and 1–2 �l of the mixture were injected into the subretinal
space of P0 CD1 mice. Immediately after injection, five square pulses
(100 V) of 50 ms duration with 950 ms intervals were applied using the
pulse generator ECM 830 (BTX) as described previously (Matsuda and
Cepko, 2004). Transfected retinas were collected at P12 for analysis.

Immunostaining and quantification. Immunostaining of retinal sec-
tions and quantification of immunoreactive cells were performed as de-
scribed previously (Li et al., 2004; Mo et al., 2004). The following primary

antibodies were used: rabbit anti-Barhl2 (Mo et al., 2004); mouse anti-
bromodeoxyuridine (BrdU)-FITC (BD Biosciences); mouse anti-Brn3a
(Millipore); rabbit and goat anti-Brn3b (Santa Cruz Biotechnology);
goat anti-Bhlhb5/BETA3 (Santa Cruz Biotechnology); rabbit and mouse
anti-calbindin D-28k (Swant); mouse anti-calretinin (Millipore); goat
anti-choline acetyltransferase (ChAT) (Millipore); sheep anti-Chx10
(Exalpha); rabbit anti-Dab1 (Santa Cruz Biotechnology); rabbit and goat
anti-Ebf (Santa Cruz Biotechnology) (Davis and Reed, 1996); rabbit,
mouse, and goat anti-GFP (MBL International, Millipore, and Abcam,
respectively); rabbit anti-GABA (Sigma); mouse anti-GAD65 (BD Bio-
sciences); mouse anti-glutamine synthetase (Millipore); rabbit anti-
glycine receptor GlyR�1/2 (Abcam); goat anti-GLYT1 (Millipore);
mouse anti-Isl1 (DSHB); mouse anti-Ki67 (BD PharMingen); mouse
anti-Lim1 (DSHB); rabbit and mouse anti-Pax6 (Millipore and DSHB,
respectively); rabbit anti-phosphorylated histone H3 (Millipore); mouse
anti-protein kinase C-� (PKC�) (GE Healthcare); rabbit anti-recoverin
(Millipore); mouse anti-syntaxin (Sigma); and sheep and rabbit anti-
tyrosine hydroxylase (Millipore). Images were captured with a Nikon
Eclipse 80i microscope or a laser scanning Leica TCS-SP2 confocal
microscope.

To quantify GFP � cells and GFP � cells colocalized with cell type-
specific markers on retinal sections, positive cells were counted in an
optical field using a reticule mounted on the microscope. At least several
hundred GFP � cells (ranging from 201 to 3401 and mostly �1000 de-
pending on frequency of colocalized cells) were scored for each retina,
and three or more retinas from different animals were counted for each
type. All data were tested for significance using two sample Student’s t
test with unequal variances.

In situ hybridization and probes. RNA in situ hybridization was per-
formed as described using digoxigenin-labeled antisense riboprobes
(Sciavolino et al., 1997). The DIG RNA Labeling Mix and anti-
digoxigenin-AP Fab fragments were obtained from Roche Diagnostics.
Riboprobes were prepared following the manufacturer’s protocol. The
following probes were used: Ebf1 (GenBank accession #NM_007897,
1195–2248 bp); Ebf2 (Mella et al., 2004); Ebf3 (GenBank accession
#NM_001113415, 288 –1022 bp); and Ebf4 (GenBank accession
#NM_001110513, 787–1606 bp).

BrdU labeling and terminal deoxynucleotidyl transferase-mediated bio-
tinylated UTP nick end labeling assay. BrdU labeling and terminal deoxy-
nucleotidyl transferase-mediated biotinylated UTP nick end labeling
(TUNEL) assay were performed as previously described (Li et al., 2004).
The mouse FITC-conjugated anti-BrdU antibody was purchased from
BD Sciences. TUNEL assays were performed using the In Situ Cell Death
Detection Kit TMR Red (Roche Diagnostics). The number of positive
cells was scored on retinal sections of the intermediate region in a high-
power (600�) optical field using a reticule mounted on the microscope.
Six fields were counted on each retina, and at least three retinas were
scored for each type.

VISTA analysis. Ebf noncoding sequences were downloaded from all
available vertebrate species using the Non-Coding Sequence Retrieval
System (Doh et al., 2007). They were then aligned and compared by the
online VISTA tool (http://genome.lbl.gov/vista) (Frazer et al., 2004) to
identify conserved regions.

Chromatin immunoprecipitation assay. Chromatin immunoprecipitation
(ChIP) assay was performed with modification according to the protocol by
Abcam (http://www.abcam.com/ps/pdf/chromatin/X-ChIP-protocol-
card.pdf). Chromatin DNA was prepared from developing mouse retinas
pooled from stages E15.5, E17.5, and P0. The anti-Brn3b antibodies Brn3
(C-13) and Brn3b (N-15) are commercially available (Santa Cruz Biotech-
nology). The PCR primers used to amplify various regions of Ebf3
are as follows: CR, 5�-CTGACAATATCAAATCAGACACCAG-3� and
5�-CAGAACCAAACAGTACAAACACG-3�; 5�-flanking, 5�-GGACACCTCT-
GCACTCGAGTCTAG-3� and 5�-TCTATGGACAACCTCTTGACTCTC-3�;
intron, 5�-ACTGAGTGCCTACTATGTGCCAG-3� and 5�-CGTCAGAACT-
GACAGGTGTTGTGA-3�; and 3�-flanking, 5�-AGCTGTTCTGTCCAGCA-
CATACCAG-3� and 5�-ACCCTTCCATACCTGCATCATGTG-3�.
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Results
Inactivating Brn3b downregulates expression of Ebf genes in
the retina
Our previous microarray profiling of gene expression in Brn3b
mutant retinas has demonstrated an enrichment of transcription
factor genes in the differentially expressed gene set (Qiu et al.,
2008). Among them are the Ebf1 and Ebf3 transcription factor
genes whose expression is significantly downregulated in Brn3b-
null retinas (Qiu et al., 2008). By RNA in situ hybridization, we
investigated whether the expression of all members of the Ebf
family is downregulated in the Brn3b mutant. In E14.5 wild-type
(WT) retinas, all four members of Ebf genes are expressed within
the inner neuroblastic layer (INBL) (Fig. 1A,C,E,G). In Brn3b-
null retinas, consistent with the microarray result, Ebf1 and Ebf3
transcripts are markedly reduced (Fig. 1A,B,E,F); as well, there is
a great reduction of Ebf2 and Ebf4 expression (Fig. 1C,D,G,H).
Immunostaining with a pan-Ebf antibody (supplemental Fig. S1,
available at www.jneurosci.org as supplemental material) con-
firmed the dramatic downregulation of Ebf protein expression in
Brn3b-null retinas at E16.5 (Fig. 1 I, J,M). At P8, however, despite
the drastic loss (�93%; mean � SD, WT: 33.0 � 6.5 cells/optical
field, n � 4; Brn3b�/�: 2.3 � 0.9 cells/optical field, n � 4) of
Ebf-expressing cells in the ganglion cell layer (GCL), there is only
a small decrease (�18%; mean � SD, WT: 72.0 � 6.4 cells/optical
field, n � 4; Brn3b�/�: 59.0 � 2.5 cells/optical field, n � 4) of
Ebf-expressing cells within the inner nuclear layer (INL) in the
mutant (Fig. 1K–M). This small change is consistent with the
previously observed overall reduction (�15%) of INL nuclei in
the Brn3b mutant retina (Gan et al., 1996). Thus, all Ebf genes
appear to be expressed in the developing inner retina. Ebf expres-
sion in RGCs depends on Brn3b, whereas expression in the INL is
most likely independent of Brn3b, suggesting potential roles for
Ebfs during RGC and non-RGC development.

Ebf3 as a direct Brn3b target
The expression of Ebf genes in RGCs and their downregulation in
Brn3b-null retinas suggest that Ebfs may be direct targets of

Brn3b. Given that regulatory sequences of a particular gene are
usually conserved in the 5� upstream region among vertebrate
paralogs, we took a bioinformatic approach to identify conserved
sequences in the 5� upstream region of Ebf loci as candidate
Brn3b cis-regulatory sequences. We used the Non-Coding Se-
quence Retrieval System (Doh et al., 2007) to download Ebf1-4
noncoding sequences from all available vertebrate species, then
applied the VISTA program (Frazer et al., 2004) to identify 5�
conserved regions. We found several small conserved regions in
the 5�-flanking sequence of Ebf3, but none were seen in a �30 kb
5�-flanking sequence of Ebf1, Ebf2, and Ebf4 (Fig. 2A). Among
the conserved mouse Ebf3 sequences, a 149 bp region (CR) is
highly conserved from human to zebrafish and contains a core
Brn3-binding motif TAATTAAA (Fig. 2A,B) (Gruber et al.,
1997).

To test the ability for Brn3b to bind and occupy the CR region
of Ebf3, we performed ChIP assay using chromatin DNA pre-
pared from developing mouse retinas. Two different anti-Brn3b
antibodies specifically immunoprecipitated the CR fragment,
whereas the control IgG did not (Fig. 2C). Moreover, neither of
the anti-Brn3b antibodies precipitated other Ebf3 sequences in
the 5�-flanking, intron, or 3�-flanking regions that do not contain
any Brn3-binding sites (Fig. 2C), demonstrating specific in vivo
binding of Ebf3 promoter by Brn3b.

Biphasic expression of Ebf factors in developing RGCs
and non-RGCs
As a first step to determine all retinal cell types that express Ebf
factors and their potential role during retinal development, we
performed RNA in situ hybridization and immunostaining anal-
yses to investigate their spatial and temporal expression patterns
in the developing mouse retina. Ebf1, Ebf3, and Ebf4 exhibit a
nearly identical expression pattern. They all commence their ex-
pression around E11.5–E12.5 when their transcripts are seen in
cells within the INBL of the central retina (Fig. 3A,C–E,G,H).
This expression spreads gradually from the central to the periph-
eral region, and eventually to the entire retina within the INBL by

Figure 1. Altered expression of Ebfs in the Brn3b mutant retina. A–H, Sections from E14.5 wild-type and Brn3b�/� retinas were in situ hybridized with the indicated Ebf probes. Compared with
the wild-type retina, there is a great decrease of Ebf1-4 expression in the mutant retina. I–L, Retinal sections from wild-type and Brn3b mutant mice at the indicated stages were immunostained
with a pan-Ebf antibody and weakly counterstained with DAPI. In the mutant retina, there is a dramatic decrease of Ebf-immunoreactive cells within the INBL and GCL at E16.5 and P8, respectively;
whereas, those within the INL at P8 show only a small reduction. M, Quantitation of Ebf-immunoreactive cells in Brn3b wild-type and mutant retinas. Each histogram represents the mean � SD for
4 retinas. IPL, Inner plexiform layer; ONBL, outer neuroblastic layer; OPL, outer plexiform layer. Scale bar (in H ): A–H, 50 �m; I–L, 25 �m.
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E14.5 (Fig. 3 I,K,L). The onset of Ebf2 expression is delayed until
E14.5 when there is a weak Ebf2 expression within the INBL (Fig.
3B,F,J), but from E17.5 onward all Ebf genes exhibit an indistin-
guishable expression pattern. From E17.5 to P0, their expression
maintains in the INBL (Fig. 3M–T). At P10, however, there is a
strong expression in the GCL as well as a weak expression in the
INL (Fig. 3U–X), suggesting that all Ebf genes are expressed by
developing RGCs as well as other cell types located in the INL.

Pan-Ebf antibodies (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material) were used for immuno-
fluorescence to examine the expression patterns of Ebf factors at
the cellular level. Consistent with the in situ hybridization pat-
tern, Ebf proteins are initially seen in a few cells in the INBL of the
central retina at E11.5 (Fig. 4A). Their expression then gradually
expands over time to abundant cells within the INBL by E17.5
(Fig. 4B–D). In postnatal retinas, Ebf factors remain strongly
expressed in many cells of the GCL (Fig. 4E–I). Starting from P4,
many additional Ebf-expressing cells, initially weakly labeled but
later strongly stained, appear in the emerging INL and then main-
tain in the INL (Fig. 4G–I,P), consistent with the observed Ebf
transcript distribution in both the GCL and INL at P10 (Fig.
3U–X). The distribution of Ebf-expressing cells only in the INBL
and GCL before P4 implies that Ebf factors may be expressed
mostly in RGCs at early stages. This appears to be the case since
Ebfs are colocalized with the RGC marker Brn3b in nearly all
Ebf-expressing cells at E16.5 (�98%), but they fail to coexpress in
the INL at P5 (Fig. 4M–P). Thus, the expression of Ebf factors is

biphasic— embryonic onset of their expression primarily in
RGCs and postnatal onset of their expression in non-RGCs.

We next investigated whether there is any Ebf expression in
dividing retinal progenitors. We found that at E14.5 none of the
Ebf-expressing cells could be colabeled by short pulses of BrdU,
an S-phase maker, or by an antibody against phosphorylated hi-
stone H3, an M-phase marker (Fig. 4 J,L). Similarly, they were
not coexpressed with Ki67, a protein present during all active
phases of the cell cycle (Fig. 4K). Thus, Ebfs appear to be ex-
pressed only by postmitotic precursor cells and their derivatives.

Expression of Ebf factors in multiple retinal cell types
and subtypes
To identify the types of cells that express Ebfs, we performed a
series of double-immunofluorescence labeling in P21 retinal sec-
tions using a variety of cell type-specific markers. Consistent with
their expression in the GCL and their downregulation in Brn3b
mutant retinas (Figs. 1, 3, 4), Ebf proteins are colocalized with
Pax6, Barhl2, calretinin, Isl1, and Brn3b, all RGC markers, in
many cells of the GCL (Fig. 5A–C,L,M). The proportions of
Pax6� and Brn3b� cells that coexpress Ebf proteins in the GCL
are 53.4 and 97.1%, respectively (supplemental Fig. S2, available
at www.jneurosci.org as supplemental material), suggesting that
Ebfs are expressed in all or nearly all RGCs.

Within the inner half of the INL, there is colocalization in
many cells between Ebfs and AC markers Pax6, Barhl2, calretinin,
and syntaxin, with 30.7% of Pax6� and 36.3% of syntaxin� cells

Figure 2. In vivo binding of Ebf3 promoter by Brn3b. A, VISTA analysis identifies several regions in the 5� promoter of Ebf3 conserved among mouse and other vertebrate paralogs. One of them
(CR) is �5.5 kb upstream and contains a core Brn3-binding motif. The y-axis represents percentage sequence identity. Exons are shown in blue, 5� untranslated region in cyan, and conserved
noncoding sequences in pink. B, Alignment of mouse and zebrafish DNA sequences in the CR region of Ebf3. Identical base pairs are shaded, and the core Brn3-binding motif is outlined. C, ChIP assay
showing in vivo occupation by Brn3b of CR but not other Ebf3 sequences in the 5�-flanking, intron, or 3�-flanking regions that do not contain Brn3-binding sites. ChIP assays were performed with
chromatin DNA prepared from pooled mouse retinas of stages E15.5, E17.5, and P0. Brn3b(C) and Brn3b(N) refer to antibodies against the C and N termini of Brn3b, respectively. Input lane represents
12% of chromatin DNA used for ChIP assay.
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coexpressing Ebf proteins (Fig. 5A–D; supplemental Fig. S2,
available at www.jneurosci.org as supplemental material), sug-
gesting that Ebfs are expressed in a subpopulation of ACs. We
next determined the AC subgroup that expresses Ebfs by glycin-

ergic and GABAergic AC markers. Ebfs are expressed by many
glycinergic ACs immunoreactive for the glycine transporter
GLYT1 (54.8%) or glycine receptor GlyR�1/2 but not in cells
labeled by Dab1 (Fig. 5E–G; supplemental Fig. S2, available at

Figure 3. Expression patterns of Ebf genes during mouse retinogenesis. A–X, Retinal sections from the indicated developmental stages were in situ hybridized with Ebf1-4 probes. Ebf1, Ebf3, and
Ebf4 have a similar spatiotemporal expression pattern, whereas Ebf2 expression is delayed. They are all expressed in the INBL during embryogenesis and in the GCL and/or INL postnatally. IPL, Inner
plexiform layer; ONBL, outer neuroblastic layer. Scale bar (in T ): E–L, 50 �m; A–D, M–X, 25 �m.
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www.jneurosci.org as supplemental material), a marker for the
AII cells that represent a glycinergic AC subtype bridging the rod
pathway and the cone circuitry (Kolb and Famiglietti, 1974; Strettoi
et al., 1992; Rice and Curran, 2000). Thus, Ebfs are expressed in a
subset of glycinergic ACs distinct from AII cells. There is no ex-
pression of Ebfs in GABAergic ACs immunoreactive for GABA,
GAD65, or Bhlhb5, in dopaminergic ACs immunoreactive for

tyrosine hydroxylase (TH), or in cholinergic ACs immunore-
active for ChAT or Isl1 (Elshatory et al., 2007) (Figs. 5H– L, P;
supplemental Fig. S2, available at www.jneurosci.org as sup-
plemental material).

In the outer half of the INL, Ebfs are seen in a small fraction
(3.7%) of Chx10-positive bipolar cells, although there is no co-
expression between them and bipolar cell makers PKC� (for rod

Figure 4. Expression pattern of Ebf proteins during mouse retinal development. A–I, Retinal sections from the indicated developmental stages were immunolabeled with a pan-Ebf antibody and weakly
counterstainedwithnuclearDAPI.Ebf-immunoreactivecellsarefewatE11.5butbecomeabundant intheINBLatE13.5–E17.5,andinpostnatal retinasaremaintainedintheGCLand/or INL. J–L,Retinalsections
from E14.5 embryos pulse labeled with BrdU were double immunostained with a pan-Ebf antibody and an anti-BrdU antibody (J ) or E14.5 retinal sections were double immunostained with a pan-Ebf antibody
and antibodies against Ki67 or phosphorylated histone 3 (PhosH3) (K, L). There is no colocalization between Ebfs and BrdU, Ki67, or PhosH3. M–P, Colocalization of Ebfs and Brn3b in RGCs. The great majority of
Ebf-expressing cells coexpress Brn3b at E16.5 (M–O); however, Ebfs and Brn3b are coexpressed in the GCL but not in the INL at P5 (P). Insets show corresponding outlined regions at a higher magnification and
arrows point to representative colocalized cells. ONBL, Outer neuroblastic layer. Scale bar (in L): C–J, M–P, 16.7 �m; A, B, K, L, 11 �m.
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bipolar cells) and Isl1 (Figs. 5L,O,Q; supplemental Fig. S2, avail-
able at www.jneurosci.org as supplemental material). This small
number of double-labeled bipolar cells appear to be the type 2
OFF-cone bipolar cells because Ebfs are found in most cells
(�83%) that express Bhlhb5 or recoverin (Fig. 5P,S–U; supple-
mental Fig. S2, available at www.jneurosci.org as supplemental
material), both of which are protein markers for this particular
cone subtype (Feng et al., 2006). At the outer edge of the INL, Ebfs
are coexpressed with Lim1 or calbindin in most horizontal cells
(�82%) (Fig. 5R,V–X; supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). Compared with their
strong expression in ganglion and amacrine cells, Ebf proteins
appear to be much more weakly expressed in bipolar and hori-
zontal cells (Fig. 5S,V). Ebfs do not colocalize with glutamine
synthetase (GS), a Müller cell marker, or with recoverin in the
outer nuclear layer (ONL) where rod and cone cells reside (Fig.
5N,S–U), thereby demonstrating the lack of Ebf expression in
glial and photoreceptor cells. Thus, these colocalization experi-

ments together suggest that Ebf factors may be expressed in most
ganglion and horizontal cells as well as in a subset of glycinergic
AC and cone bipolar cells.

Ebf factors promote the differentiation of glycinergic
amacrine and cone bipolar cells
Given the expression of Ebfs in retinal precursors and multiple
cell types, we investigated whether they are involved in retinal
cell differentiation by a gain-of-function approach using a
replication-incompetent murine retroviral vector that carries
a GFP reporter (supplemental Fig. S3A, available at www.
jneurosci.org as supplemental material) (Mo et al., 2004). Retinal
progenitors were infected at P0 by subretinal injection of Ebf1-
GFP or Control-GFP viruses, and we analyzed the laminar posi-
tion and morphology of GFP� cells in infected retinas at P21.
While the great majority of GFP� cells in control retinas differ-
entiate as photoreceptors randomly distributed within the entire
ONL, fewer GFP� cells are present in the ONL of retinas infected

Figure 5. Expression of Ebfs in multiple retinal neuronal types and subtypes. A–X, Sections from P21 mouse retinas were double-immunolabeled with a pan-Ebf antibody and those against the
indicated cell type-specific markers. Sections in (B, C, F, H–N, P–R) were also weakly counterstained with DAPI. There is colocalization between Ebfs and Pax6, Barhl2, calretinin, syntaxin, GLYT1,
or GlyRa1/2 in ACs and/or RGCs (A–F ) but no colocalization with Dab1, GABA, GAD65, TH, ChAT, or Isl1 in ACs (G–L). Ebfs are coexpressed with Isl1 or Brn3b in RGCs (L, M ), with Chx10, Bhlhb5, or
recoverin but not with PKC in bipolar cells (O–Q, S–U ), with Lim1 or calbindin in horizontal cells (R, V–X ); however, they are not coexpressed with GS in Müller cells (N ). Arrows point to
representative colocalized cells, and insets show corresponding outlined regions at a higher magnification. IPL, Inner plexiform layer; OPL, outer plexiform layer. Scale bar (in X ): A, D, E, G, O, 19 �m;
B, C, F, H–N, P–X, 16.7 �m.
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Figure 6. Effect of Ebf1 and a dominant-negative Ebf misexpressed at P0 on the formation of different retinal cell types. A–X, Sections from retinas infected with control-GFP, Ebf1-GFP, or
Ebf-EnR-GFP viruses were double immunostained with an anti-GFP antibody and antibodies against Pax6, GLYT1, Dab1, GABA, Bhlhb5, Chx10, recoverin, or GS. Sections in (A–F, J–L, P–R, V–X )
were also weakly counterstained with DAPI. Misexpression of wild-type Ebf1 results in a significant increase of cells immunoreactive for Pax6, GLYT1, or Bhlhb5, whereas the dominant-negative form
has the opposite effect (A–F, M–O); however, both the wild-type and dominant-negative forms of Ebf1 suppress the formation of AII cells immunoreactive for Dab1 (G–I ), bipolar cells
immunoreactive for Chx10 (P–R), photoreceptor cells immunoreactive for recoverin (S–U ), and Müller cells immunoreactive for GS (V–X ). They have no effect on GABAergic ACs (Figure legend
continues.)
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with Ebf1-GFP viruses, and these are mostly located at the outer
edge of the ONL without the characteristic inner and outer seg-
ments of photoreceptors (supplemental Fig. S3B–D, available at
www.jneurosci.org as supplemental material). In the INL, by
contrast, the fraction of GFP� cells doubled in retinas infected
with Ebf1-GFP viruses (supplemental Fig. S3B–D, available at
www.jneurosci.org as supplemental material). Thus, Ebf1 misex-
pression in progenitors significantly alters the morphology and
proportion of progeny distributed in different retinal cellular
layers.

The elevated GFP� cells in the INL of retinas infected with
Ebf1-GFP viruses could represent more amacrine, bipolar, hori-
zontal, and/or Müller cells. To distinguish these possibilities, we
used various cell type-specific markers to analyze the types of cells
that were differentiated from the virus-transduced progenitors.
First, misexpressed Ebf1 increased fourfold to sevenfold the
number of GFP� ACs that are immunoreactive for Pax6 or
GLYT1 while completely inhibiting the formation of Dab1-
positive AII cells (Fig. 6A,B,D,E,Y), demonstrating a potent ac-
tivity for Ebf1 to promote non-AII glycinergic AC differentiation.
However, it had no effect on the number of GABAergic ACs
immunoreactive for GABA, Gad65, or Bhlhb5 (Fig. 6 J,K,
M,N,Y). Second, misexpressed Ebf1 also increased up to three-
fold the number of GFP� cells that are immunoreactive for
Bhlhb5 within the outer half of the INL, which represent type 2
OFF-cone bipolar cells (Fig. 6M,N,Y). Finally, it reduced the
proportion of Chx10� bipolar cells from 5.5 to 2.7% (mean �
SD, control: 5.5 � 0.7%, n � 3; Ebf1: 2.7 � 0.9%, n � 3); recov-
erin � photoreceptor cells from 84.5 to 0.21% (mean � SD,
control: 84.5 � 2.5%, n � 3; Ebf1: 0.21 � 0.07%, n � 3); and GS�

Müller cells from 2.54 to 0.21% (mean � SD, control: 2.54 �
0.7%, n � 3; Ebf1: 0.21 � 0.12%, n � 4), but had no effect on
horizontal cells (Fig. 6P,Q,S,T,V,W,Y). The inhibitory effect of
Ebf1 on selective cell types does not appear to be caused by in-
creased cell death since misexpressed Ebf1 exerted no effect on
apoptosis (supplemental Fig. S4, available at www.jneurosci.org
as supplemental material). Thus, when misexpressed in P0 retinal
progenitors, Ebf1 can bias them toward the fate of non-AII gly-
cinergic ACs and type 2 OFF-cone bipolar cells while suppressing
the differentiation of other bipolar cells and photoreceptor and
Müller cells.

Given their similar expression pattern during retinogenesis
and their high sequence homology in the DNA-binding domain
(Fig. 3) (Wang et al., 2002), we asked whether all Ebfs could
similarly affect retinal cell differentiation. When misexpressed in
P0 retinal progenitors, similar to Ebf1, both Ebf2 and Ebf3 in-
creased GFP� cells in the INL but decreased them in the ONL
(supplemental Fig. S3D, available at www.jneurosci.org as sup-
plemental material). They increased GFP� ACs that are immu-
noreactive for Pax6 and GLYT1 by �11-fold and 4-fold,
respectively, and completely suppressed AII cell differentia-
tion (Fig. 7A–K ); whereas, neither had any effect on the num-
ber of GABAergic ACs (Fig. 7 B, L–N ). In addition, retinas
infected with Ebf2-GFP and Ebf3-GFP viruses exhibited ap-

proximately a twofold increase in the number of GFP � bipolar
cells that are immunoreactive for Bhlhb5 (Fig. 7 B, O–Q).
Therefore, Ebf2 and Ebf3, similar to Ebf1, have the ability to
specifically promote differentiation of non-AII glycinergic
ACs and type 2 OFF-cone bipolar cells, suggesting that differ-
ent members of the Ebf family are likely to play similar roles
during retinal development.

Inhibition of differentiation of glycinergic amacrine and cone
bipolar cells by a dominant-negative form of Ebf factors
Given the sufficiency for Ebf factors to promote differentiation
of amacrine and cone bipolar subtypes, we next determined
whether they are also necessary and act as transcriptional activa-
tors for their differentiation. A dominant-negative form of Ebf,
Ebf-EnR, was constructed by fusing the repressor domain of the
Drosophila-engrailed protein to the Ebf1 N terminus containing
the DNA-binding and HLH domains (supplemental Fig. S3A,
available at www.jneurosci.org as supplemental material). Be-
cause the four Ebf proteins share �90% of amino acid sequence
identity in the DNA-binding domain and all of them act as acti-
vators in transcriptional assays (Wang et al., 1997, 2002), it is
expected that Ebf-EnR would function as a dominant-negative
form for all Ebf factors (Akerblad et al., 2002). In retinas trans-
fected with Ebf-EnR-GFP viruses, there was a significant reduc-
tion of GFP� cells in the INL with a simultaneous increase in the
ONL (supplemental Fig. S3D, available at www.jneurosci.org as
supplemental material). The proportions of GFP� cells immu-
noreactive for Pax6 or GLYT1 and fraction of Bhlhb5� bipolar
cells were all reduced by threefold to fourfold compared with
control retinas (Fig. 6A,C,D,F,M,O,Y), suggesting that Ebf fac-
tors are both necessary and sufficient for differentiation of gly-
cinergic ACs and type 2 OFF-cone bipolar cells. While having no
effect on GABAergic ACs immunoreactive for GABA and Bhlhb5
(Fig. 6 J,L,M,O,Y), forced Ebf-EnR expression significantly di-
minished the number of GFP� cells that were positive for Dab1,
Chx10, recoverin, or GS (Fig. 6G, I,P,R,S,U,V,X,Y), consistent
with the notion that Ebfs act as repressors for the differentiation
of AII, non-type 2 OFF-cone bipolar, photoreceptor, and Müller
cells. However, Ebf-EnR appears not to be as effective an inhibi-
tor as wild-type Ebf1 since it has a weaker activity in suppressing
AII, photoreceptor, and Müller cell differentiation (Fig. 6Y).
Similar to Ebf1, misexpressed Ebf-EnR did not cause increased
apoptotic cell death (supplemental Fig. S4, available at www.
jneurosci.org as supplemental material).

Ebf1 knockdown suppresses differentiation of glycinergic and
cone bipolar cells
To ask whether there is a specific requirement for individual Ebf
factors in amacrine and bipolar subtype specification, we
knocked down Ebf1 expression by shRNA-mediated interference.
An Ebf1 shRNA, Ebf1i5, when expressed from the RNAi vector
pU6 (supplemental Fig. S5A, available at www.jneurosci.org as
supplemental material) (Sui et al., 2002), was found to dramati-
cally knock down GFP expression in 293T cells cotransfected
with the pCIG-Ebf1 expression plasmid but not in cells cotrans-
fected with a modified pCIG GFP expression vector (supplemen-
tal Fig. S5B–E, available at www.jneurosci.org as supplemental
material) (Megason and McMahon, 2002). To rule out any non-
specific effects of Ebf1 RNAi, an Ebf1i5-resistant Ebf1 form
(Ebf1sm) was designed that contains mutations only at the third
positions of amino acid codons in the target region so that the
protein sequence remains unchanged (supplemental Fig. S5A,
available at www.jneurosci.org as supplemental material). Ebf1sm

4

(Figure legend continued.) immunoreactive for GABA (J–L). Arrows point to representative
colocalized cells, and insets show corresponding outlined regions at a higher magnification.
Images in G–I, M–O, and S–U represent confocal images with an optical thickness of 7 �m. Y,
Quantitation of virus-transduced retinal cells that become immunoreactive for various cell type-
specific markers. Each histogram represents the mean � SD for 3–5 retinas. More than 520
GFP � cells were scored in each retina. IPL, Inner plexiform layer. Scale bar (in X): G–I, M–O, 19
�m; A–F, J–L, P–R, V–X, 16.7 �m; S–U, 12 �m.
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expression was not affected by Ebf1i5 in 293T cells, nor was Ebf2 or
Ebf3 expression (supplemental Fig. S5F–K, available at www.
jneurosci.org as supplemental material), demonstrating the specific-
ity and efficiency of Ebf1i5 in knocking down Ebf1 expression.

To investigate the effect of Ebf1i5 on retinal cell differentia-
tion, we coelectroporated pU6-Ebf1i5 or pU6 plasmids with the
pCIG vector into P0 mouse retinas and collected them at P12 for
cell type analysis. In retinas transfected with pU6-Ebf1i5, GFP�

cells significantly reduced in the INL but increased in the ONL
(supplemental Fig. S6, available at www.jneurosci.org as supple-
mental material). There was an approximately twofold decrease

in the percentage of Pax6� or GLYT1� ACs and Bhlhb5� bipolar
cells compared with pU6-transfected retinas (Fig. 8A–D, I, J,Q),
indicating a requirement for Ebf1 in differentiation of glycinergic
ACs and type 2 OFF-cone bipolar cells. In contrast, Ebf1i5 in-
creased Dab1� AII and GS� Müller cells by 57% (mean � SD,
control: 0.56 � 0.09%, n � 3; Ebf1i5: 0.88 � 0.11%, n � 3) and
21% (mean � SD, control: 2.25 � 0.20%, n � 6; Ebf1: 2.73 �
0.14%, n � 5), respectively, and exerted no effect on the number
of GABAergic ACs, Chx10� bipolar cells, and recoverin� photo-
receptors (Fig. 8E–H,K–Q). The increase of AII cells is consistent
with Ebf1 being a suppressor of AII AC fate, and the increased

Figure 7. Effect of Ebf2 and Ebf3 misexpressed at P0 on the formation of amacrine and bipolar subtypes. A, Schematics of Control-GFP, Ebf2-GFP, and Ebf3-GFP retroviral constructs. The internal
ribosomal entry site (IRES) allows for expression of both Ebfs and GFP. B, Quantitation of virus-transduced retinal cells that become immunoreactive for several cell type-specific markers. Each
histogram represents the mean�SD for 3–5 retinas. More than 650 GFP � cells were scored in each retina. C–Q, Sections from retinas infected with Control-GFP, Ebf2-GFP, or Ebf3-GFP viruses were
double immunostained with an anti-GFP antibody and antibodies against Pax6, GLYT1, Dab1, GABA, or Bhlhb5. Sections in C–H and L–N were also weakly counterstained with DAPI. Misexpressed
Ebf2 and Ebf3 significantly increase cells immunoreactive for Pax6, GLYT1, or Bhlhb5 (C–H, O–Q), reduce Dab1 � cells (I–K), but have no effect on GABAergic ACs (L–N). Arrows point to
representative colocalized cells, and insets show corresponding outlined regions at a higher magnification. Images in I–K and O–Q represent confocal images with an optical thickness of 7 �m. IPL,
Inner plexiform layer. Scale bar (in O): I–K, O–Q, 19 �m; C–H, L–N, 16.7 �m.
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Müller cells may reflect a general repressor activity by proneural
HLH factors on glial cell specification (Cai et al., 2000).

Consistent with the results obtained by retrovirus-mediated
misexpression (Fig. 6), misexpression of Ebf1 and its silent mu-
tant Ebf1sm by electroporation similarly promoted the forma-
tion of Pax6� and GLYT1� ACs and Bhlhb5� bipolar cells, but
had no effect on GABAergic AC differentiation (supplemental
Fig. S7, available at www.jneurosci.org as supplemental mate-
rial). Cotransfection of pU6-Ebf1i5 with pCIG-Ebf1 could effec-
tively bring down the number of Pax6� and GLYT1� ACs and
Bhlhb5� bipolar cells to the level in control retinas transfected
with pU6 and pCIG, whereas cotransfection of pU6-Ebf1i5 with
pCIG-Ebf1sm did not have any effect (supplemental Fig. S7,
available at www.jneurosci.org as supplemental material). Thus,
the repressive effect of Ebf1i5 on AC and bipolar subtype speci-
fication is specific to the wild-type and endogenous Ebf1.

Requirement for Ebf factors in ganglion and horizontal
cell differentiation
The expression of Ebf factors in ganglion and horizontal cells
suggests a role for them in the development of these two cell
types. The prenatal birth of nearly all ganglion and horizontal
cells, however, prevented us from analyzing in postnatal retinas
the effect of misexpressed Ebf factors on their differentiation.
Thus, to investigate a possible role for Ebfs during ganglion and
horizontal cell development, we infected retinal explants with
Control-GFP, Ebf1-GFP, or Ebf-EnR-GFP viruses at E13.5 when
progenitors are still competent for producing all early-born cell
types. The infected retinas were harvested after 4 d in vitro (4

DIV) to analyze ganglion and horizontal cells or collected after 18
DIV for the analysis of other cell types. We found that forced
Ebf-EnR expression reduced the proportion of Brn3a- and
Brn3b-immunoreactive RGCs by 46% (mean � SD, control:
2.95 � 0.23%, n � 3; Ebf-EnR: 1.59 � 0.27%, n � 3) and 39%
(mean � SD, control: 1.96 � 0.33%, n � 3; Ebf-EnR: 1.20 �
0.08%, n � 3), respectively, whereas Ebf1 exerted no effect on
them (Fig. 9A–F, J). Therefore, Ebfs appear to be necessary
but not sufficient to promote RGC differentiation. For Lim1-
immunoreactive horizontal cells, however, misexpressed Ebf1 in-
creased their number by more than twofold, while Ebf-EnR
decreased them by �40% (mean � SD, control: 0.24 � 0.03%,
n � 3; Ebf-EnR: 0.15 � 0.01%, n � 3) (Fig. 9G–J), suggesting that
Ebfs are both necessary and sufficient to promote horizontal cell
differentiation. Similar to its effect on retinas infected at P0 (Fig.
6), misexpressed Ebf1 also prominently promoted Pax6� and
GLYT� ACs, while having no effect on GABA� ACs and reduc-
ing Chx10� bipolar, recoverin� photoreceptor, and GS� Müller
cells (supplemental Fig. S8, available at www.jneurosci.org as
supplemental material). By contrast, Ebf-EnR significantly re-
duced Pax6� and GLYT� ACs (supplemental Fig. S8, available at
www.jneurosci.org as supplemental material).

Discussion
Multiple roles for Ebf factors in specifying retinal cell types
and subtypes
Despite the previous demonstration of Ebf1 and Ebf3 expression
in the retina (Davis and Reed, 1996; Wang et al., 1997; Trimarchi
et al., 2007), it is unclear whether all Ebfs are expressed during

Figure 8. Effect of knocking down Ebf1 expression on the formation of different retinal cell types. A–P, Sections from retinas coelectroporated with pCIG and RNAi vectors pU6 or pU6-Ebf1i5 were
double immunostained with an anti-GFP antibody and antibodies against Pax6, GLYT1, GABA, Dab1, Bhlhb5, Chx10, GS, or recoverin. Knockdown of Ebf1 expression leads to a significant decrease
of ACs immunoreactive for Pax6 or GLYT1 and bipolar cells immunoreactive for Bhlhb5 (A–D, I, J), a significant increase of AII cells immunoreactive for Dab1 (G, H) and Müller cells immunoreactive
for GS (M, N), but no change in the number of GABAergic ACs (E, F), bipolar cells immunoreactive for Chx10 (K, L), and photoreceptor cells immunoreactive for recoverin (O, P). Arrows point to
representative colocalized cells, and insets show corresponding outlined regions at a higher magnification. All images are confocal with an optical thickness of 7 �m. Q, Quantitation of GPF � cells
that are immunoreactive for various cell type-specific markers. Each histogram represents the mean � SD for 3– 6 retinas. More than 200 GFP � cells (ranging from 201 to 2022 depending on
frequency of colocalized cells) were scored in each retina. IPL, Inner plexiform layer. Scale bar: J (for A–P), 47.6 �m.
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retinogenesis. In this work, we systematically analyzed the ex-
pression of all Ebf members during mouse retinogenesis and de-
termined the types and subtypes of retinal cells that express them.
The finding that all Ebfs are expressed during embryogenesis and
exhibit a similar spatial pattern of expression suggests that they
may share common functions during retinal development. How-
ever, the temporal delay in the onset of Ebf2 expression may hint
at a differential temporal requirement for individual Ebfs. For
instance, we have shown previously that in the Brn3 family, it is
the member with the earliest onset of expression in a given tissue
that plays the leading role in the differentiation of RGCs, inner

ear sensory neurons, and trigeminal ganglion neurons (Gan et al.,
1996; Xiang, 1998; Huang et al., 1999, 2001). The observed ex-
pression of Ebfs only in postmitotic precursors and differentiated
neurons during retinal development is consistent with their ex-
pression in other areas of the CNS (Garel et al., 1997) and sug-
gests that Ebfs are unlikely to have a role in retinal progenitor
proliferation.

The use of pan-Ebf antibodies has allowed us to identify all
retinal cell types and subtypes that express Ebf proteins. This
analysis has confirmed their strong expression in RGCs and ACs
as previously observed for Ebf1 (Davis and Reed, 1996) as well as
revealed additional positive cell types—mostly horizontal cells
and type 2 OFF-cone bipolar cells. It appears that Ebfs are ex-
pressed in all RGCs but only in a subset of ACs. Based on their
colocalization with GLYT1 and GlyR�1/2 but not with the AII
cell marker Dab1 (Rice and Curran, 2000), we are able to identify
Ebf-expressing ACs as a subset of glycinergic ACs distinct from
AII cells. Similarly, we have identified all Ebf-expressing bipolar
cells as type 2 OFF-cone bipolar cells because of the colocalization
between Ebfs and recoverin and Bhlhb5, two markers for type 2
OFF-cone bipolar cells (Feng et al., 2006).

Several lines of evidence suggest that Ebfs are involved in spec-
ifying amacrine and bipolar cell subtypes during retinogenesis
(supplemental Fig. S9, available at www.jneurosci.org as supple-
mental material). First, as mentioned above, Ebfs are expressed
only in non-AII glycinergic ACs and type 2 OFF-cone bipolar
cells among the numerous AC and bipolar cell subtypes. Second,
misexpressed Ebf1, Ebf2, and Ebf3 are able to bias retinal precur-
sors toward the fates of non-AII glycinergic ACs and type 2 OFF-
cone bipolar cells. Third, the differentiation of these two subtypes
can be significantly suppressed by a dominant-negative Ebf form,
Ebf-EnR, which is supposed to inhibit transcription through the
formation of heterodimers with all Ebfs (Wang et al., 2002). Fi-
nally, knockdown of Ebf1 expression by RNAi leads to an inhib-
itory effect similar to that of Ebf-EnR as well as increased AII cells.
Moreover, this knockdown can effectively neutralize the promo-
tive effect of Ebf1 on glycinergic ACs and type 2 OFF-cone bipolar
cells but has no effect on the promotive effect of the RNAi-
resistant form Ebf1sm. Thus, our data from gain- and loss-of-
function experiments together suggest that Ebfs are both
necessary and sufficient to promote the identity of non-AII
glycinergic ACs and type 2 OFF-cone bipolar cells.

We investigated the function of Ebfs during development of
RGCs and horizontal cells in E13.5 retinal explants due to the fact
that nearly all of them are born before birth and postnatal retinas
are not conducive to their differentiation. In agreement with their
functions in AC and bipolar cell development, Ebfs appear to be
both necessary and sufficient for specifying horizontal cells since
their differentiation is promoted by misexpressed Ebf1 but inhib-
ited by Ebf-EnR. In contrast, misexpressed Ebf1 fails to promote
the RGC fate from retinal precursors even though Ebf-EnR sup-
presses RGC differentiation, indicating that Ebfs are necessary
but not sufficient for RGC differentiation. This contrasts also
with the role of the Ebf upstream regulator Brn3b, which has been
shown to be both necessary and sufficient for the specification
of RGCs (Gan et al., 1996; Liu et al., 2000; Qiu et al., 2008).
Thus, there appears to be a differential requirement for Ebf
function during the development of different retinal cell types
and subtypes.

Our finding that Ebf1–3 have a similar capacity in specifying
glycinergic ACs and type 2 OFF-cone bipolar cells indicates that
Ebfs exhibit functional redundancy during retinal development.
This is in keeping with the postulated functional redundancy

Figure 9. Effect of Ebf1 and a dominant-negative Ebf misexpressed at E13.5 on the forma-
tion of ganglion and horizontal cells. A–I, Sections from retinas infected with Control-GFP,
Ebf1-GFP, or Ebf-EnR-GFP viruses were double immunostained with an anti-GFP antibody and
antibodies against Brn3a, Brn3b, or Lim1. Misexpressed wild-type Ebf1 significantly increases
horizontal cells immunoreactive for Lim1 but does not change the number of RGCs immunore-
active for Brn3a or Brn3b; whereas, the dominant-negative form diminishes cells immunoreac-
tive for any of the three markers. Arrows point to representative colocalized cells, and insets
show corresponding outlined regions at a higher magnification. All images are confocal with an
optical thickness of 7 �m. J, Quantitation of virus-transduced retinal cells that become immu-
noreactive for Brn3a, Brn3b, or Lim1. Each histogram represents the mean � SD for three
retinas. More than 1000 GFP � cells were scored in each retina. Scale bar: I (for A–I), 34 �m.
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between Ebfs in other neural tissues. For instance, eliminating
Ebf1 does not appear to cause any phenotype in the olfactory
epithelium where all Ebfs are expressed but results in a neuronal
differentiation defect in the striatum where only Ebf1 is expressed
(Lin and Grosschedl, 1995; Garel et al., 1999). However, more
recent studies have indicated that the functions of Ebfs may be
only partially redundant and/or dependent on dosage. Thus, Ebf2
and Ebf3 single mutants and their double heterozygotes display a
similar defect in the projection of olfactory axons (Wang et al.,
2004), and knocking down Ebf1 or Ebf2 expression indepen-
dently blocks adipogenesis by preadipocytes (Jimenez et al.,
2007). We have found that knocking down Ebf1 expression in
postnatal retinal precursors inhibits the differentiation of non-
AII glycinergic ACs and type 2 OFF-cone bipolar cells, albeit
much less potently than Ebf-EnR (Figs. 6, 8). This may also result
from a partial functional nonredundancy among Ebf family
members during retinogenesis or from a dosage effect due to the
reduction of overall Ebf protein levels. A careful examination of
all Ebf single and compound mutants is required to distinguish
these possibilities in future experiments.

Ebfs participate in the regulatory gene network of retinal
cell development
Similar to many other retinogenic factors, Ebfs function not only
as positive regulators of cell development but negative regulators
as well. In addition to the requirement for them in specifying
RGCs, glycinergic ACs, type 2 OFF-cone bipolar cells, and hori-
zontal cells, Ebfs appear to suppress the formation of AII, Müller,
photoreceptor and other bipolar cells (supplemental Fig. S9,
available at www.jneurosci.org as supplemental material). The
downregulation of Ebfs in Brn3b mutant retinas implicates them
as Brn3b downstream genes during RGC development, and our
ChIP assay indicates Ebf3 as a direct target. We have shown pre-
viously that Brn3b directly or indirectly represses a network of
retinogenic factor genes to prevent non-RGC fates while promoting
the RGC fate from competent precursors (Qiu et al., 2008). Conceiv-
ably, Ebfs may act downstream of Brn3b to mediate part of its func-
tion by inhibiting alternative non-RGC differentiation pathways to
AII, Müller, photoreceptor, and bipolar cells. Our data thus place
Ebfs downstream of the Math5-Brn3b pathway of RGC differentia-
tion (Gan et al., 1996; Wang et al., 2001; Qiu et al., 2008).

ACs are the most diversified cell type in the mammalian ret-
ina. The determination and specification of ACs and horizontal
cells have been shown to critically depend on the activities of
Foxn4 and Ptf1a (Li et al., 2004; Fujitani et al., 2006; Nakhai et al.,
2007). In addition, Math3 and Neurod1 are redundantly required
for specifying ACs and Prox1 for horizontal cells (Inoue et al.,
2002; Dyer et al., 2003). The relatively late onset of Ebf expression
in ACs suggests that Ebfs may act genetically downstream of these
specifier genes to control subtype specification of ACs (supple-
mental Fig. S9, available at www.jneurosci.org as supplemental
material). They appear to be the first transcription factors found
to be specifically expressed in glycinergic versus GABAergic ACs
and be required for their differentiation. By contrast, Barhl2 is
expressed in both glycinergic and GABAergic ACs and is involved
in specifying a subset of each neurotransmitter subtype (Mo et al.,
2004; Ding et al., 2009). Bhlhb5 is crucial for specifying a subset of
GABAergic ACs (Feng et al., 2006), and so is the orphan nuclear
receptor Nr4a2 for a different GABAergic AC subset (Jiang and
Xiang, 2009). Isl1 plays an essential role in specifying cholinergic
ACs (Elshatory et al., 2007). Our data thus suggest that Ebfs join
these transcriptional regulators to coordinately specify appropri-
ate AC subtypes during retinogenesis.

Previous studies have demonstrated that commitment to a
bipolar cell fate requires the combinatorial action of Chx10,
Mash1, Math3, and Ngn2 in progenitor cells (Burmeister et al.,
1996; Tomita et al., 2000; Akagi et al., 2004). In the mouse retina,
there exist one type of rod bipolar cells and at least nine subtypes
of morphologically and physiologically distinct cone bipolar cells
(Ghosh et al., 2004). At present, it is unclear how each of these
subtype identities is specified, although strides have been made to
identify some of the intrinsic factors involved in their differenti-
ation. For instance, Bhlhb4 is required for terminal differentia-
tion and survival of rod bipolar cells (Bramblett et al., 2004).
Vsx1, Irx5, and Bhlhb5 are all involved in the specification of
cone bipolar subtypes including the type 2 OFF-cone bipolar cells
(Chow et al., 2004; Ohtoshi et al., 2004; Cheng et al., 2005; Feng et
al., 2006). Given our demonstration of the requirement for Ebfs
also in specifying type 2 OFF-cone bipolar cells (supplemental
Fig. S9, available at www.jneurosci.org as supplemental mate-
rial), it will be interesting to determine the regulatory relation-
ship between Ebfs and Vsx1, Irx5, and Bhlhb5, and how they act
in concert to specify the type 2 OFF-cone bipolar subtype.

In the olfactory system, Ebf1 is implicated to control olfactory
neuron differentiation by interacting with Roaz (Tsai and Reed,
1997). During B-lymphocyte development, Ebf1 specifies the
B-cell fate by activating the expression of a set of genes that define
the B-cell lineage through multiple mechanisms. Ebf1 appears to
enhance its own DNA-binding and transcriptional activities by
direct association with Pax5 (Merluzzi et al., 2004). In particular,
it binds collaboratively with E2A and Runx1 to promoters of B
cell-specific genes to increase promoter accessibility by inducing
DNA demethylation and chromatin remodeling (Lukin et al.,
2010; Sigvardsson et al., 1997; O’Riordan and Grosschedl, 1999;
Maier et al., 2004). Interestingly, E2A is expressed in retinal pre-
cursors and Runx1 in a subset of ACs (Stewart et al., 2005; Yang et
al., 2009). Conceivably, Ebfs may also cooperate with these and
other retinogenic factors to specify multiple retinal cell types and
subtypes.
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