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Math3 and NeuroD regulate amacrine cell fate specification in the retina
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SUMMARY

The basic helix-loop-helix genedMath3 and NeuroD are  cultures showed that, althoughMath3 and NeuroD alone
expressed by differentiating amacrine cells, retinal only promoted rod genesis, they significantly increased the
interneurons. Previous studies have demonstrated that a population of amacrine cells when the homeobox geirax6
normal number of amacrine cells is generated in mice or Six3was co-expressed. These results indicate thHdath3
lacking either Math3 or NeuroD. We have found that, in  and NeuroD are essential, but not sufficient, for amacrine
Math3-NeuroD double-mutant retina, amacrine cells are cell genesis, and that co-expression of the basic helix-loop-
completely missing, while ganglion and Miiller glial cells helix and homeobox genes is required for specification of
are increased in number. In the double-mutant retina, the the correct neuronal subtype.

cells that would normally differentiate into amacrine cells

did not die but adopted the ganglion and glial cell fates.

Misexpression studies using the developing retinal explant Key words: Amacrine cell, bHLH, Homeobox, Pax6, Retina, Mouse

INTRODUCTION homeobox geneCrx regulate generation of photoreceptors
(Furukawa et al., 1997; Furukawa et al., 1999; Freund et al.,
A wide variety of neurons as well as glia differentiate from1997; Chen et al., 1997; Morrow et al., 1999). Similarly, the
common precursors. The molecular mechanisms involved ibHLH genesMlashlandMath3 (AscllandAtoh3 respectively
generation of such diverse cell types in the developing nervousMouse Genome Informatics) and the homeobox @iné0
system are still obscure. Neural retina is an ideal model systeane required for specification of bipolar cells (Burmeister et
with which to investigate the mechanisms for generation oél., 1996; Tomita et al., 2000; Hatakeyama et al., 2001).
multiple cell types (Harris, 1997; Cepko, 1999), as it has #&terestingly, co-expression dflashl or Math3 with Chx10
relatively simple structure, mimics normal development inefficiently induces bipolar cell genesis, whereas misexpression
isolated explant cultures and is therefore easy to analyze (Caffé eitherMashiMath3 or Chx10alone cannot (Hatakeyama et
et al., 1989; Sparrow et al., 1990; Tomita et al., 1996; Morrow edl., 2001). These results suggest that combinations of bHLH and
al.,, 1999). In the neural retina, seven types of cells (six typdsomeobox genes may be important for specification of cell
of neuron and one type of glia) form three cellular layers: théypes. These transcription factor codes for cell fate specification
outer nuclear layer (ONL), which contains rod and conere, however, only beginning to be elucidated.
photoreceptors; the inner nuclear layer (INL), which contains Amacrine cells, interneurons present in the INL and GCL,
bipolar, horizontal and amacrine interneurons, and Miiller gliamake synapses onto bipolar cell terminals and ganglion cell
and the ganglion cell layer (GCL), which contains ganglion andendrites, and modulate the synaptic connection between
displaced amacrine cells. It has been shown that these seven typgmlar and ganglion cells (Kolb, 1997). There are multiple
of cells differentiate from common precursors under the contrahorphologically and functionally distinct subtypes of amacrine
of intrinsic cues, such as transcription factors, and extrinsicells. Some of them are located in the GCL (displaced
signals, such as neurotrophic factors (Harris, 1997; Cepko, 199@macrine cells), while others are in the inner region of the INL.
Recent studies have demonstrated that basic helix-loop-helikhas been shown that the bHLH géseuroDand the paired-
(bHLH)- and homeobox-type transcription factors contribute tdype homeobox genlax6 are expressed by differentiating
the intrinsic properties of retinal precursors. (Kageyama andmacrine cells (Jones et al., 1998; Morrow et al., 1999; Nishina
Nakanishi, 1997; Lee, 1997; Cepko, 1999; Livesey and Cepket al., 1999). However, mutation fieuroD or Pax6does not
2001). These transcription factors regulate determination améduce amacrine cell genesis (Morrow et al., 1999; Marquardt
differentiation of multiple cell types. For example, the bHLHet al., 2001) and, therefore, their functions are not yet known.
geneNeuroD (Neurod1l- Mouse Genome Informatics) and the  We have found that the bHLH gektath3is also transiently
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expressed by differentiating amacrine cells and that miceimentin (Histofine), mouse anti-Ki67 (Pharmingen) and rabbitfnti-
deficient for bottMath3andNeuroDcompletely lack amacrine galactosidase (Cortex Biochem). Retinal cell types were determined by
cells. Strikingly, the cells that fail to differentiate into amacrinethe morphology, location and by using the following antibodies: anti-
cells do not die, but adopt the ganglion and Miiller glial celll’hyl.2 and anti-p75 (ganglion cells), anti-calbindin and anti-HPC1

fates in the double-mutant retina. In addition. we found tha%z;lmacrine cells), anti-PKC (bipolar cells), anti-calbindin and anti-NF
y ' orizontal cells), anti-GS, anti-vimentin (Muller glia), and anti-

althoughMath3 or NeuroDalone could not induce amacrine rhodopsin (rods). To detect cell death, TUNEL assay was performed

cell genesis, they could dQ SO vyhé’ax6 or Six3 is co- with a detection kit (Boehringer-Mannheim). Fluorescently labeled

expressed. These data provide evidence that the bHLH genggparations were imaged using a Carl Zeiss confocal microscope.

Math3andNeuroDare essential but not sufficient for amacrine

cell genesis and that combinations of bHLH and homeoboX-gal staining

genes are important for cell type specification. Retinal explants cultured for 2 weeks were fixed with 0.5%
glutaraldehyde in PBS at 4°C for 1 hour and stained with 1 mg/ml
5-bromo-4-chloro-3-indolypB-D-galactoside, 35 mM potassium

MATERIALS AND METHODS ferricyanide, 35 mM potassium ferrocyanide, 2 mM Mg@©@.02%
) Nonidet P-40 and 0.01% deoxycholate in PBS. Frozen sections were
Math3-NeuroD mutant mice prepared at 1fim thickness.

Both Math3 (Tomita et al., 2000) andeuroD-mutant mice (Miyata . o
et al., 1999) were crossed to ICR mikfath3/NeuroDdouble-mutant ' Situ hybridization
mice were obtained by crossinglath3”/NeuroD’~ male and In situ hybridization was performed as previously described (Hojo et

Math3"-/NeuroD"- female mice. al., 2000). Probes for Math3 (Takebayashi et al., 1997), NeuroD (Lee
) _ et al., 1995) and Math5 (Atoh7 — Mouse Genome Informatics) (Brown
Construction of retroviruses et al., 1998) were labeled with digoxigenin.

For construction of CLIG-Math3, CLIG-NeuroD, CLIG-Pax6 and

CLIG-Six3, cDNAs for bHLH and homeobox factors were cloned into

theEcaRl site of pCLIG, which directs expression of the cloned gene®RESULTS

together with enhanced green fluorescent protein (GFP) from the

upstream long terminal repeat (LTR) promoter (Hojo et al., 2000). Fop/ath3 expression in the developing retina

construction of CLIG-Pax6-Math3, CLIG-Pax6-NeuroD, CLIG- . . . .
Pax6-Mash1, CLIG-Six3-Math3 and CLIG-Six3-NeuroD, the bHLH reVious studies demonstrated th&ith3is expressed in the
INL and promotes bipolar cell genesis while inhibiting

genes were cloned into tiBsGl andClal sites of pCLIG-Pax6 and . . . A .
PCLIG-Six3, which are located in thé @gion of GFP gene, so that dliogenesis (Takebayashi et al., 1997; Tsuda et al., 1998;

GFP gene is fused in frame with each bHLH gene. Retroviral DNAJOMita et al., 2000). To determine whetMath3is expressed
were transfected with LipofectAMINE (Gibco-BRL) ing2mp34, an by other cell types in the INIMath3expression was examined
ecotropic packaging cell line (Yoshimatsu et al, 1998). Theby in situ hybridization. At postnatal day (P) 1, the retina
supernatant was collected 2 days later and concentrated wittonsists of two layers, the ganglion cell layer and the
Centricon Plus-20 (Millipore), as described previously (Ishibashi eyentricular zone, which contains common precursors for
al., 1994; Tsuda et al,, 1998; Ohtsuka et al., 1999). neurons and glia. At P1Math3 was expressed in the
ventricular zone (Fig. 1A). During P4-P7, the ventricular cells

The retinal explant culture was performed, as described previous Ifl\fﬁ_regtlar'ltg Into neurﬁgs and glia, Wg'Ch Ifqrm r;[h?NIIIEILFand
(Tomita et al., 1996). Briefly, the neural retina without pigment - At this StageM?”‘t was expresse onlyint € (Fig.
epithelium was placed on a Millicell chamber filter (Millipore: 1B:C). The expression in the INL was broad during P4-P7,
diameter 30 mm, pore size Oum) with the ganglion cell layer suggesting thatlath3is expressed by amacrine and horizontal
upwards. The chamber was transferred to a six-well culture plat€ells as well as by bipolar cells at this stage.

Each well contained 1 ml of culture medium (50% MEM with Hepes, To show clearly thaMath3 is expressed by amacrine and
25% Hank’s solution, 25% heat-inactivated horse serump®0Q-  horizontal cells, we examinedath3 expression with specific
glutamine and 5.75 mg/ml glucose). Explants were cultured at 34°garkers: calbindin (amacrine and horizontal cells), HPC1
in 5% CQ, and the medium was changed every other day. (amacrine cells) and neurofilament (NF, horizontal cells). At P7,
Immunochemical analysis Math3 was co-expressed wi_th amacrine and horizonta_l cell
For immunohistochemistry, retinal explants were fixed with 4%”?arkers. (F.'g' 1G-0), suggesting theath3may be involved in
paraformaldehyde for 10 minutes on ice, treated with 25% sucrose fgllfferentllatlon of these _neurons. However,_ at PMgth3 .
30 minutes, embedded in OCT compound (Miles) and sectioned (18<Pression became restricted to the outer region of the INL (Fig.
pum thickness). For immunocytochemistry, explants were dissociated, 48) and was observed with NF (Fig. 1S-U) but not with HPC1
previously described (Morrow et al., 1998; Hatakeyama et al., 2001fFig. 1P-R), indicating thaMath3 expression disappears in
The samples were then preincubated with a blocking solution [5%macrine cells by P14. This restricted expression was maintained
normal goat serum and 0.1% Triton X-100 in phosphate-buffered salingntil adulthood (Fig. 1E). A similar expression pattern was also
(PBS)] for 1 hour and then incubated overnight at room temperature g&ported for the chick ortholog (Roztocil et al., 1997).

for 2 days at 4°C in 1% goat serum and 0.1% Triton X-100 with the

following antibodies: rabbit anti-GFP (Medical and Biological | gss of amacrine cells and concomitant increase of

Laboratories), mouse anti-Myc (Invitrogen), rabbit anti-Myc (Medical anglion and Mller glial cells in ~ Math3-NeuroD
and Biological Laboratories), rabbit anti-calbindin (Chemicon), mous ouble-mutant retina

anti-HPC1/syntaxin (Sigma), rat anti-Thyl.2 (Pharmingen), mouse . . . Lo
anti-p75 (Promega), mouse anti-protein kinase C (PKC) (Amershamfilthough Math3 is transiently expressed by differentiating
rabbit anti-neurofilament (NF) (Chemicon), rabbit anti-rhodopsinamacrine cells, our previous data have shown that retinal

(LSL), mouse anti-glutamine synthetase (GS) (Chemicon), mouse antievelopment proceeds normally in the absenceMath3

Retinal explant culture
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(Tomita et al., 2000). It has previously been reported that
amacrine cell differentiation is delayed MeuroDdeficient
retina although the final number is not affected (Morrow et al.,
1999). These results raise the possibility thdath3 and
NeuroD might be functionally redundant for amacrine cell
genesis. To investigate this possibility, mice that lack both
Math3 and NeuroD were generated. Because most of the
double-mutant mice died soon after birth, retinal explants were
prepared from E17.5 embryos and cultured for 2 weeks to
examine the postnatal development of the mutant retina. Retinal
explants were also prepared from wild-typdath3-- and
NeuroD”~ embryos for comparison. After 2 weeks of culture,
the three cellular layers, the GCL, INL and ONL, were formed
in Math37~NeuroD"- retinal explants as in the wild type (Fig.
2A, parts a-d). Whereas the absolute cell number of the ONL
was slightly reduced ilNeuroD’~ and Math3”/NeuroD”-
retina (Fig. 2A, parts c,d, Fig. 2B, parts c,d and Fig. 3A, green
bars), that of the other layers was not significantly affected in
the mutant retina (Fig. 3A). As rod genesis is known to be
decreased in the absenceNguroD (Morrow et al., 1999), the

Math3 HPC1 Mh3p decrease of the ONL cell number in the double-mutant retina
L ' may be due tdNeuroD deficiency. In the INL of wild-type,
e IR Math3-~ and NeuroD"~ retina, amacrine cells (calbindin

HPC1T") were normally generated (Fig. 2D, parts a-c, black
arrowheads; Fig. 2E, parts a-c; Fig. 3B,C, red bars). By contrast,
in the double-mutant retina, amacrine cells (including displaced
amacrine cells in the GCL) were completely missing (Fig. 2D,
Math3 NF part d, asterisks, Fig. 2E, part d and Fig. 3B,C, asterisks),
although the total number of the INL and GCL cells was not
affected (Fig. 3A). Strikingly, ganglion cell number (Thy1.2
p75") was significantly increased not only in the GCL but also
ectopically in the INL of the double-mutant retina (Fig. 2F, part
d, Fig. 2G, part d and Fig. 3B,C, black bars). Furthermore,
Muller glial cells (vimentiri, glutamine synthetase were
slightly increased in the double-mutant retina (Fig. 2H, part d,
P14_Math3 HECH Math3HPC1 Fig. 2l, part d and Fig. 3C, blue bar), whereas bipolar and
e, e horizontal cells were normally generated (Fig. 2C, part d, Fig.
2D, part d, white arrowhead, and Fig. 3C). Thus, the double-
mutant retina displayed the lack of amacrine cells and
concomitant increase of ganglion and Mdller glial cells.
It was previously reported thateuroD mutation exhibits
P14 MathS“ NF fthree— to fourfold increase of Miller glia and two to threefold
increase of bipolar cells (Morrow et al., 1999). However, we
T only observed small increase of Muller glia and no increase of
bipolar cells inNeuroD”~ retina (Fig. 3C). This discrepancy
may be due to the different genetic backgrounds, C57BL/6
(Morrow et al., 1999) and ICR (this study).
Because the absolute number of ganglion cells was
significantly increased iMath3--/NeuroD”~ retina, we next
Fig. 1. Expression oMath3in the developing retina. In situ examined whether the optic nerves, which contain the axons of
hybridization ofMath3in mouse retina. (A) At P1, the retina consists ganglion cells, were thickened in the double-mutant embryos.
of the ganglion cell layer (GCL) and ventricular zone (Wiath3is  The area of the optic nerve section was increased about 1.7-fold
exF’“?stSEdf |tr;]the velrlltrllcullar Z&”?hés'c) AtP4 %”g P7alth? rfr?na in the double mutant embryos (Fig. 4B) compared with the wild
consists of three cefiu’ar layetéathols expressed broadly Inthe — yha (Fig. 4A). In addition, the NF-positive axon bundles of
inner nuclear layer (INL). (D,E) At P14 and aditath3is ganglion cells were increased in the double mutant optic nerve

3)5(23222? ;;rr]ottr)]ee. ?\Iucfesrig;?\gﬂg gratsi?v”gdl_.'(g?l;zinzie;??gsnand was (Fig. 4C-E). These results are consistent with the increase of
the ganglion cell number iMath3--/NeuroD"- retina.

expressed by calbindimmacrine and horizontal cells. (J-L) At P7,
Math3is expressed by HPCaAmacrine cells. (M-O) At PMath3is . . .
expressed by NFhorizontal cells. (P-R) At P14Jath3is not Fate switch from amacrine cells to ganglion and

expressed by HPCamacrine cells. (S-U) At P1#jath3is still Mdller glial cells in the double-mutant retina

expressed by NFhorizontal cells. Scale bar: 26n. The lack of amacrine cells in the double-mutant retina could
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WT M3-/- ND-/- M3.[_ND_/. Fig. 2. The lack of amacrine cells and concomitant increase of
A aFTualy -z o G . ganglion and Miller glial cells iMath3NeuroDdouble-mutant

\ e 5 - retina. The retinal explants were prepared from wild-type (a),
k{@ﬁﬁ:ﬂ 'ﬁ%"‘w %‘ L Math3-- (b), NeuroD"~ (c) andMath3-~/NeuroD’-embryos (d) at
b 3 E17.5 and cultured for 2 weeks. (A) HE staining. The GCL, INL and
' : ONL are formed in all retinal explants. (B) Immunohistochemistry
for rhodopsin. There are fewer rods (rhodopsin NeuroD"~(c)
andMath3--/NeuroD”~retina (d). (C) PKC-positive cells (bipolar
cells) are normally generated in all retinal explants. (D) Calbindin-
positive amacrine (black arrowheads) and horizontal cells (white
arrowhead) are normally generated in wild-type N4gth3-- (b) and
NeuroD"-retina (c). By contrast, iMath3”/NeuroD"-retina (d),
amacrine cells are completely missing (asterisks), whereas calbindin-
positive horizontal cells are normally generated (white arrowhead).
(E) Amacrine cells (HPC? are missing itMath3-~/NeuroD~
retina (d). (F,G) Ganglion cells (Thy¥,275") are significantly
increased itMath3/NeuroD"~retina (d). There are ectopic
ganglion cells in the inner region of the INLMA&th3”/NeuroD"~
retina (d). (H,I) The number of Muller glial cells (glutamine
synthetast vimentirt) is slightly increased imath3-7/NeuroD”~
retina (d). Scale bar: 38m.

o

normally differentiate into amacrine cells (Neurg@ould be
monitored by X-gal staining in the double-mutant retina. In
NeuroD'- retina, rods and amacrine cells were labeled (Fig.
5A, part a), as described previously (Morrow et al., 1999). By
contrast, inMath3/NeuroD"~ retina, many labeled cells
were present in the GCL and the inner region of the INL, the
majority being small in size (Fig. 5A, part b) and others
displaying a Mdller glia-like morphology (Fig. 5A, part b,
arrowhead).

To further characterize the nature of thez* cells, retinal
explants that were cultured for seven days from E17.5 were
dissociated and subjected to immunocytochemistry. Many of
thelacZ* cells fromNeuroD"- retina expressed the amacrine
cell marker HPC1 (Fig. 5B, parts a-d, arrows) but not ganglion
(Fig. 5B, parts i-I) and Muller glial cell markers (Fig. 5B, parts
g-t). By contrast, those from the double-mutant retina
expressed the ganglion (Fig. 5B, parts m-p, arrows) and Muller
glial cell markers (Fig. 5B, parts u-x, arrow) but not the
amacrine cell marker (Fig. 5B, parts e-h). These results
strongly indicate that the cells that failed to differentiate into
amacrine cells adopted the ganglion and Mdller glial cell fates
in the double-mutant retina.

Math5 expression is increased in  Math3~'-/NeuroD~~
retina

It has previously been shown that the bHLH g&feghs is
essential for ganglion cell genesis (Brown et al., 2001; Wang
et al.,, 2001). As the ganglion cell number was significantly
be due to cell death. To investigate this possibility, a TUNELincreased irMath3--/NeuroD”- retina,Math5 expression was
assay was performed at days 1, 3, 5, 7 and 14 of cultureext compared between the wild-type and double-mutant
However, no significant increase in the number of TUNEL+etina. At E17.5Math5 was expressed weakly by subsets of
positive cells was observed in the double-mutant retina (datzlls in the ventricular zone of the wild-type retina (Fig. 6E).
not shown), suggesting that the cells that would normallBy contrast, in the double-mutant retiath5expression was
differentiate into amacrine cells did not die but remained irsignificantly upregulated (Fig. 6F), suggesting that this
the retina. As ganglion and Miller glial cells were increasedipregulation may lead to the increase of the ganglion cell
in the double-mutant retina, it is most likely that the cells thahumber. These results also suggest that, in the wild-type retina,
failed to differentiate into amacrine cells became ganglion antflath5 expression is downregulated Math3 andNeuroD

Miiller glial cells instead. To test this idea, we monitored the We also examined wheth&tath3NeuroD expression was
fates of the mutant cells. AmcZ was knocked into the changed in single-mutant retinas. NieuroD”~ retina, Math3
NeuroD locus (Miyata et al., 1999), the cells that wouldexpression was not changed (Fig. 6A,B), and, similarly, in
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(A,B) Section of the wild-type (A) andllath3-~/NeuroD"- optic

Fig. 3. Quantification of retinal cells of the mutant retina. (A) The  nerve (B) at E17.5. (C,D) NF staining of the wild-type (C) and
cell number was counted in a section (b6 thick, 500um wide) of Math3-~/NeuroD~ optic nerve (D) at E17.5. Scale bar:&@.
the central region of at least three independent samples from each (E) The NF region of the optic nerve sections was quantifiesy.
genotype. The number of the ONL cells is reducedénroD-and The section of the double-mutant optic nerves is about 1.7-fold wider
Math3-/NeuroD- retina. The absolute numbers of the GCL and  than that of the wild type.
INL cells are not significantly affected by mutations. (B) Ratios of
ganglion and amacrine cells in the GCL. The percentage of
calbindin-positive and Thy1.2-positive cells per the total GCL cells
was calculated. About a half of the GCL cells are amacrine cells in functionally redundant for amacrine cell genesis. In order to
wild-type, Math37~andNeuroD""retina. By contrast, there are no  determine whether eithévlath3 or NeuroD is sufficient for
amacrine cells (asterisk) in the GCLM#&th3/NeuroD”-retina. amacrine cell genesis, each gene was misexpressed with
'do\;t;h; ;?:Z?cleuttﬁart]l:&bg{)sglmg Sfr#bﬁ”sf'sgnmlgr:eg;ig i(??hg:gsge Jetrovirus in the retinal explant cultures. We used a replication-

gang incompetent retrovirus, CLIG, which directs expression of

in Math37/NeuroD"-retina. (C) Ratios of cells in the INL. The cell i  (GEP ker f h
number was counted as above, and the percentage of each retinal Q€N fluorescent protein (GFP) as a marker from the upstream

type per the total INL cells was calculated. There are ectopic LTR promoter (Fig. 7A) (Hojo et al., 2000). Math3 or NeuroD
ganglion cells but no amacrine cells (asteriskylath3-7/NeuroD~ cDNA was inserted into the upstream of the internal ribosomal
INL. entry site (IRES) so that both the bHLH and GFP genes were

expressed bicistronically (Fig. 7A). Virus was applied to retinal

explants, which were prepared from mouse embryos at E17.5.
Math3-- retina, NeuroD expression was not changed (Fig. After 2 weeks of culture, by which time most retinal cells
6C,D). ThusMath3andNeuroDdo not seem to cross-regulate finished differentiation, the fates of the virus-infected cells

each other, unlikéath3dNeuroDand Math5. were determined by monitoring GFP-positive cells. When the
. ) control virus CLIG was applied, approximately 81+0.6% of the

Misexpression of ~Math3 or NeuroD alone does not virus-infected cells became rods in the ONL while the other

induce amacrine cell genesis cells differentiated mostly into bipolar and Miiller glial cells in

The above observation, that the normal number of amacrinbe INL (Fig. 7B, part a, Fig. 7C), as previously described
cells were generated in the mouse retina lacking eMlagh3  (Turner and Cepko, 1987). By contrast, when CLIG-Math3 or
or NeuroD whereas no amacrine cells were generated in thELIG-NeuroD was applied, almost all virus-infected cells
double-mutant retina, indicates that these two bHLH genes abmcame rods, the most preferred cell fate during this culture
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period (Fig. 7B, parts b,c, Fig. 7C). Howevdath3 or  (calbindin®) (Fig. 8C, parts b,c, arrowheads; Fig. 9A,C, blue
NeuroDalone did not promote amacrine cell genesis under thisars). However, these genes did not promote generation of
condition (Fig. 7B, part b,c, Fig. 7C), althoudteuroD bipolar (PKC) or Muller glial cells (GS) (Fig. 8C, parts d,e;
has previously been shown to increase it slightly wherrig. 9B,E), suggesting that a combinationvzdth3 and Pax6
misexpressed in the postnatal rat retina (Morrow et al., 1999prefers amacrine and horizontal cells to the other cell types.
These results indicate tha¥lath3 or NeuroD alone is Co-expression oNeuroD and Pax6 predominantly increased
not sufficient for amacrine cell genesis. Interestingly,amacrine cell genesis (Fig. 8D, parts b,c, arrowheads; Fig. 9A,
misexpression of these bHLH genes almost completelyed bar) and no other cell types were promoted (Fig. 8D, parts
inhibited gliogenesis (Fig. 7C), as previou-"’

described (Brown et al., 1998; Morrow et

1999; Bae et al, 2000; Cai et al., 2C ND+/- M3-/-ND-/-
Hatakeyama et al., 2001). _ e .~ i

Co-expression of Math3 or NeuroD with
Pax6 promotes amacrine cell genesis

It has been shown th&ax6 is expressed
amacrine and horizontal cells (Jones et
1998; Nishina et al., 1999). Howev
misexpression oPax6alone was not sufficie
for amacrine cell genesis (Fig. 8B, parts
Fig. 9A), as previously described (Hatakey:
et al.,, 2001). Because the combination
homeobox and bHLH genes is important B
retinal cell type specification (Hatakeyamz
al., 2001),Pax6was co-expressed witklath3
or NeuroDin the retinal explant cultures. F
co-expression of the two factors, the bH
factors were fused with GFP and each of t
was co-expressed with Pax6 (Fig. 8A). M
than 99% of the cells infected with thi
retroviruses successfully co-expressed
bHLH and homeobox genes (data not sho
Co-expression oMath3 andPax6significantly
increased generation of both amac
(calbindinf, HPCZX) and horizontal cel

Fig. 5. The fate switch from amacrine cells to
ganglion and Mdiller glial cells in
Math3-/NeuroD"-retina. (A) X-gal staining of the
retinal explants that were prepared at E17.5 and
cultured for 14 days. (a) INeuroD"~retina, X-gal
staining is observed iNeuroD-expressing cells:

rods in the ONL and amacrine cells in the GCL and
the inner region of the INL. (b) In
Math3-/NeuroD”-retina, X-gal-positive cells are
not missing but present in the GCL and INL as well
as in the ONL. The majority of them are small in
size, while others display a Muller glia-like
morphology (arrowhead). Scale bar:|2%.

(B) Retinal explants were prepared at E17.5,
cultured for seven days, dissociated and subjected to
immunocytochemistryn=3). (a-d) InNeuroDH~
retina, some (2.7+0.3%) of thecZ* cells express

the amacrine cell marker HPC1 (arrows). (e-h) In
Math3--/NeuroD"-retina, ndacZ* cells express
HPCL1. (i-l) InNeuroD"-retina, ndacz* cells
express the ganglion cell marker Thy1.2. (m-p) In
Math3-/NeuroD"-retina, some (4.3+0.6%) of the
lacZ* cells express Thy1.2 (arrows). (g-t) In
NeuroD'-retina, ndacz* cells express the Miiller
glial marker vimentin. (u-x) IMath3/NeuroD”~
retina, some (0.9+0.2%) of thecZ* cells express
vimentin (arrow).
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Fig. 6.bHLH gene expression in the mutant retina. In situ
hybridization was performed with E17.5 retina. (AN8ath3
expression is not changedNieuroD™- retina. (C,D)NeuroD 25
expression is not changedMath3--retina. (E,FMath5expression
is upregulated iMath3-/NeuroD"~retina, suggesting that this
upregulation leads to the increase of ganglion cells in the double-
mutant retina. Scale bar: L.

d,e; Fig. 9B-E), suggesting that a combinatioMNetiroDand
Pax6is more specific to amacrine cell genesis. These resulﬁg. 7.Misexpression oMath3andNeuroDwith retrovirus.

deanStrated that_' althougtath3 and NeuroDanr_me cannot (A) Retroviral vectors. GFP, green fluorescent protein; IRES, internal

specify the amacrine cell fate, they can do so Wik6 ribosomal entry site; LTR, long terminal repeat. (B) Retinal explants
We next examined whether another neuronal bHLH gengere prepared from E17.5 mouse embryos and infected with CLIG,

Mash1is also able to induce amacrine cell genesis Va6  CLIG-Math3, and CLIG-NeuroD. After 2 weeks, the explants were

is co-expressedvlash1(Ascll— Mouse Genome Informatics) subjected to immunohistochemistry using anti-GFP antibody.

is expressed by bipolar cells in the INL (Jasoni and Reh, 1996¢) Ratios of retinal cell types infected with CLIG, CLIG-Math3 and

and co-expression oflashland Chx10is able to induce QL!Q-NeuroD. Rod genesis is increased while gliogenesis is

bipolar cell genesis (Hatakeyama et al., 2001). However, cdhibited byMath3andNeuroD

expression oMashlandPax6did not promote generation of

amacrine or horizontal neurons (Fig. 8E, parts b,c; Fig. 9A,Ckell types. To distinguish between these possibilities,

These results suggest that the amacrine cell-inducing activipyroliferation and death of virus-infected cells were analyzed

is rather unique tMath3andNeuroDand not compensated by at days 3, 7 and 14 of the cultures. Cell proliferation was

Mashl Interestingly, co-expression BfashlandPax6did not  examined by Ki67, a nuclear antigen expressed by proliferating

promote bipolar cell genesis either (Fig. 8E, part d; Fig. 9B)ells. The majority of the cells infected with CLIG, CLIG-

suggesting that proper combinations between bHLH an&ax6-Math3 or CLIG-Pax6-NeuroD were negative for Ki67 at

homeobox genes are important for retinal cell typeall the time points (data not shown), indicating thak6and

specification. Math3dNeuroD did not promote cell proliferation. To
The increase in amacrine cell number BPax6 and determine the extent of cell death, the retinal explants were

Math3NeuroDcould be the result of proliferation of amacrine subjected to a TUNEL assay. The majority of the virus-infected

cells and apoptosis of other cell types rather than conversiaells were TUNEL negative at all the time points (data not

of precursors to the amacrine cell fate at the expense of othgnown). These results suggest that the amacrine cell genesis
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induced byPax6 and Math3NeuroD was not the result of likely that the double-mutant cells may adopt the alternatively
proliferation of amacrine cells or apoptosis of other cell typesavailable cell fates.

but most probably of conversion of precursors towards the ) o

amacrine cell fate at the expense of other cell types. Neuronal versus glial fate determination and

neuronal subtype specification by bHLH genes

i v The phenotype similar but opposite to kt@th3NeuroDdouble
promotes amacrine cell genesis mutation was observed in the retina lacking the bHLH gene
It was recently reported thaPax6 mutation lost the Math5in mouse and its ortholog in zebrafish, which shows a fate
multipotentiality of retinal progenitor cells, resulting in switch from ganglion cells to amacrine cells (Kay et al., 2001;
production of only amacrine cells (Marquardt et al., 2001)Wang et al., 2001). Thusyiath5 regulates ganglion versus
suggesting thaPax6is not essential for amacrine cell genesis.amacrine cell fate, suggesting that this bHLH gene is involved

Co-expression of Math3 or NeuroD with Six3 also

In this mutant retina, the homeobox ge3ig3
as well asNeuroDare expressed (Marquardi
al., 2001), raising the possibility th&ix3 is
also involved in amacrine cell genesis. To
this possibility,Six3was misexpressed with
without Math3dNeuroD (Fig. 10A). Six3alone
was not sufficient for amacrine cell gene
(Fig. 10B, part a, Fig. 10C, part a). Howe
co-expression oBix3 with Math3 or NeuroD
generated amacrine cells (Fig. 10B, parts
arrowheads; Fig. 10C, part a). These re:
suggest thaPax6 and Six3 are redundant fc
amacrine cell fate specification. Interestin
Math3 induced horizontal cell genesis mi
efficiently than amacrine cell genesis, wi
NeuroD predominantly induced amacrine ¢
genesis (Fig. 10C), suggesting tihdath3 and
NeuroD have distinct activities in retinal c
fate specification.

DISCUSSION

Math3 and NeuroD are essential for
amacrine cell genesis

We have found that, iMath3/NeuroDdouble-
mutant retina, amacrine cells are comple
missing without significant cell death. The ¢
that would normally differentiate into amacr
cells, which can be monitored by X~
staining, did not die but remained in the G
and INL of the double-mutant retina. T
majority of thelacZ* cells in the GCL and IN
were small in size and showed a ganglion
phenotype, while others displayed a Muller
phenotype. In accordance with this observa
ganglion and Mdiller glial cells were increa:
in number in the double-mutant reti
Normally, nearly 60% of the GCL cells ¢
displaced amacrine cells and the others
ganglion cells (Jeon et al., 1998). By contr
in the double-mutant retina, all of the GCL ¢
were ganglion cells. Furthermore, there w
many ectopic ganglion cells and extra Mu
glial cells in the INL of the double-mute
retina. These results indicate that there is &
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CLIG-Pax6NeurcD
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.
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Fig. 8. Co-expression dPax6and bHLH genes. (A) Retroviral vectors. The bHLH
genes Math3 NeuroDandMash) were fused witlGFP, and Pax6 has three repeats
of Myc tag. (B-E) Retinal explants were infected with CLIG-Pax6 (B), CLIG-Pax6-
Math3 (C), CLIG-Pax6-NeuroD (D) and CLIG-Pax6-Mashl (E). After 2 weeks of

culture, the explants were sectioned and subjected to immunohistochemistry for Myc

only (a) or Myc and either calbindin (b), HPC1 (c), PKC (d) or GS (e).
(B) Misexpression oPax6alone generates INL cells, but they are negative for the
markers. (C) Co-expression Bfath3andPax6significantly increases the population

of amacrine and horizontal cells (b,c, arrowheads) but not bipolar (d) or Miller glial
cells (e). (D) Co-expression dbleuroDandPax6significantly increases the population
of amacrine cells (b,c, arrowheads) but not horizontal (b), bipolar (d) or Miller glial
cells (e). (E) Co-expression bfashlandPax6does not induce mature INL cells.
Scale bar: 2pim.

switch from amacrine cells to ganglion ¢
Mdiller glial cells in the absence dfath3 and
NeuroD. As amacrine cell genesis overlaps v
ganglion and Mduller glial cell genesis, it
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Fig. 9. Ratios of retinal cell types induced by misexpression of bHLH geneBaatdRatios with s.e. of amacrine cells (A, calbirgljn

bipolar cells (B, PKC), horizontal cells (C, calbindti, rods (D, rhodopsif) and Miller glial cells (E, G are the average of at least three
independent experiments. Co-expressioRaf6andMath3significantly increases the population of amacrine and horizontal cells while that of
Pax6andNeuroDonly increases the population of amacrine cells. By contrast, co-expresBiaxtaihdMashldoes not increase the number

of any mature cells.

in the neuronal subtype specification rather than the neuronislath5, the cells that fail to differentiate into ganglion cells may
versus glial cell fate decision. By contrast, the retina lackinggredominantly become amacrine cells. Likewise, as bipolar and
Mashland Math3 exhibits a fate switch from bipolar cells to Mdiller glial cells are the last cell types to be generated, the cells
Mdiller glial cells, indicating thaMashl and Math3 regulate  that fail to differentiate into bipolar cells may have the only
neuronal versus glial fate determination in the retina (Tomita ethoice to become Mduller glia in the absenceMafshl and

al., 2000). Our present data show tN&th3-NeuroDdouble  Math3(Fig. 11A). By contrast, as amacrine cell genesis overlaps
mutation leads to increase of both ganglion cells and Muller gliwith both ganglion and Miller glial cell genesis (Young, 1985),
at the expense of amacrine cells, suggestina

that Math3 and NeuroD regulate bot

neuronal subtype specification ¢

neuronal versus glial fate determinati e Myc  Six3 IRES  GFP LR

Although these bHLH genes seem to | CLIG-Six3
distinct activities, we speculate that the

types of fate switches, neurons to glia JLIPS Six3 IRES  GFP Math3 LTR
neuronal subtype changes, may sin CLIG-Six3Math3
reflect the different competence of reti

precursors. Because ganglion cell ger TR Myc  S3 RES  GFP NeuroD LTR
overlaps with amacrine cell genesis but ) b

with Muller glial cell genesis (Youn CLIG-Six3NeuroD
1985), it is likely that the cells that wot
differentiate into ganglion cells have B
potential to become amacrine cells but
others (Fig. 11A). Thus, in the absenc

Fig. 10.Co-expression dsix3and bHLH

genes. (A) Schematic structure of retroviral
vectors. The bHLH geneM@th3 NeuroD

were fused with GFP, and Six3 has three
repeats of Myc tag. (B) Retinal explants were
infected with CLIG-Six3 (a), CLIG-Six3-

Math3 (b) and CLIG-Six3-NeuroD (c). After 2 c

weeks of culture, the explants were sectioned a ‘1“3’ Amacrine b "é“ Horizontal

and subjected to immunohistochemistry for

Myc and calbindin. Misexpression 8fx3 751 51

alone generates some INL cells, but they are ’ 4 -

negative for calbindin expression (a). Co- 5 | 34

expression oSix3andMath3dNeuroD

increases the population of calbindin-positive 25 21

cells (b,c, arrowheads). Scale bar: 25. 1

(C) Ratios of amacrine (a) and horizontal cells 0. 0 .

(b). Co-expression d@ix3andNeuroD & 9
. . . . TP

efficiently generates amacrine cells while co- %,

expression oSix3andMath3efficiently 9&3‘? ‘90,

generates horizontal cells.
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A determine the normal numbers of ganglion and amacrine
g cells. The similar type of regulation has been reported in
s Amacring other regions. Mashl and neurogenins (Ngns) display
= complementary expression patterns in the telencephalon and,
8 in NgnZNgn2double-mutant telencephaldviashlexpression

is ectopically upregulated in the regions where only Ngns
are normally expressed, indicating that Ngns repkéashl

expression (Fode et al., 2000). Similarly, in the spinal cord,
E10 El5 N Plo birthdate  cross-inhibitory regulation betwedvtathl andNgnlcontrols

1 l the development of distinct types of interneurons (Gowan et

al., 2001). Thus, it is likely that the antagonistic regulation

Ganglion

f—

Hotinal grexsor () o O between neuronal bHLH genes is a general mechanism for
— Math3 Hes1/5 Math3 generating the correct number of distinct types of neurons.
z NeuroD Hesr2 Washt Previous studies have demonstrated tNetiroD regulates
only the neuronal differentiation/maturation step but not the
(G & (M) (5] determination step of most of the nervous system (Lee et al.,
1995; Miyata et al., 1999; Liu et al., 2000a; Liu et al., 2000b;
Schwab et al., 2000; Kim et al., 2001). However, our data
indicate thatNeuroD also regulates the neuronal versus glial
B %‘;“:‘ ;2:;:;  — fate choice in the retina like other bHLH-type neuronal
- - determination genes such ashlandMath3 and the genes
AS}:‘;I::E m:;:g ; :::Lc;n Pa?h;é'xs for Ngns (Tomita et al., 2000; Nieto et al., 2001; Sun et al.,
Horizontal Math3 Pax6 / Six3 2001). This finding is consistent with the previous report by
Rod / Cone NeuroD Crx Morrow et al. (Morrow et al., 1999). ThusleuroD has both
Miiller glia | Hes1/Hes5/Hesr2 | Rax / Chx10 differentiation and determination activities, depending on the

regions of the nervous system.
Fig. 11.Transcription factors for retinal cell fate specification.

(A) Model for fate switches. The time course of ganglion, amacrine, Neuronal subtype specification by bHLH genes
bipolar and Muller glial cell genesis (Young, 1985) and the bHLH requires proper homeobox genes

genes that regulate generation of these cells are shown. Because Although Math3 and NeuroD are essential for amacrine cell

ganglion cell genesis is overlapped with amacrine cell genesis, the nesis. misexpression of th bHLH gen lone onlv ind d
cells that are blocked from differentiation into ganglion cells may ~ 9€NESIS, MISEXpression o these genes alone only induce

adopt the amacrine cell fate. By contrast, as amacrine cell genesis €00 genesis. However, previous analysis has demonstrated that

overlapped with ganglion and Miiller glial cell genesis, the cells thatmisexpr_ession oNeuroD Qlone is able to induce an approx.
are blocked from differentiation into amacrine cells may adopt the twofold increase in amacrine cell number (Morrow et al., 1999).

ganglion and Miiller glial cell fates. Because bipolar and Miuiller glial This discrepancy could be due to different experimental
cells are the last cell types to be generated, the cells that are blockecbnditions: in vivo retina of postnatal rats (Morrow et al., 1999)
from differentiation into bipolar cells may adopt Miiller glial cell and in vitro retinal explants prepared from mouse embryos (this
fate. (B) The transcription factor code for retinal cell fate study). As retinal precursors are known to display different
specification. Proper combinations of bHLH and homeobox genes  competence as development proceeds, further analysis with
are important for retinal cell fate specification. retinas of various developmental stages would be necessary to
determine to what extent bHLH genes alone can specify the

the cells that fail to differentiate into amacrine cells may have eetinal neuronal subtypes.
potential to become both ganglion and Muller glial cells and Even thoughMath3andNeuroDalone can induce amacrine
thereby adopt these two fates in the absench®lah3 and cell genesis under some conditions, their effect is still rather
NeuroD(Fig. 11A). Thus, the two types of fate switches, neuronsmall (Morrow et al., 1999). However, they can more efficiently
to glia and neuronal subtype changes, might mostly reflect trepecify the correct neuronal subtypes when the homeobox gene
competence of retinal precursors, and it is likely that the cellBax6 or Six3 is co-expressed. Interestingliylath3 exhibits
that are blocked from differentiation to a particular cell type mayreference of the horizontal cell fate over the amacrine cell fate,
simply adopt alternatively available cell fates. whereasNeuroD exhibits the oppositeMath3 expression is

The exact mechanism for the fate switch in the absence observed only transiently in amacrine cells, but permanently in
bHLH genes is not known. However, we found th&th5  horizontal cells, whileNeuroDis expressed by amacrine cells
which is essential for ganglion cell genesis, is upregulated ibut not by horizontal cells. Thus, the preference of cell types
the retina that lack botklath3andNeuroD Thus, it is likely by these bHLH genes well reflects their expression patterns, and
that this upregulation leads to the increase of ganglion cells these data clearly demonstrate that bHLH genes are involved in
the double-mutant retina. These results also suggesfiéithB  neuronal subtype specification in addition to simply making the
andNeuroDmay normally restrict the ganglion cell number by neuronal versus glial fate choice. The involvement of bHLH
repressingMath5 expression. Similarly, it is possible that genes in neuronal subtype specification has been shown in both
Math3NeuroDexpression is upregulated in the retina that lacknvertebrates and vertebrates.Drosophilg the bHLH genes
Math5 where the cells that fail to differentiate into ganglionscute and atonal promote external sensory and chordotonal
cells adopt the amacrine cell fate. If this is the case, crossrgans, respectively, amtbnalmutation is not rescued lsgute
inhibitory regulation betweelMath3NeuroDandMath5might  (Chien et al., 1996). Domain swapping experiments indicate
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that the basic region is responsible for the specificity of therown, N. L., Kanekar, S., Vetter, M. L., Tucker, P. K., Gemza, D. L. and
neuronal subtypes (Chien et al., 1996). Similarly, in mice that Glaser, T. (1998). Math5 encodes a murine basic helix-loop-helix
haveMashlgene at theNgnZ locus Mashlpartially rescues transcription factor expressed during early stages of retinal neurogenesis.

. . . . Developmenii25 4821-4833.
Ngn2 mutation but confers a different identity on rescuedBrown, N. L., Patel, S., Brzezinski, J. and Glaser, T(2001). Math5 is

neurons (Fode et _al., _2000). _ required for retinal ganglion cell and optic nerve formatidavelopment
Although combinations oMath3NeuroD and Pax8Six3 128 2497-2508. '
efficiently induced amacrine cell genesis, still many cells failedurmeister, M., Novak, J., Liang, M.-Y., Basu, S., Ploder, L., Hawes, N.

.. L., Vidgen, D., Hoover, F., Goldman, D., Kalnins, V. |. et al(1996).
to express mature neuronal markers. AtE17.5, when retrOVIrusOcular retardation mouse causedQiyx10homeobox null allele: impaired

was applied, rods are the most preferred cell type, and it iSyetinal progenitor proliferation and bipolar cell differentiatidtat. Genet.
possible that retrovirus-mediated misexpression of bHLH and 12, 376-384.
homeobox genes is not sufficient to override the rod fat€affé, A. R., Visser, H., Jansen, H. G. and Sanyal, §1989). Histotypic

specification. Such cells could halt during terminal ggfg;_aféggon of neonatal mouse retina in organ cultGuer. Eye Res8,
differentiation and fail to express mature neuronal markers. K.i" |~ Vorrow. E. M. and Cepko, C. L. (2000). Misexpression of basic

is also possible that additional factors may be necessary tonelix-loop-helix genes in the murine cerebral cortex affects cell fate choices
convert the cell fates more efficiently. and neuronal survivaDevelopment.27, 3021-3030.
Interestingly,Mash1 does not induce any cell types when C?p'i% Cd- 'E-(19_99{_- Thefm'f OfI'””I'I”fS'tC é”d extnsl Cuei,alngd g';lﬂs genes
Pax6is co-expressed. Adashlcan induce bipolar cell genesis 0 " o oo & e o s - oneland. N G
hen Chx10is co-expressed (Hatakeyama et al., 2001), it IS’ giben. b. 3 . QL. Nlie Z, Sun, H.. Lennon, G., Copeland, Il G..
when Lhx pressed ( 24 i’ ): Gilbert, D. J., Jenkins, N. A. and Zack, D. J(1997). Crx, a novel Otx-
likely that proper combinations with homeobox genes are like paired-homeodomain protein, binds to and transactivates photoreceptor
essential for bHLH genes to specify the correct neuronal cell-specific genesNeuron19, 1017-1030.
subtypes. The current model for the transcription factor coddghen: C.. Hsiao, C.-D., Jan, L. Y. and Jan, Y. N(1996). Neuronal type
for th tinal I ificati . foll " rod d information encoded in the basic helix-loop-helix domain of proneural
or the retinal cell type specification Is as follows: rods and yenesproc. Natl. Acad. Sci. US83, 13239-13244.
cones NeuroD and Crx (Furukawa et al., 1997; Freund et al., Fode, C., Ma, Q., Casarosa, S., Ang, S.-L., Anderson, D. J. and Guillemot,
1997; Chen et al., 1997; Morrow et al., 1999); horizontal cells, F. (2000). A role for neural determination genes in specifying the
Math3 and Pax@Six3 (this study); bipolar cellsylath¥Mash1 . dOTZOVg”VLa' ige”“ty OfEte'enceCIOhi”CgeUfkdﬁﬂnei Dg‘/l“v 67-80. "
and Chx10 (Burmeister et al., 1996; Tomita et al., 2000; “E“” » & Lo STEgOry-tvans, ©. Y., Futukawa, [, Fapaioannou, M.,
. h ooser, J., Ploder, L., Bellingham, J., Ng, D., Herbrick, J.-A. S., Duncan,
Hatake_yama et al., 2001); amacrine ch@th?/Neuro_D and A. et al. (1997). Cone-rod dystrophy due to mutations in a novel
Pax@Six3 (Morrow et al., 1999) (this study); ganglion cells, photoreceptor-specific homeobox ge@R¥K) essential for maintenance of
Math5 (Brown et al., 1998; Wang et al., 2001); and Muller glia, the photoreceptoCell 91, 543-553.
Hes1HesSHesr2and RaxChx10(Fig. 11B) (Furukawa et al., FECeen o B9 TR B L et e e bxpression and regulates
2000; Hojo et al., ZQOO_; H_atak_eygma et al., 2001; Satow et_al.,lohotorecelotor differentiatioCell 91, 531-541.
2001). However, this list is still incomplete. For example, inFurukawa, T., Morrow, E. M., Li, T., Davis, F. C. and Cepko, C. L.(1999).
Math3-retina, horizontal cells develop normally, and it remains Retinopathy and attenuated circadian entrainmer€rindeficient mice.
to be determined which bHLH gene compensated/fith3in Na|:' Genet23, 4fh6'470- 4 Cook
horizontal cell development. One of the candidate geigrig  ™1“G0%, b LICENeR: o 290 2o BT 2 o S ler gl by
!Vgé%h ISS expressed mI thelggeg)elol?lmg regna (Gradwohl et al'l-v postnatal retinal progenitor celldeuron26, 383-394,
;o Sommer et al., . omeonox genes are alSeowan, K., Helms, A. W., Hunsaker, T. L., Collisson, T., Ebert, P. J., Odom,
functionally redundant. For exampl€rx and Pax6 are not R’I-I and Johrfwson, J. Ef(§001)- Cdrossilnhibitory activities of Ngn1 and Math1
H i H _ ] allow specification of distinct dorsal interneuroNgeuron31, 219-232.
est.sentlal Jor neu[)onal bsutbtyple fr[])e_CIflca}[tlon.ChX defl[ment 8{adwohl, G., Fode, C. and Guillemot, F(1996). Restricted expression of
reuna, rods are_ orn bu . only e'll’ outer segmen S aré NOty novel murineatonatrelated bHLH protein in undifferentiated neural
formed, suggesting th&rx is essential for maturation of rods  precursorsDev. Biol.180, 227-241.
(Furukawa et al., 1999). It is possible that a related homeobasarris, W. A. (1997). Cellular diversification in the vertebrate retiGarr.
geneOtx2 may compensat€rx for the earlier stages of rod Oplln- Genet. DevZ, 651-658. g os of
genesis. Similarly, ifPax6deficient retina, amacrine cells are Hatakeyama, J,, Tomita, K., Inoue, T. and Kageyama, R2001). Roles o
20 . homeobox and bHLH genes in specification of a retinal cell type.
generated and it is likely thaBix3 compensatesdax6 for Development 28 1313-1322.
amacrine cell genesis (Marquardt et al., 2001) (this study). Thusgjo, M., Ohtsuka, T., Hashimoto, N., Gradwohl, G., Guillemot, F. and
double-mutation analysis of homeobox genes is necessary td<ageyama, 'R.(ZOOO). Glial cell fate specification modulated by the bHLH
lari heir functions in neuronal ification. gene Hes5 in mouse retifaevelopmeni27, 2515-2522.
cla fyt eir functions eurona SUbtype specificatio Ishibashi, M., Moriyoshi, K., Sasai, Y., Shiota, K., Nakanishi, S. and

. . Kageyama, R.(1994). Persistent expression of helix-loop-helix factor HES-
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