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Math5 is required for retinal ganglion cell and optic nerve formation
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SUMMARY

The vertebrate retina contains seven major neuronal and vertebrate eye. Here we show thatlath5 mutant mice are
glial cell types in an interconnected network that collects, fully viable, yet lack RGCs and optic nerves. Thus, two
processes and sends visual signals through the optic nerve evolutionarily diverse eye types requireatonal gene family
to the brain. Retinal neuron differentiation is thought to  function for the earliest stages of retinal neuron formation.
require both intrinsic and extrinsic factors, yet few intrinsic At the same time, the abundance of cone photoreceptors is
gene products have been identified that direct this process. significantly increased in Math5”~ retinae, suggesting
Math5 (Atoh7) encodes a basic helix-loop-helix (bHLH) a binary change in cell fate from RGCs to cones. A
transcription factor that is specifically expressed by mouse small number of nascent RGCs are detected during
retinal progenitors. Math5 is highly homologous toatonal, = embryogenesis, but these fail to develop further, suggesting
which is critically required for R8 neuron formation during that committed RGCs may also requireMath5 function.
Drosophila eye development. Like R8 cells in the fly eye,

retinal ganglion cells (RGCs) are the first neurons in the Key words:Math5 Atoh7, Mouse, Retina, Optic nerves

INTRODUCTION RGCs are the only retinal neurons that extend axons outside
the eye. As RGCs differentiate, their axons grow laterally
The vertebrate retina arises from an evagination of the anteritmward the presumptive optic nerve head in response to
neural tube that forms a bilayered optic cup, comprising amolecular guidance cues (Birgbauer et al., 2000; Brittis and
inner neural retina and an outer pigmented epitheliumSilver, 1994; Deiner et al., 1997) and pass outward through the
Mammalian retinal neurons and glia differentiate over aroptic stalk (Hinds and Hinds, 1974; Silver and Sidman, 1980).
extended period, which in mice is from embryonic day 12These axons travel along the optic nerve to the chiasm, where
(E12) through postnatal day 21 (P21). In the initial stagegshey make characteristic pathway choices and project to six
waves of dividing progenitor cells cease mitosis and migratspecific regions in the brain, including the lateral geniculate
to the vitreal side of the optic cup, closest to the lens. Thisucleus and superior colliculus (Rodieck, 1998). The optic
process of histogenesis continues through the ensuing 4 weealexve is largely composed of RGC axons, but also contains
and produces all retinal cell types. At later stages, asupporting glia and astrocytes, and the central retinal artery and
successive progenitors exit the cell cycle and becomeein. The physiology and histological characteristics of RGC
committed to particular cell fates, they migrate to fixedsubtypes are well known (Rodieck, 1998), yet no single
positions throughout the laminated retina, and establisintrinsic factor has been demonstrated that specifies RGC fate
synaptic connections to other neurosbl]{fhymidine-labeling  within the mammalian eye.
experiments have demonstrated that retinal cell types are The cellular mechanisms of vertebrate abdsophila
produced in sequence from multipotent progenitors (Sidmametinogenesis are fundamentally different. In vertebrates, the
1961; Young, 1985). Each has a characteristic ‘birthdateGontinuous selection of committed neurons from a pool of
defined by its terminal mitotic S phase, that stronglymultipotent progenitors leads to overlapping of neuronal
influences its identity. In the murine eye, the most likely birthbirthdates, stochastic variation in clonal composition (Turner
order is retinal ganglion cells (RGCs), cone photoreceptorgt al., 1990), and random spacing between cell bodies of
amacrines and horizontal cells, followed by roddifferent neuron types (Rockhill et al., 2000).Drosophilg a
photoreceptors, bipolar cells and Mdller glia, with significantstrict spatial and temporal hierarchy of cell-cell inductive
overlap in the appearance of these different cell types (Ceploteractions creates a highly ordered and invariant array of
et al., 1996). Although phylogenetic differences in the birtrommatidia (Brennan and Moses, 2000; Rubin, 1989;
order of retinal neurons have been observed, RGCs are the fifgimlinson, 1988). In addition, all fly photoreceptors synapse
neurons born in all vertebrate species examined (Altshuler directly to neurons within the brain, while vertebrate
al., 1991). photoreceptors connect to the brain via specialized
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interneurons and RGCs, which are the sole projection neurohgernal primers were used for routine genotyping of mouse litters and
for the eye. further verification of homologous recombination (Fig. 1C).

bHLH transcription factors are central to retinal _
neurogenesis (Cepko, 1999; Kageyama et al., 1995). fRRNA analysis

Drosophila photoreceptor development, the proneural gend® assessMaths [-actin (Act and Bm3b (Poudfd mRNA

atonal (ato) specifies the founding R8 neuron in eachexpression, parallel RT-PCR assays were performed on total RNA

N ) . collected from E15.5 eyes and pretreated with DNase |. Primer pairs
ommatidium (Dokucu et al., 1996; Jarman et al., 1994; Jarm%re located in the' 2intranslated regions dflath5 (accession no.

et al., 1995). In addition to R8 determinatiaatonal also  AF071223) andm3b(accession no. S68377), and within the coding
controls neuronal subtype identity (Chien et al., 1996; Sun gggion of 3-actin (accession no. M12481).

al., 2000) and neurite arborization (Hassan et al., 2000) within

the Drosophila peripheral nervous system and brain, Histology, immunohistochemistry and in situ hybridization
respectively. Among murine bHLH genééath5(also known  Mice were quickly sacrificed and their eyes, brains, or embryos
as Atoh7) is the most closely related ttonal within the  dissected in cold phosphate-buffered saline (PBS). Tissues were fixed
bHLH domain (Brown et al., 1998; Hassan and Bellen, 2000y Bouins or buffered formalin for paraffin embedding, or 4%
This structural homology is consistent with the specifid?araformaldehyde fg-gal histochemistry, or freshly frozen in OCT
expression oMath5in the developing mouse retina (Brown (Miles Scientific) for cryosectioning. Paraffin sections (&) were

; ; - either stained with Hematoxylin and Eosin, counterstained with
et al., 1998)XathSin the developing frog retina (Kanekar et Neutral Red following B-gal histochemistry, or processed for

al., 1997),Cath5in the chick eye (Liu et al., 2001; Matter- jmunoperoxidase staining following antigen retrieval (Evers and
Sadzinski et al., 2001) and\th5 in zebrafish retinal Uy“ngs, 1997) Cryosections (1q_lm) were fixed in 4%
progenitors (Masai et al., 2000). Ectopic expressiodathS  paraformaldehyde PBS and used fdath5 digoxigenin in situ
during frog eye development biases progenitors to becomwsbridization (Brown et al., 1998) or antibody labeling.
RGCs at the expense of later-born neurons such as bipoldrsmnunohistochemical and PNA lectin staining was performed
and Miiller glia (Kanekar et al., 1997Xath5 is therefore according to published protocols (Rich et al., 1997; Sundin and
sufficient to specify RGC fate. However, ectopic expressiorE;Cth‘i'er'aés.?%)a"‘gtgntth;rb'n‘zt'(”l'sztgeo%a"\’/'l‘i”t. sgztsé“A%?g’ V‘;‘gg{)
i ; : , it Pax iseru : , Masti WS, ,
of Math5 in the same assay promotes formation of prOIaIElbbit S-cone opsin antiserum (1:20,000, Applebury et al., 2000),

cells rather than RGCs (Brown et al.,, 1998). Thus, deSpItiabbit recoverin antiserum (1:500, Dizhoor et al., 1991), rabbit

highly conserved structure and_expression Patte”_‘& ﬂ},%spase-s antisera (1:200, New England Biolabs), biotin-PNA (5
functional orthology betweeMath5, Xath5 and atonal is | ,g/mi, Vector Labs), and the following monoclonal antibodies:

unclear. anti-neuron-specifi@-tubulin (TUJ1, 1:1000, Babco), anti-protein
In this report, we test the role Math5in RGC formation  kinase C (MC5, 1:400, Sigma), anti-vimentin (LN9, 1:200, Sigma),

by removing its function in vivo. We show that mice anti-neurofilament (NN18 for 160 kDa and NE14 for 200 kDa, 1:500,

homozygous for a targetellathS mutation have grossly Sigma), anti-tyrosine hydroxylase (TH2, 1:1000, Sigma),

normal eyes, but no optic nerves or chiasm. Histological anahti-syntaxin (HPC1, 1:1000, Sigma), anti-calretinin (MmAb1568,

molecular analyses reveal an almost complete absence HP00, Chemicon), anti-calbindin (CB9S5S5, 1:500, Sigma), VC1.1

RGCs in postnataMath5”- retinae and an increase in cone (1200, Sigma), and anti-rhodopsin (RET-P1, 1:1000, Sigma). For

photoreceptors. We further demonstrate that lossaths B-gal V|s|uagzat|on,ttlslsulessé/vere fixed and stained as described

alters the early stages of RGC formation and conclude thg{ewousy( anes etat, )

Math5 acts as a proneural gene for mammalian RGQRetinal disassociation and cell counts

determination. Cone cell counts were performed on eyes from adulittermates
obtained by intercrossing CD4lath5"~ mice. At least two mice
from each genotype were compared. Neural retinae were dissected

MATERIALS AND METHODS free of other ocular tissues in HBSS-CMF {@ig2*-free Hanks
) buffered saline solution) and gently disassociated as described by
Targeted deletion of Math5 Altshuler and Cepko with minor modifications (Altshuler and Cepko,

The genomic locus was targeted by homologous recombination usii®92). Dissected retinae were first incubated for 15 minutes at 37°C
a 6.5 kbEcoRI fragment isolated from a mouse J1 ES cell phageén normal HBSS with 30Qug/ml hyaluronidase (Sigma, Type IV-S)
library. A 256 bpSma fragment encoding the bHLH domain was and 1 mg/ml collagenase (Sigma, Type XI-S), gently washed, and then
excised and replaced withBanHI-linkered PGKneobpA cassette. incubated for 10 minutes at 25°C in HBSS-CMF with 0.1% trypsin
A cytoplasmic-gal-pA cassette was then inserted in-frame afte(Gibco). After trypsinization, 10% normal donkey serum (NDS) was
codon 18. The linearized construct was electroporated into Radded and the cells pelleted by low-speed centrifugation. The retinal
embryonic stem cells (Nagy et al., 1993) and colonies selected usinglls from each mouse were then resuspended in 5 ml HBSS-CMF,
G418. Homologous recombination was detected in 3% of the E$0% NDS, 10 mM Hepes pH 7.4, triturated gently to a single cell
clones by long-range PCR, with one primer outside each arm and teaspension, and plated on pohlysine-coated glass slides for 90
other within theneogene (Fig. 1A). These assays gave 2.3 karth) minutes at 37°C in a humidified chamber. Slides were fixed in fresh
and 4 kb (83arm) PCR products only when recombination occurredice-cold PBS with 4% PFA for 10 minutes, and processed for
correctly. Targeting was verified by the presence of a 1BadHI immunohistochemistry in TST (150 mM NaCl, 10 mM Tris pH 7.4,
fragment, instead of the normal 22 kb fragment, in genomic Southe®m1% Tween20) containing 2.5% NDS. S-cone opsin was detected
blots hybridized with an external probe (Fig. 1B). Ffounders were  using a 1:20,000 dilution of polyclonal rabbit antiserum (Applebury
generated by crossing chimeric males to C57BL/6J mice. Phenotyp& al., 2000), a biotinylated secondary antibody (Jackson
analysis was performed o mice derived by crossing founders  Immunoresearch), and streptavidin-DTAF (Molecular Probes). To
with strain 129S3/SvimJ and intercrossing the resulting progeny. Fafisualize cell nuclei, RNaseA (200g/ml) and propidium iodide
retinal cell counts and sonfiegal staining experiments, albino adult (50 pg/ml) were added to the secondary and tertiary reagents,
mice and embryos were generated using an outbred CD-1 backgroumespectively. Processed slides were viewed using a Nikon Eclipse
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E800 fluorescence microscope and SPOT camera. Two-color im: A

(200x) were captured digitally from random fields selected usinc H g ATS 3% TAA E E
TRITC filter, and the total and S-cone opsin-positive cells in ez } } —— — WT ALLELE
image counted manually. For each mouse, 10-25 images (800-: p'mbe D D
cells) were analyzed. Differences between wild-type and mut
values were evaluated for statistical significance using 1 X ' X
nonparametric Wilcoxon two-sample test for10 measurements
(Sokal and Rohlf, 1969). AT p-gal

E

] IL' E TARGETING
RESULTS v A ' pBSKS  VECTOR

B B

Targeted deletion of the Math5 gene PGKneo
To investigate the role oMath5 during in vivo retinal L L 1
development, we deleted its bHLH domain by gene target 2.3 kb 4 Kb
in mouse embryonic stem (ES) cells (Fig. Math5 contains pgal ;¢
a single exon, similar to most vertebratenal homologues. H E AT + < EE
The bHLH domain was replaced with a P@KebpA i i —i TARGETED
cassette, thereby removing both DNA binding and dimerizat probe ': A ;’ ALLELE
functions and destroying thdath5transcription unit. We also B GKnes
inserted a cytoplasm[g-galactosidase3fgal) cassette near the -«
N terminus. ES cell colonies with the desired homologc - )
recombination events were identified by Southern and lol - <
range PCR analyses (data not shown). One ES cell
heterozygous for the targetdthth5 mutation (4F1) gave rise B D AT
to chimeric mice, which transmitted the mutant allele throu }—uLm[
the germline. Southern (Fig. 1B) and allele-specific P( : 5
assays (Fig. 1C) were used to follow the mutant all¢23Kb — ¢ + £
in descendants. Math5 homozygotes Nlath57-) and *;-T_ F ‘-'_,: T e

heterozygotes\ath5/-) are indistinguishable from wild-type
(Math5'*) littermates in their viability, growth rate anc
fertility. Consequently, the distribution of; F§enotypes was
consistent with Mendelian inheritance: we observed 21 w
type (27%), 36 heterozygous (46%) and 21 homozygous (2 $
mice at weaning. We confirmed the absenchlath5 mRNA

in homozygous mutant embryos by reverse transcriptase ( P +D'

PCR using RNA derived from E15.5 eyes (Fig. 1D). c+C n

Math5-Pgal expression durlng retlnoger_1eS|s . Fig. 1. Targeted disruption d¥lath5. (A) Homologous recombination
The targeted allele contains a histochemical reportepetween 2.3 kb and 4 kb vector arms resulted in replacement of the
Escherichia coli3-galactosidase, which is transcribed from thebHLH domain (contained within temad fragment) with a PGKzeo
endogenouMath5promoter (Fig. 1A). Th@-gal reporter is an  cassette and insertion of cytoplasiigal near the N terminus of
exquisitely sensitive tool for detecting gene expression (Lawsodath5 Positions of the single-copy probe and PCR primers are
et al., 1999). AlthougtMath5 encodes a nuclear protein, we indicated. Primers A+A®S' arm) and B+B(3' arm) were used for
used a cytoplasmicB-gal cassette to demarcatélath5 long-range PCR. (BBanH| Southern analysis of littermate tail DNA
ogtained from an #cross. (C) Internal PCR primers (D*+Dr wild-

expression domains in the embryo and reveal the processes . - .
b Y b type, C+C for mutant) amplify allele-specific products from weanling

differentiated neurons. In heterozygous E11.5 embryos, thei'n\a ") RT-PCR products (F4Ffrom E15.5 total eye RNA
pattern off3-gal expression in retlnall progenitors was identicalgp oy the absence bfath5mRNA and a great reduction Bfn3b
to MathS mRNA (Fig. 2A,B) and coincides with the onset of mrNA in theMath57-mutant, in comparison @-actin. B,BarHI;

histogenesis. After the initiation of RGC differentiation, We g, EccRlI: H, Hindlll: S, Sma.

noted two layers ofi-gal-expressing cells within the retinal

neuroepithelium (Fig. 2C,D). One layer is located at the

ventricular (sclerad) surface, closest to the pigmentedxpression within the optic nerve at E17.5 (Fig. 2F) and in cone
epithelium (RPE), and corresponds to the zone where retinphotoreceptors at P21 (Fig. 2G). Consistent with the latter
progenitors undergo mitosis (Sidman, 1961). These retinalbservation, we have noted a low level M&th5 mRNA
progenitors also expreddath5 mRNA (compare Fig. 2D and expression in the photoreceptor cell layer at P0.5 (data not
E). The distribution oMathSmRNA (Brown et al., 1998) and shown).[3-gal expression in these differentiated cell types may
B-gal activity within this layer is not uniform, but instead reflect perdurance of this stable enzyme (Hall et al., 1983) or
suggests a radial columnar pattern. The second layer is locateersistent, low level transcription oMath5 in some

at the vitreal surface, closest to the lens, where terminallglifferentiated neurons, combined with the high sensitivity of this
differentiating RGCs accumulate. These cells expfegsl reporter system. No other retinal neuron expression domain was
within their somata and axons (Fig. 2D). We also n@tgl  observed.
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Fig. 2. EmbryonicB-gal expression iMath5" ~ eyes. (A,B) E11.B-gal expression in the developing optic cup. B shows a horizontal section
through the whole-mount embryo in A. The overall pattern is identical to endogdathismRNA (see Fig. 2 of Brown et al., 1998}gal

staining begins in the dorsal central cup. A small number of positive cells are also visible in the diencephalon neaf the bate stalk.

(C,D) E15.5 retinaB-gal expressiorp-gal is present in progenitors and differentiating RGCs. D shows a higher magnification. E. In situ
hybridization at E15.5 showirldathS mRNA expression solely in retinal progenitors. BFjal expression in the optic nerve at day E17.5

(arrow). (G)B-gal-positive cells with characteristic cone morphology in the photoreceptor layer of a heterozygote at P21. Bars are;1 mm in A
200pum in B; 100um in D; 500um in F; and 2@um in G.

Ocular phenotypes of adult ~ Math5~~ mice terminal differentiation markers. No significant difference was
Math57~ mice appear normal externally, and have averaggoted betweeMathS”* andMath5"~ eyes in the expression
sized eyes with intact extraocular muscles and perioculdevel or number of positive cells for any marker. Because
tissues. However, they lack optic nerves and chiasmata (Fiminar disruptions iMath57~ eyes could differentially affect
3A,B). These structures are grossly normal in heterozygote§ell populations, we selected regions with relatively normal
and are indistinguishable from thoseMé&th5* littermates. ~ Structure for comparison. Using both 160 kDa and 200 kDa
Failure to form optic nerves strongly suggests that RGCs afeurofilament markers (Nixon et al., 1989), we discovered
missing or abnormal iMath57~mice. a total absence of RGCs and axon bundles in homozygous
Histological analysis demonstrated overall structuraMath5 mutant retinae (Fig. 4A,B and data not shown).
similarity between postnatallath57~ and Math5"* eyes. Immunostaining with the neuron-speciffstubulin marker
However, mutant retinae have major abnormalities. First, theyUJ1 (Brittis and Silver, 1994; Macabe et al., 1999; Snow and
are 20-25% thinner than wild type, primarily due to decreasefobson, 1994; Watanabe et al., 1991) further highlighted a
width of the inner plexiform (IPL) and nuclear (INL) layers complete absence of RGCs and axon bundles ifVR2157~
(Fig. 3C,D). Second, we observed significantly fewer cells ireyes (Fig. 4C,D). _
the ganglion cell layer (GCL). In normal mice, only 41% of Interestingly, we also dlsco_vere_d that the abundan_ce of cone
the cells in this layer are actually RGCs and contribute axorighotoreceptors was substantially increasedath5~ retinae.
to the optic nerve; the remaining 59% are considered displac&¥e confirmed this increase using three different cone cell
amacrine cells (Drager and Olsen, 1981; Jeon et al., 199@1arkers— peanut agglutinin (PNA), a lectin that binds to the
Perry, 1981). Third, the majority of mutant eyes have area®atrix sheath surrounding cone but not rod _photoreceptors
with disrupted cell layering (Fig. 3E), including rosettes(Blanks and Johnson, 1983; Ng et al., 2001; Rich et al., 1997;
(arrowheads in Fig. 3F). Fourth, we found no optic stalkig. 4E,F); short wavelength (S) cone opsin, which is
remnant in serial sections of adWtath57~ eyes, and the e€xpressed in a ventral-to-dorsal gradient by approximately
central artery and vein, which normally enter the eye via thé0-80% of cones in normal mice (Applebury et al., 2000; Fig.
optic nerve, were absent. Fifth, we observed ectopic bloofiG.H); and neuron-speciffstubulin (TUJ1), which is present
vessels within the posterior chamber in many mutant animal§ cones at significant but lower levels than in RGCs (Fig.
(arrows in Fig. 3F) and less frequently within the GCL or IPL4C,D). In mutant mice, these cones were often clustered or

(not shown). These may reflect choroidal neovascularization gnormally positioned in the outer segment layer (Fig. 4F,H).
persistent hyaloid vessels. Similar cone cell findings were noted at P7 and P14 (data not

shown). To determine the magnitude of the cone cell increase,
Specific neuron classes are altered i~ Math57"retinae ~ we disassociated adult neural retinae and counted the
To assess the abundance and patterning of the seven major petiportion of cells that are S-cone opsin-positive (Fig. 41,J).
types, we examined sections of postnMath5+, Math5”-  In normal laboratory mice, cones account for 2.8% of all
and Math57~ eyes by light microscopy using a panel of 15photoreceptors (Carter-Dawson and LaVail, 1979a; Jeon et al.,
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Fig. 3.Ocular abnormalities in adufath57~mice.

(A,B) Ventral view ofMath5*+ andMath57~ P21 brains,

with rostral ends pointing upwards. Olfactory bulbs have
been removed. Both optic nerves and the optic chiasm are
absent in thélath57~ mouse. (C-F) Hematoxylin and
Eosin-stained transverse sections of R&th5"+ (C)
andMath57~ (D-F) eyes. Mutant retinae have regions of
normal (D,F) and disrupted laminar structure (E and
arrowheads in F). However, even in areas with largely
normal structure, cells and axons are missing from the
INL, IPL and GCL (D,E). Ectopic blood vessels are
present in the vitreal space of mutant eyes (arrows in F).
gcl, ganglion cell layer; inl, inner nuclear layer; onl, outer
nuclear layer. Bars are 1.5 mm in A; 2@ in C; and

200pum in F. onl!

1998), and thus approximately 2.5% of all ret
cells (Rodieck, 1998). We observed that+D.2%
of disassociated retinal cells fromath5"~ mice
were reactive with S-cone opsin antisera. Thest
values are similar, if one assumes that 70% of ¢
express S-opsin (Applebury et al., 2000).
Math57~ littermates, the proportion of positi
retinal cells was 3.0 + 0.4%, which is significal gcl -2 ks
higher (Fig. 4l). The ratio of cones to RGCs =
normal C57BL/6 mice is approximately four to
(roughly 180,000 to 45,000; Jeon et al., 1998). <

cones are increased by 75%Ntath57~ mice, this
exceeds the loss of RGCs by two- to three-
Although this calculation ignores variations in

number of RGCs among normal inbred labora onl
mouse strains (Jeon et al., 1998; Williams et

1998) and assumes that there is no signif
decrease in the number of rod photoreceptors i
Math5mutant (see below), the reciprocal changt inl
RGC and cone cell populations are comparab
magnitude.

Amacrine cells have highly overlapping birthd: b
with RGCs and cones. This class of cells, origir gcl )
named because they have no axons (Ramoény
1892), is extremely heterogeneous and consists o, w.
least 22 different morphologically and molecularly distinctof cells remaining in the GCL of adWtath57~ mice (Fig. 3D)
subtypes (MacNeil and Masland, 1998; Masland, 1988are displaced amacrines.

Strettoi and Masland, 1996). Although the majority of To further characterize this diverse cell population, we
amacrines reside in the INL, a significant proportion areexamined two important amacrine subtypes. A2 cells are the
located in the GCL, where they are termed displacedingle most common subtype of amacrines, accounting for
amacrines. We were therefore particularly interested i12.6% of all amacrines cells in the rabbit (MacNeil and
studying these cells iMath57~ retinae. The protein syntaxin Masland, 1998), and are selectively labeled with antibodies to
is present in the dendritic processes and perikarya of dlhe calcium-binding protein calretinin (Massey and Mills,
amacrine cells (Barnstable et al., 1985). We observed simildi999). We found that A2 amacrines are decreasedaith5
patterns of immunostaining with this pan-amacrine marker imutants (Fig. 5E,F) but that a substantial fraction of cells
mutant and wild-type eyes (Fig. 5A,B), indicating thatremaining in the GCL are calretinin-positive. These
amacrine cells as a whole are grossly normal. The transcriptiaiservations are consistent with our conclusion that the cells
factor Pax6 was also similarly expressed by INL and displace@maining in the GCL are displaced amacrines. Dopaminergic
amacrine cells in mutant and wild-type postnatal eyes (Figamacrines are relatively rare, arborize extensively, and appear
5C,D). Although Pax6 protein is normally expressed by botho have a neuromodulatory role (Masland, 1988). This
amacrines and RGCs in postnatal retinae (Belecky-Adams atmacrine subtype, identified by tyrosine hydroxylase
al., 1997; Davis and Reed, 1996; Hitchcock et al., 1996mmunostaining (Ballesta et al., 1984), appears to be missing
Koroma et al., 1997), ganglion cells are absent inMaéh5  in Math57~ mice (data not shown). However, because the
mutants (Fig. 4B,D). On the basis of their relative density andverall number of amacrines is largely unaffecteMath57-
expression profile (neurofilament- and TUJl-negativeeyes, it is plausible that one or more untested subclass will
syntaxin- and Pax6-positive), we conclude that most, if not alexhibit an increase in cell number.

inl
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Fig. 4.RGCs are absent and cone photoreceptors are increased in
Math57~mice. (A,B) Neurofilament (160 kDa) is normally expressed
by RGCs (arrow in A) and horizontal neurons (arrowhead in A). This
marker highlights the loss of RGCs and their axon fibekdath5
mutants (B). Horizontal cells are unaffected. (C,D) ARtitbulin

(TUJ1) labeling shows the absence of RGCs and an excess of cone
photoreceptors ivlath57~retinae. RGCs are strongly labeled in the
wild-type section (arrow). (E,F) Peanut agglutinin (PNA) stains all cone photoreceptors. Individual cones are visibléditythe (@rows in

E) but the density of cones is greatly increased ilvi&iga57~mice (F). (G,H) The abundance of S-cones is also increadéath mutants.

The arrows in G indicate normal S-cone outer segments. Mutant cones are irregularly arranged in the outer retina (beackéts im Bome
mutant sections, S-cone outer segments were observed within the ONL (arrows in H), OPL or INL. (I) Histogram comparirdatieeaiiun
S-cones irMath5" ~andMath57~ mice as a percentage of total retinal cells. The bars show mean values and standard errors for these two
genotypes. The increase in conedlath57~ mice is statistically significantsf] = 2.74,P <0.01). (J) Dissociated retinal cells labeled with
S-cone opsin antisera (green) and propidium iodide (red). All retinal sections (A-H) are from P21 mice. gcl, ganglion adll ilayer

nuclear layer; onl, outer nuclear layer. Bars areiidn B; 30um in F; 50um in J.

Maths

genotype

Loss ofMath5 had no apparent effect on the number orrevealed by comparing the patterns@®fial expression in
arrangement of rods, assessed by rhodopsin immunostainiipth5~ andMath57~ eyes at E15.5 (arrows in Fig. 6C,D).
(data not shown), or horizontal cells, assessed by calbindin (ddtgense-gal staining of RGC axons was observed at the
not shown) and 160 kDa neurofilament immunostaining (Figvitreal margin inMath5"~ but not in Math57~ eyes. In
4AB). However, we did observe a decrease in rod bipolar (Figaddition, -gal-positive cells, which are confined to two
5G,H) and Miiller glial (Fig. 51,J) cells. The rod bipolars alsolayers in Math5"~ optic cups at E15.5, were distributed
did not form a defined sublayer in the IPL. A similar decreasacross the thickness of the retina (compare Fig. 6C with D).
in cone bipolars was noted using the marker recoverin (data ndd determine if any differentiating RGCs are present
shown). This reduction in bipolars and Mdller glia may resultransiently, we examined the E15.5 mutant retinae with the
directly from loss ofMath5 activity or indirectly from a marker TUJ1, which specifically identifies RGCs at this age

depletion of progenitors earlier in development. (Brittis and Silver, 1994; Watanabe et al., 1991). In contrast
. . - to the adult eye (Fig. 4C,D), we found that lossMzth5
RGC development is abnormal in -~ Math5~~ mice caused a great reduction, but not a complete absence, of

Our initial assessment of thelath57~ retinal phenotype RGCs at E15.5 (Fig. 6E,F).

focused on adult eyes so that all neuron and glial cell classesWe also compareMath57~, Math5"~ andMath5"* eyes
could be examined simultaneously. However, at birth, mutardt E15.5 for expression oBrn3b by semi-quantitative
retinae appeared thinner and less well laminated (data nBT-PCR (Fig. 1D). This POU domain transcription factor is
shown). This suggested thMath5 is required at earlier, expressed by nascent RGCs as they leave the cell cycle,
prenatal stages of retinal development. We thereforenigrate to the vitreal surface of the retina, and differentiate
examined mutant retinae at E15.5, whdathS mRNA is  (Erkman et al., 1996; Xiang et al., 1993). Targeted deletion
maximally expressed and at E13.5, which is 1-2 days aftef Brn3b causes a 70% reduction in the number of RGCs in
the onset of RGC differentiation. At both agésath57-  the adult eye (Erkman et al., 1996; Gan et al., 1996). This
retinae are noticeably thinner than those Mdth5* or  gene may thus be a downstream targeMath5 regulation.
Math5 - littermates (compare Fig. 6A with B, 6E with F, and Our results show a severe reductionBoh3b expression in

6G with H). Hematoxylin and eosin staining at E15.5 showed/ath57~ eyes at E15.5 and an intermediate level in
that RGC axon bundles, normally present at the vitredheterozygotes (Fig. 1D).

surface, are missing or greatly diminished/ath5”~retinae Finally, we assessed RGC formatiorMath5”~ retinae at
(arrows in Fig. 6A,B). The reduction in RGC axons was als&13.5 using the 160 kDa neurofilament marker (Fig. 6G,H).
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Fig. 5. Other retinal neuron
defects inMath57~mice.

(A,B) Anti-syntaxin (HPC-1)
immunostaining shows that
amacrines in vitread INL (arrow)
and displaced amacrines in the
GCL are grossly unaffected.
(C,D) Pax®6 is similarly expressed
by INL and displaced amacrine
cells of wild-type (C) andlath5
mutant mice (D). (E,F)
Calretinin-positive A2 amacrines
in the INL (arrow) and GCL
(arrowhead) are reduced in the
Math5mutant (F) compared to
wild-type (E). (G,H) Rod bipolar
cells labeled with anti-protein
kinase C have cell bodies in the
sclerad INL (arrow) and synapse
with photoreceptors in the OPL
and A2 amacrines in the IPL.
These neurons are reduced in
Math57~ retinae and lack well
organized synaptic termini in the
IPL. (1,J) Anti-vimentin staining
shows radial fibers of Muller glia
extending acrosslath5* retinal
laminae. The abundance of
Milller glia is reduced iMath57~
eyes. Retinal sections in A-D are
from P14 mice and those in E-J
are from P21. gcl, ganglion cell
layer; inl, inner nuclear layer;
onl, outer nuclear layer. The bar
is 100pum in B.

Neurofilament 160 kDa expression in RGCs generallyThe increase in cone cell differentiation in -~ Math57-
precedes TUJ1 reactivity (Macabe et al., 1999) and caffice occurs early

be detected in migrating RGC precursors as well a# Math57~mice, an increase in cone photoreceptors is correlated
post-migratory RGCs residing in the GCL. The results wersvith the deficiency of RGCs, suggesting that a shift in progenitor
similar to those obtained at E15.5 with TUJ1.Miath57~  cell fate occurs during retinal histogenesis. To explore this
retinae at E13.5, there is a conspicuous deficiency dfypothesis further, we sought to t&&ath5 mutant mice for an
neurofilament-positive RGCs (Fig. 6G,H). A small number ofincrease in cones at the earliest possible age that committed cone
nascent RGCs can be observed, but these are pooihotoreceptors can be identified. This is difficult because there is
organized. There is no well formed GCL and the few axona long delay between cone cell birthdates and overt differentiation.
present are not bundled into nerve fibers (Fig. 6H). Normallfror example, the majority of cones in mice are born between E12
the optic nerve is easily recognized at E13.5 (arrow in Figand E15 (Carter-Dawson and LaVail, 1979b), yet cone opsin
6G) and RGC axons have already extended toward the op#&xpression does not begin until P5 (Cepko, 1996; Szel et al., 1993)
chiasm. Serial sectioning of E13.5 and E15.5 mutant eyeand focal PNA reactivity is not observed in the outer retina until
(n=8) failed to detect even a rudimentary optic nerve (datafter P6 (Blanks and Johnson, 1983). To determine whdttbb

not shown). Instead, we consistently saw a concentration oleficiency causes an early increase in cones, we therefore tested
neurofilament staining in the central retina where the optithe developing retinae of newborn mutant and wild-type
nerve normally exits (arrow in Fig. 6H). Because some RGClttermates with antibodies to recoverin, a calcium-binding protein
appear to form inMath57- embryos, but do not remain that is expressed by rods, cones and cone bipolar cells (Dizhoor
in postnatal eyes, we surveyed mutant retinae for apoptotet al.,, 1991; Milam et al., 1993). Recoverin expression normally
cells by activated caspase-3 immunostaining. Thesbkegins in the outer margin of the mouse retina between E17.5 and
experiments provided no evidence of increased programmd®D.5, and thus significantly precedes the appearance of cone opsin
cell death in mutant retinae at E13.5, P0.5, P7, P14 and P2ahd PNA reactivity. Moreover, at P0O.5 recoverin expression is
(data not shown). The small number of RGCs that fornalmost exclusively restricted to cone photoreceptors, since few
independently oMath5function must be eliminated from the rods and no bipolar cells have differentiated at this stage (Belliveau
eye between the ages of E15.5 and P7, but this may occamd Cepko, 1999; Morrow et al., 1998). Our results demonstrate
gradually. a substantial increase in the density of differentiating cones in
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Fig. 6. Early stages of RGC and cone formation are abnormMaih5”~retinae. Micrographs of retinal sections from E15.5 (A-F) and E13.5
(G,H) embryos and P0.5 newborn mice (1,J). (A,B) Hematoxylin and Eosin-stained sections of wild-typeN@}teBit (B) retinae. Mutant
retinae are thinner in the radial dimension. Arrows in both panels indicate the position of eosinophilic RGC axon fibens efyerent in

A but largely absent in B. (C,[®-gal expression iMath5”~andMath57~ retinal sections. Arrows indicate the RGC axon fibers in
heterozygotes that are greatly reduced in the mutath57~ -gal-expressing cells are distributed across the retinal thickness (top to bottom
of D). (E,F) Antif3-tubulin (TUJ1) immunostaining of E15.5 retinae. A well formed GCL is apparent in the wild-type (E), but is greatly
diminished in thélath57~retina (F). (G,H) Neurofilament (160 kDa) immunostaining highlights the failuxati5’- retinae to form a
significant number of RGCs at an early stage. Arrows indicate a normal optic nerve in wild-type (G) and abnormal axXdiashirtheant

that do not exit the eye (H). (1,J) Recoverin immunostaining demonstrates an early increase in the density of cone prsiohatid-

mice (J). on, optic nerve; gcl, ganglion cell layer. Bars argub®@h A E,I; 20pum in D; and 5Qum in G.

Math57~mice at P0.5 compared to wild type (Fig. 61,J). The shiftl996; Erkman et al., 1996; Gan et al., 1996; Martinou et al.,
in retinal cell populations is thus likely to be determined early1994; Rice et al., 1997; Williams et al., 1998), none completely
during histogenesis. deletes this neuronal cell class. In particular, the less severe
phenotype oBrn3b”~ mice (Erkman et al., 1996; Gan et al.,
1996), and the dosage-dependent decredBmBbexpression
DISCUSSION in Math5 mutants at E15.5 (Fig. 1D), strongly suggest that
Brn3b is a downstream target oMath5 regulation. A
We propose thatlath5 acts positively to determine ganglion comparable relationship has been demonstrated in
cell fate, for four reasons. Fird¥jath5 expression in retinal Caenorhabditis elegansetween théviath5 homologuelin32
progenitors closely matches RGC birthdates (Brown et al(Portman and Emmons, 2000) and the POU domain
1998). Second, ectopic expression of Xemopusthomologue transcription factounc86(Baumeister et al., 1996).
Xath5 or the chicken homologueCath5 biases retinal ]
progenitors toward an RGC fate (Kanekar et al., 1997; Liu dtoss of Math5 causes a change in cell fate
al., 2001). Third, this is consistent with the establishedn Math5 mutant mice, RGCs are absent and cone
proneural role of other bHLH genes suchatsnal (Cepko, photoreceptors increased. This relatively narrow phenotype
1999; Jarman et al., 1994; Kageyama et al., 1995). Fourth, veentrasts sharply with the absence of all photoreceptaterial
now report that targeted disruptionM&th5in mice causes a mutant flies (Jarman et al., 1994), which occurs because
specific loss of RGCs and optic nerves, and a concomitaBtrosophila eye development relies upon sequential inductive
increase in cone photoreceptors. WhNgath5 may also  mechanisms that begin with R8 cells. We believe the cell type
contribute to early RGC survival, it is not significantly shiftin Math57~mice reflects the continuously available pool of
expressed in adult eyes and thus cannot be continuougbyogenitors that underlies vertebrate retinogenesis (Cepko et al.,
required for ganglion cell maintenance. Moreover, becaus&996; Turner et al., 1990). A similar binary switch has been
mutant eyes are normal in siMath5also does not appear to observed in developing cochlealdith1”~mice, between inner
significantly control growth of the optic cup, in contrasPax6  hair cell and supporting cell fates (Bermingham et al., 1999).
andChx10(Burmeister et al., 1996; Hogan et al., 1986). We propose that the majority of progenitors that would
Although other mutations are known that affect the quantitjpormally become RGCs switch their primary fate to cones
of RGCs in adult mice (Bonfanti et al., 1996; Burne et al.when Math5 function is removed. Indeed, the changes we
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observed in ganglion and cone cell populations are similar ithe abundance of cones. Third, cones may represent a relatively
magnitude, and were detected as early as it is possible generic default fate for early progenitors whose exit from the cell
reliably identify these two cell types (Fig. 6). The numericalcycle is delayed (Henrique et al., 1997). According to this model,
surplus of cones, compared to the loss of RGCs, could ariske essential and primordial role bfath5is not to specify
because precursor cells undergo one to two additional mitosganglion cells per se, but to direct commitment of early retinal
before differentiating as cones, or because RGCs are normahgurons to the first appropriate fate, which in vertebrates is an
overproduced and then selectively culled. A developmentdRGC. In the absence bfath5 progenitors are forced to commit
connection between RGCs and cones is supported Mg the next available fate, which in mice is a cone photoreceptor.
independent gain- and loss-of-function experiments in whicffhe last model is similar to the first but involves a more fluid
progenitor cell fate was altered by ectopic expression adnd time-dependent view of developmental competence (Cepko
Deltal Retroviral transduction of chick retinae (Henrique etet al., 1996). In this context, it is compelling that thkritz
al., 1997) and mRNA injection of frog retinal precursorsmutation in the zebrafighth5gene causes an equivalent deletion
(Dorsky et al., 1997) with wild-typPeltal biased progenitor of all RGCs and a concomitant increase in amacrine, bipolar and
cells to become cones. Conversely, infection of chick retina®liller cells, but no change in cone photoreceptors (Kay et al.,
with a dominant-negativ@eltalretrovirus produced an excess 2001). These observations correlate well with the relative birth
of RGCs at the expense of photoreceptor cells (Henrique et abrder of retinal cell types in these two species (Altshuler et al.,
1997). 1991), since cones and rods are the last-born cell types in the
Three models can explain the binary cell fate switch ircentral zebrafish retina (Hu and Easter, 1999).
Math57~mice (Fig. 7). Each is consistent with the overlapping In addition to major changes in RGC and cone populations,
early birthdates of RGCs and cones (Altshuler et al., 1991), theive also observed less dramatic reductions in bipolar and
shared expression d@d-gal in Math5”~ heterozygotes, and Miiller glial cell populations ifMath57~ mutants. There are
retroviral lineage studies (Turner et al., 1990). These models atwo possible explanations for this phenotype. First, bipolar and
conceptually distinct, but not mutually exclusive. First, althoughMiiller cells may requirdlath5function directly. However, we
vertebrate retinogenesis does not utilize a strict lineagkave been unable to detect either endogehtais5 mRNA or
mechanism (Cepko et al., 1996), a subpopulation of precursgBsgal activity in these cell types. Instead, it is more likely that
may emerge with relatively restricted developmental potentiathe deficiency of bipolar and Miiller glial cells occurs because
through which particular cell fates are coupled. In the absena# an overall defect in retinal development, secondary to the
of Math5 for example, a bipotential RGC-cone precursor wouldoss of RGCs and depletion of progenitors, since these are the
be expected to differentiate exclusively into cone photoreceptorast two cell types to form in the mammalian retina. The
Cones would thus represent a specific alternative fate for eamgduced thickness dflath5 mutant retinae at E15.5 supports
progenitors whose RGC development is blocked (Waid anthis idea. We also observed patches of laminar disorganization
McLoon, 1995). According to this orthodox model, thein Math57~ mutants. This may reflect the deficiency of Muller
persistance of-gal activity in cones (Fig. 2G) may reflect the glia, whose processes extend radially across the retina and
legacy ofMath5 expression in this bipotential precursor cell. which are required for laminar integrity (Dubois-Dauphin et
Second, RGCs may act extrinsically to inhibit cone cellal., 2000; Rich et al., 1995; Willbold et al., 2000), or the
determination (Belliveau and Cepko, 1999; Waid and McLoonabsence of an inherent patterning function provided by the
1998), so that loss dflath5(and RGCs) may indirectly increase RGCs during retinal development (Hinds and Hinds, 1974;

Wild-type 1 2 3
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cones | & i N Y) l early
bipotential Math5 t
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Maths )
RGCs @R QR / w [y !
A A !
Mathb -/- o o o
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Lot O\ "
‘ ‘ “ late rfaﬂ i !

Fig. 7.Binary cell fate switch between RGCs and conddaith57~mice. On the left, diagrams summarize wild-type (upper) and mutant
(lower) retinal phenotypes. RGCs are missing and cones are increased in the mutant. The nuclear layers are indicatedlbg sihaeling
nuclear (INL) and plexiform layers are significantly thinner in the mutant and lamination is disrupted in places. On thegrgims depict
three models that explain the shift from RGCs to cones, which are outlined in the text. In addition to the multipoterdr@ndenit
hypothetical bipotential precursor cells, five differentiated retinal cell types are represented (RGCs, cones, amacriseantipotts).
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Watanabe et al., 1991). Finally, although we observed no glob&bgether Mathl and Math5 reconstitute atonal
change in amacrine cells, we believe it will be important in théunction
future to investigate whether the relative abundance of specifgur results significantly advance the concept of functional

subtypes is significantly affected. conservation within theatonal gene family. InDrosophila
| icl atonal controls development of retinal neurons and the
ARﬂ(jglgeveopment does not depend strictly upon chordotonal organs, which are internal mechanosensory

. o ] structures that act as proprioceptors. In vertebrates, visual
Because aduMath57~ retinae are missing virtually all RGCs, system and proprioceptive functions are separated Meth5
our finding that a subset of embryonic RGCs can differentiatgontrolling the former antathl (Atohl) regulating the latter.
was unexpected and suggests that the initial specification anhth1 is expressed in cochlear and vestibular hair cells,
development of some RGCs MathSindependent. This viprissae, the dorsal spinal column, joint capsules, Merkel touch
situation is not unprecedented since mutations in other vertebratgceptors, and the cerebellum (Ben-Arie et al., 1997; Ben-Arie
bHLH genes, such aglashlandNgn2 have been shown to et al., 2000; Bermingham et al., 1999). Each of these structures
cause a marked reduction, but not the complete deletion @f associated with mechanosensory perception, locomotory
particular neuron classes in the central nervous system (Fodecgbrdination or the integraton and processing of
al., 2000). It will be interesting to study this small, transient clasghree-dimensional spatial informatidiath5andMath1are the
of RGCs further, which can initiate development in the absencgertebrate bHLH genes most closely related in structure to
of MathS For example, it will be important to determine whatatonal This relationship, the absence of significAfathl
becomes of these neurons between ages E15.5 and P21. Sigggression in the eye, and the findings we present here, strongly
they are so few in number, and unable to organize into an opigiggest thaWlath5is theatonalorthologue, and thus the major
nerve or innervate their targets, it is likely that they are clearegroneural gene, for the mammalian eye. There are few other
from the retina through apoptosis. This occurs during normaixamples where two functions identified in the Metazoa are so
postnatal development to a substantial fraction of RGCs whosgeanly partitioned by evolution in the vertebrate lineage. In
axons fail to make appropriate synaptic connections in the braiither gene families, the expression of paralogous genes is
(Bonfanti et al., 1996; Burne et al., 1996; Cowan et al., 1984argely overlapping so that phenotypes can arise only at the
Martinou et al., 1994). IMathS mutant mice, this apoptosis edges where incomplete redundancy is exposed. In contrast,
probably occurs in the interval between P0.5 and P7, since Wgath1 andMath5 act in independent domains. Taken together
observed no significant increase in programmed cell deatfey are functionally equivalent ional
outside this WIndOW It will also be importan.t to determine if Math5 acts during retinal histogenesis, after primary pattern
these short-lived RGCs correspond to a particular functional @srmation in the anterior neural tube, specification of the optic
anatomical subclass of RGCs. Finally, it is also possible iBrimordia, and the major period of the optic cup growth has
theory that these cells are not true RGCs, but are a distingtcurred Math5expression is dependent upeex6(Brown et
immature cell type that transiently expresses part of the RGg)., 1998), which has been positioned near the top of a
differentiation program, includingBrn3b,  neural-specific hjerarchy for metazoan eye development (Gehring and Ikeo,
B-tubulin (TUJ1), and neurofilament 160 kDa. We think this1999). Consequently, our results, like those of Neumann and
latter possibility is unlikely. _ . Nisslein-Volhard (Neumann and Niisslein-Volhard, 2000) for
While this paper was under review, a simMathSknockout  the hedgehogyenes, show that functional homology in visual
allele was reported, with several notable differences (Wang &ystem development extends more deeply Pex6 Finally,
al., 2001). First, th@-gal cassette was targeted to the nucleusgur results further establish an evolutionary parallel between
although the insertion site was not detailed. As a I’eSU't/ertebrate RGCs and f|y R8 photoreceptors (Austin et al,,

the descendants dflathS-expressing progenitors and their 1995; Macabe et al., 1999), the earliest-born neurons of
cellular processes were not histochemically detectable aftgjlaterian visual systems.

differentiation. In contrast, the cytoplasnflegal cassette we

introduced contains eighteen N-terminal amino acids from the We thank Thomas Saunders and Patrick Gillespie of the University
Math5 polypeptide and was readily detected in the optic nervef Michigan Transgenic Animal Model Core for assistance in
at E17.5 and in differentiated cones at P21 (Fig. 2F,G). Sindgoducing mutant mice, with support from the Center for

the mRNAs transcribed from these two alleles are likely to havErdanogenesis; Grant Mastick, Meredithe Applebury, Jenny Robbins,
nd Alexander Dizhoor for antibody reagents; Ursula Drager, Janet

similar hal'f—l|ves, th's. limited comparison suggests that th lanks, Pete Hitchcock, Pamela Raymond, Greg Dressler, Sally
B-ga!aCtOSIdase protein mf’:\y be stabilized by the Mgth&'? ami amper, Jim Lauderdale, Gracie Andrews, Grant Mastick, Connie
terminus or may have significantly greater stability in thecepko and Bill Goossens for scientific and technical advice; and
cytoplasm of differentiated neurons (Callahan and Thomagavid Ginsburg, Monica Vetter, David Turner, Greg Dressler, Derek
1994; Schilling et al., 1991). Second, Wang et al. did noban der Kooy and Steve Easter for critically reading the manuscript.
evaluate cone photoreceptors in Math57~mice and thus did J. B. was supported by NIH genetics training grant GM07544. This
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