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SUMMARY

The laminar arrays of distinct cell types in the vertebrate cycle activator, cyclin E1, which inhibits cell cycle exit,
retina are built by a histogenic process in which cell fate is biases Xath5-expressing cells toward later neuronal fates.
correlated with birth order. To explore this co-ordination ~ We found that Notch activation in this system caused cells
mechanistically, we altered the relative timing of cell cycle to exit the cell cycle prematuely, and when it is
exit in the developingXenopusretina and asked whether  misexpressed with Xath5, it also potentiates the induction
this affected the activity of neural determinants. We found of RGCs. The potentiation is counteracted by co-expression
that Xath5, a bHLH proneural gene that promotes retinal  of cyclin E1. These results suggest a model of histogenesis
ganglion cell (RGC) fate, (Kanekar, S., Perron, M., Dorsky, in which the activity of factors that promote early cell cycle
R., Harris, W. A, Jan, L. Y., Jan, Y. N. and Vetter, M. L.  exit enhances the activity of factors that promote early
(1997)Neuron 19, 981-994), does not cause these cells to becellular fates.

born prematurely. To drive cells out of the cell cycle early,

therefore, we misexpressed the cyclin kinase inhibitor,

p27Xicl. We found that early cell cycle exit potentiates the Key words: Neurogenesis, Gliogenesis, Cell cycle regulation, Notch,
ability of Xath5 to promote RGC fate. Conversely, the cell Proneural geneenopus laevijs<ath5

INTRODUCTION retina suggests that cyclin-dependent kinase inhibitors
p57Kip2 and p27Xicl not only inhibit the cell cycle, but also

In the central nervous system, neurons and glia ofteimfluence cell fates (Dyer and Cepko, 2001; Ohnuma et al.,
differentiate in a conserved histogenic order. In Xe@mopus 1999). The discovery of other such bifunctional molecules, like
retina, for example, retinal ganglion cells (RGCs) are born angeminin (Kroll et al., 1998), suggests the existence of complex
differentiate first, followed by horizontal neurons, amacrindinks between the cell cycle and cell fate determination, the
neurons, photoreceptors and bipolar cells. Finally Miiller gliaunderstanding of which may shed light on the problem of
cells differentiate (Cepko, 1999; Harris, 1997). DNA synthesihistogenesis at a molecular level. Recent work in the
inhibitors have been used to show that birth order is not aDrosophilaCNS (Isshiki et al., 2001) suggests that neuroblasts
essential determinant of cellular diversity in the retina (Harriggo through phases of expressing particular temporally co-
and Hartenstein, 1991). However, in normal developmengrdinated transcription factors. When a neuroblast divides
neurons that exit cell cycle early, differentiate early and assunasymmetrically, the fate of its daughter cell is determined by
early fates, while those that exit the cell cycle laterthe transcription factor expressed by the parent neuroblast at
differentiate later and assume later fates. Molecular insighthe time of the daughter cell's birth. If a similar system was
into this relationship are lacking. One possibility is thatinvolved in vertebrate histogenesis, then forcing a cell out of
determination factors involved in early fates cause cells to exihe cell cycle when it is expressing a particular transcription
the cell cycle early, while the converse possibility — that earlyactor might well influence its fate.

cell cycle exit time influences cells towards early fates is also The best molecular model for fate determination in the
tenable. While several previous studies have shown that tivertebrate nervous system involves the interaction of the
determination factors can aid cell cycle exit, there have begironeural genes, which encode basic-helix-loop-helix (bHLH)
few studies in the CNS showing how manipulating the celtranscription factors, and the Notch pathway. In the vertebrate
cycle influences particular cell fates (Edlund and Jessell, 199€estina, overexpression experiments have shown that proneural
Ohnuma et al., 2001). However, recent work in the vertebratgenes of thatonal class bias cells towards specific fates. For
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example, Xath5 influences progenitors towards early RGCand secondary antibodies. Primary antibodies: anti-R5 (1:1) (Drager
fates (Acharya et al., 1997; Kanekar et al., 1997; Yan anet al., 1984), anti-myc (9E10, 1:500; Sigma), anti-calbindin (1:200;
Wang, 1998). Overexpression of active Notch pathwayigma), —anti-rhodopsin (1:100; Dr Paul Hargrave), anti-
components in this system delays or blocks differentiation?hosphohistone H3 (1:500; Upstate), MPM-2 (1:500; Upstate), anti-
leading to an increase in the percentages of cells that aff¢2 (1:100; Santa Cruz), anti-cyclin A2 (1:100). Secondary

. S b ntibodies: Cy3-conjugated donkey anti-mouse IgG (1:1000), Cy3-
determined at later stages, while inhibition of the NOICP@onjugated donkey anti-rabbit IgG (1:1000), FITC-conjugated goat

pathway leads to an increase in the percentages of cells typgs: . Jbpit 1aG (1:500). FITC-coniugated qoat anti-mouse 1aG (1:500-
that differentiate early (Bao and Cepko, 1997; Dorsky et al;jackson La%orgtbries))’. Jugatecd 96 (1:500;

1997; Dorsky et al., 1995; Henrique et al., 1997). As cells

differentiate in the retina, they downregulate Notch and Deltd,ipofection

releasing themselves from inhibition. Successive release pCS2+ or pCS2+MT constructs were lipofected into eye primordia of

different cells from Notch inhibitory activity is involved in Xenopusembryos at stage 15, unless otherwise stated, according to

orchestrating progenitor cells to differentiate at different timeghe methods as described previously (Holt et al., 1990; Ohnuma et

along different pathways (Cagan and Ready, 1989; Dorsky @t 1999). A GFP expression plasmid was colipofected to mark

al., 1997; Dorsky et al., 1995). The relationship betweeﬁagsjﬁfte; Cglll\lsAIr:n?r%lé?JISGanpggl26+llpvc\)lg?scngglli;gfen(gren(]ahsseor:?;

neurons ‘?‘”d glia is par_tlc_ularly interesting in this regarq. .B)zolipofection efficiencies were checked using myc-tagged constructs

suppressing the transprlptlon of proneulral bHLH .transcrlptlo nd showed that more than 90% cells were colipofected.

factors like neurogenin-1, overexpression of activated Notc

inhibits neuronal determination and can promote therdU staining and TUNEL assay

differentiation of glia from neural progenitors (Dorsky et al., After lipofection of the indicated constructs at stage 15, BrdU solution

1995; Scheer et al., 2001; Wang and Barres, 2000). Conversedy, 10 mM was injected intra-abdominally every 6 hours from the

neurogenin-1 has recently been found to block astrocytiedicated stage. The embryos were fixed with 4% paraformaldehyde

differentiation by sequestering and inhibiting transcriptionat stage 41 or 42, and then the BrdU incorporation was analysed as

complexes that are necessary for gliogenesis (Sun et al., 200(12.50'“b,eOI previously (Ohnuma et al., 1999). For the experiments
A key to understanding he orderty generaton of neuronali, 5, 2., 10 ves s bt belore i fuon

_dlverSIty In a SySte.m .“ke t.he vertebrate Te“”a may, therefor 'ssay was performed as deécribed previously (Ohnuma et al., 1999).

involve a deeper insight into relationships between the ceft

cycle on the one hand and the activities of Notch and thgnalysis
proneural genes on the other. A systematic study of how theggi types were identified using fluorescence microscopy of cryostat
determination pathways affect the cell cycle, and perhaps mogections from stage 41 embryos. All transfected cells were identified
importantly, how the cell cycle influences the function of theby GFP labelling or myc staining of lipofected constructs. We used
determination pathways has not yet been attempted. In thigo criteria: morphology and layer for cell type identification. For
study, therefore, we took advantage of the develoemppus €xample, a cell was scored as an RGC only if it had characteristic
retlnal System to examlne the temporal and functlonaIRGC mOI’ph0|Ogy, SU(.:h as an axon in the OptIC fibre |aye|’, an(_i asoma
relationships between the genes that control cell cycléérc‘:es iﬁdc Jﬁ;’?rh;\t‘f nqqiggrllfaxll; (‘;‘(’)Ou“n"tjegoéohg‘ée dcigglgt:g ddgsrg;ccriende
_regtlﬁlatlo? andvt\?e gr:anestr'[]h?ttlr:]ﬂuerlllce n(Iaur]:';ll %ndt?llail(cell f[a lls as RGCs. Miiller cells were distinguished from bipolar cells by
In the retina. vve show that the cell cycle 1eeds back on htﬁfleir obvious vitreal process and this identification was sometimes
determination functions of these factors so that early cell cyclgynfirmed with the Miiller-specific antibody R5. We did not
exit favours the RGC fate while late cell cycle exit favours latefjistinguish between rods and cones in this study. Because of
fates. We also show that Notch may have an important novehriability between batches of embryos spawned on different days,
role in histogenesis through its effects on the cell cycle. experiments reported here were always done by comparing different
experimental and control conditions from sibling embryos raised in
identical conditions. For most experiments presented, we scored at

MATERIALS AND METHODS least 500 cells from 8 sectioned retinas for each condition, (unless
) otherwise stated in the figure legend). The results from single
Materials experiments are presented in the graphs, but all key experiments were

Xenopusembryos obtained by in vitro fertilisation were dejellied in repeated at least twice with similar results. Error bars on all graphs
2% cysteine (pH 8.0) and allowed to develop irxMBS. Embryos  indicate s.e.m.. Statistical significance was assessed using Student’s
were staged according to Nieuwkoop and Faber. All expressiontest (in the figures, statistical significance is as follow<0:05,
constructs of Xath3 (Takebayashi et al., 1997), Xath5 (Kanekar et at* P<0.01, ***P<0.001).

1997), Xngnr-1 (Ma et al., 1996), XNeuroD (Lee et al., 1995), Notch-

ICD (Chitnis and Kintner, 1996), Delta-stu (Chitnis et al., 1995),

XSu(H) constructs (Wettstein et al., 1997), p27Xic1 (Su et al., 1995RESULTS

cdc2 (Pickham et al., 1992), cdk2 (Paris et al., 1991), cyclin A2 (Howe

etal., 1995), cyclin E1, cdk4, and cyclin D1 (a gift from Dr Tim Hunt, Proneural genes and Notch pathway genes are

ICRF, UK) were constructed using pCS2+ or pCS2+MT vector.  ypregulated in the ciliary marginal zone (CMZ) of the

retina as cell cycle activators are downregulated

In situ hybridisation and immunohistochemistry . . .
Digoxigenin-labelled antisense RNA probes and the ﬂuoresceinTO analyse the expression of cell cycle genes during retinal

labelled probes were produced from the corresponding constructs afgvelopment with respect to differentiation, we looked at the
then in situ hybridisations were performed onubd cryostat section CMZ of stage 41 retinas. In previous studies, we have shown
at stage 41 as described previously (Harland, 1991). Immunostainiifat genes that are expressed at the more peripheral regions in
was performed on 10m cryostat section using the following primary CMZ are usually expressed earlier during retinal development.
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Fig. 1. Cell cycle genes are downregulated as neuronal determination genes are upregulated in the CMZ Xestageginbryos. In situ
hybridisations to identify expression of the genes indicated on each panel. C,1,0,U,F,L,R and X are overlaid imagesiehtterisiisgtions.
In A the dashed line indicates the end of the CMZ and the solid lines, the boundaries between differentiated layersmxdcatetyions of
co-expression.

Thus, cellularly and molecularly, the CMZ spatially region Il suggesting that the Notch pathway might be involved
recapitulates the temporal differentiation of the embryonidn the transcriptional downregulation of cell cycle activators
retina (Perron et al., 1998). The CMZ continuously generate@d-ig. 1S-U). The lower levels of cell cycle gene expression in
neurons and glial cells from the peripheral region of retinasegion I, where retinal stem cells are located, suggest that these
during the entire life of the animal (Perron and Harris, 2000bxells do not divide as rapidly as the retinoblasts that they
We can divide the CMZ roughly into five regions from generate. We present data (below) to show that Notch activity
peripheral to central, although in reality there may be finecan help retinal cells exit the cell cycle, so it is also important
gradations than we could distinguish here. Retinal stem celts investigate the relationship betwe&Notch-1and Xath5

are located at the most peripheral edge of the CMZ (region é&xpression. As expecteNotch-1starts more peripherally
Fig. 2H) and differentiating cells are found at the central edgthan Xath5 yet there is a clear overlap in the expression of
(region V). Between these, in regions I, 1l and IV, dividing these two genes (Fig. 1V-X) (see also Perron et al., 1998).
retinoblasts become increasingly specified. In this system, The results of double in situ hybridisations (summarised in
therefore, double in situ hybridisations of the cell cycle genebig. 2H) indicate that cell cycle activators are strongly
in relation to proneural and Notch pathway genes reveal thdownregulated as proneural genes become highly expressed.
relative timing of expression. As shown in Fig. 1A-U, all of Previous studies have shown that Xath5 and p27Xicl are
major cell cycle activators, cdc2, cdk2, cyclin D1, cyclin A2,expressed in BrdU-positive cells, suggesting that these cells
cyclin E1, and cdk4 (data not shown) are expressed at thaian still cycle where there are low levels of transcribed cyclins
highest levels in an approximately identical region of the CMZand rising levels of p27Xicl (Ohnuma et al., 1999; Perron et
(within regions 1l and Ill) and their levels dramatically al., 1998). To test this further, we used BrdU incorporation and
decrease just as the expression ofatomal related proneural markers of mitosis to monitor cell division. Fig. 2A-C shows
genes such asXath§ XNeuro Xath3 and Xenopus that after downregulation of the cell cycle activator, cdk2, cells
neurogenin-1 Xngnr-1) increase (Fig. 1A-R and data not in region IV can still proceed through S phase. Also, mitotic
shown). These latter genes are all heavily expressed in regioglls are observed in this region as both cell bodies stained for
IV (Perron et al., 1998). In addition, the cell cycle activatorehe MPM-2 antibody (Fig. 2D) and nuclei for the
are expressed more peripherally than the cdk inhibitophosphohistone H3 antibody (Fig. 2E). These results indicate
p27Xicl (Ohnuma et al., 1999). XNotch-1 expression starts ithat some cells are still able to proceed with at least one more
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Fig. 2. Proliferation of precursor
OINL -
\Y; V cells in the CMZ. (A-C) Double
M staining for cdk2 expression
IINL (A) and BrdU uptake (B). BrdU
] _— was injected at stage 41. The
—L__ GCL embryos were fixed one hour later

| /Le_ns\ and then in situ hybridisation and
BrdU immunostaining were

s performed. (C) Overlaid image.
i (D) Immunostaining of stage 41
, CMZ with MPM-2 antibody.
! Mitotic cells with endfeet are
| indicated by arrows, and
i differentiated photoreceptors and
i RGCs close to CMZ are indicated
sl : by arrowheads. (E), Double
Esisd t staining of stage 41 CMZ using
1
1
1
1
]
1
1
1

cyclin E1
cyclin A2
cyclin D1
cyclinD2

X-Match-1

e phosphohistone H3 antibody (red)
and calbindin antibody (green) to
identify cone photoreceptors.

(F) Immunostaining with cyclin

A2 antibody. (G) Immunostaining
with cdc2 antibody. The end of the

I Il i v " CMZ is indicated by a dashed line
<t > <& <L > InC,D,E FandG. (H), _
Schematic model of the expression
Proliteratio Praliferati Postmitotic
v e of cell cycle components and
ol cycle trangoriprion of determination genes in the CMZ
activators cell cycle
activators of the stage 41 embryO.

division after the transcription of cell cycle activators is2001). Instead the cells that would have given rise to RGCs
downregulated. As the cell cycle is also regulatecappear to stay in the cell cycle longer and give rise to extra
post-transcriptionally, we analysed protein levels bylater born cell types. Thus Ath5 appears to be necessary for
immunocytochemistry (Fig. 2F-G). Cyclin A2 and cdc2 RGCs to exit the cell cycle at the appropriate histogenetic time.
proteins are highly expressed in the region Il and Ill of théBut is it able to drive cell cycle exit? To test this possibility,
CMZ. The amount of cyclin A2 dramatically decreases in thave lipofected retinas witKath5at stage 15 and injected BrdU
peripheral end of region IV while that of cdc2 graduallyinto these embryos at either stage 28 or stage 32. The ratios of
decreases in region IV. BrdU-positive cells were determined at stage 41 (Fig. 3A). The
These results suggest that cell cycle activators areverall fraction of cells taking up BrdU slightly but
downregulated at the transcriptional and then the translationsignificantly decreased wheftath5was transfected at either
level as retinal cells begin to upregulate the Notch pathway arglage. When analysed by cell type, however, we found in both
the proneural genes and go through their last divisions. Thesases thaXath5overexpressing RGCs exit the cell cycle at the
relationships seen in the CMZ are suggestive of what might leame time as control RGCs. Thus, although more RGCs are
happening in retinal cells through developmental time. Indeeborn under the influence dfath5overexpression, they do not
in all genes so far tested, the spatial arrangement of gemesit the cell cycle earlier than normal RGCs. Although some
expression in the CMZ predicts the temporal order ofXathSoverexpressing cells become other cell types, these are
expression in embryonic development of the central retinalso not born earlier than their control counterparts (data not
(Perron et al., 1998). We are therefore able to use these datashewn). These results indicate that the proneural genes like
a model for developmental gene expression as we turn odathSmay contribute to normal histogenesis by helping cell
attention to experiments on the central retina with the caveaycle withdrawal at the appropriate time but that they do not
that timing of expression of these genes in retinal cells durindrive premature cell cycle exit.

development remains speculative until analysed in detail. _ N
Early cell cycle exit enhances the ability of Xath5 to

Does Xath5 have a role in cell cycle exit? induce RGCs

The correlation between the downregulation of cell cycle gend$§ Xath5 does not drive cell cycle exit, the question remains as
and the upregulation of proneural genes raises questions abtat why RGCs are born first in the sequence of retinal
the possible role of genes likath5in the cell cycle. Recent development. The expression sequence of proneural and cell
results with the Ath5 zebrafish mutatdkritz, suggest that cycle genes, shown above, suggests that proneural proteins act
Ath5 does have a role. In this mutant, there is a lack of eary a cellular environment of reduced cell cycle activation, so it
born RGCs (Brown et al., 2001; Kay et al., 2001; Wang et alis possible that cell cycle inhibition is influential to their
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Fig. 3. Activity of Xath5 as an RGC determinant is
affected by modulation of cell cycle activity.
(A) Cell cycle exit of RGC precursors is unaffected
by Xath5. Xath5 plus GFP or GFP only was
lipofected at stage 15, and then BrdU injection
started at stage 28 or late stage 32. At stage 41, the
ratio of BrdU-positive cells in all lipofected cells or
lipofected RGCs was analysed. (B) Cell cycle exit
of RGC precursors is affected by p27Xicl and
cyclin E1. p27Xicl or cyclin E1 was colipofected
with Xath5 at stage 15, and then BrdU injection
started at early stage 32. At stage 41, the ratio of
BrdU-positive lipofected RGCs to all lipofected
RGCs was analysed. (C) Activity of Xath5 as a
RGC determinant is affected by modulation of cell
cycle activity. Xath5 was colipofected with
el | p27Xicl or cyclin E1 at stage 15, and then their
B xaths effect on cell fate determination was analyzed.
B Xath5+p27Xict (D) Deleted constructs of p27Xicl also increase the
50 fraction of cells that become RGCs.
[0 XathS+cyclinE1 (E) Overexpression of cyclin E1 in retinal
@ control precursor cells transiently activates the cell cycle.
An expression construct of cyclin E1 was
lipofected at stage 15 and BrdU injection started at
the indicated stages. At stage 42, BrdU
incorporation was analyzed. (F-H) Retina
lipofected with Xath5 by itself and in combination
with cyclin E1. (F) Retina lipofected with GFP. R,
RGC; P, photoreceptor cell; H, horizontal cell; A,
amacrine cell; B, bipolar cell; M, Mdller glial cell.
(G) Retina lipofected with Xath5 and GFP. The
ratio of RGCs is 50% (12 RGCs out of 24
i B cyclin E1 lipofected cells). (H) Retina lipofected with Xath5,
cyclin E1 and GFP. The ratio of RGCs is 22% (11
RGCs out of 50 lipofected cells).

A controls lipofected with GFP (see below),
while co-lipofection with  p27Xicl
dramatically decreases the ratio of BrdU-

positive RGCs to just 10%, implyingR7Xicl
drives the majority of these cells out of the cell
cycle before stage 32. Cells transfected with
Xath5 have an increased probability of
becoming RGCs and a decreased probability
of becoming late cell types (Fig. 3C,F,G)
(Kanekar et al., 1997). Co-transfection with
p27Xicl strikingly augments this phenotype
such that even more cells become RGCs than
later cell types (Fig. 3C).p27Xicl also
enhances the function of two other proneural
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@CL INL PRL genes that promote early neuronal fate in the
Xenopusretina, Xngnr-1 and Xath3 (data not
Xath5 shown). These results suggest that early cell
control : . .
cyclin E1 cycle exit potentiates the affects of proneural

genes in promoting early cell fates.

In a previous study, we showed that p27Xicl
determinative activities. If so, we would predict that drivinghas determinative effects on its own (Ohnuma et al., 1999),
cell cycle exit early in cells that expressed these proneurgihrough a domain of the molecule that promotes glial fate in
genes might enhance their function. To test this, we cdhe retina. In that study, we also found that p27Xicl could be
expressed the cyclin kinase inhibitor p27Xicl with Xath5 andunctionally dissected by generating N-terminal constructs that
examined the retinas at stage 41 (Fig. 3B). BrdU incorporatiooould no longer induce glial cells but still had kinase inhibitory
from stage 32 indicates that when Xath5 is overexpresseattivity (Ohnuma et al., 1999). Therefore, to assess whether the
alone, 38% of RGCs are BrdU positive, which is similar tokinase-inhibitory activity or the Miuller-inducing activity of
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- p27Xicl was responsible for the
A B C enhancement of the Xath5 phenotype, we
used the construct, Xic1(35-96), which
retains kinase-inhibitory but has no
Miiller-inducing activity. When lipofected
with proneural genes, this construct gives
similar results to the full-length p27Xicl
' (Fig. 3D). We also tested the p27Xicl C-
terminal  construct, Xicl-C, which
- contains just the PCNA binding domain.
XSu(H)Ank Xicl—C inhibits the cell cyqle in S phase
XSu(H)Ank XSu(H)DBM phy instead of at the S transition where the
N-terminal construct, Xic1(35-96) acts

p 100 (Ohnuma et al., 1999). Interestingly, Xicl-

AR C shows an insignificant enhancement of
@ XSu(H)Ank proneural genes function (Fig. 3D),
80 m XSu(H)DBM suggesting that it is not just cell cycle
OGFP arrest, but the point of cell cycle arrest in
G1 that is important for this function.

60

40 Late cell cycle exit inhibits the
determinative effects of Xath5 on

RGCs

If the activity of proneural genes is
modulated by the timing of cell cycle exit,
not only should it be enhanced by cell
cycle inhibitors, but it should also be
diminished by cell cycle activators. To see
if this was the case, we assayed the effects
of several cell cycle activators on cell
cycle. cdc2, cdk2, cdk4, cyclin A2, cyclin
E1, or cyclin D1 were lipofected at stage
15 and BrdU incorporation starting at
stage 32 was assayed at stage 41 when cell
fates could be assayed. Only cyclin E1 was
found to be effective on its own in
stimulating BrdU incorporation in
lipofected retinal cells. Cyclin E1 activates
DNA synthesis at all stages tested
compared to controls, but the activation
declines as the animal ages parallel to the
decline in DNA synthesis in control
— XSu(H)Ank . retinas, indicating that lipofection of
==control Fig. 4.Effects of XSu(H)Ank and cyclin E1 can only keep cells cycling a
XSu(H)DBM on cell cycle regulation e |onger than normal (Fig. 3E).

and determination. (A,B) Stage 41 PR -
retina lipofected with XSu(H) To test if this extra cell cycle activity

constructs plus GFP. (A) XSu(H)Ank. |nh|b.|ted proneu_ral gene fu_nctlon as
(B) XSu(H)DBM. (C) Immunostaining  Predicted, we colipofected cyclin E1 with
of XSu(H)Ank lipofected retina with Xath5 and GFP. Co-lipofection with cyclin
R5 antibody (red), a Mdiller glial cell E1l strikingly decreased the number of
marker. Cells expressing XSu(H)Ank  transfected cells that became RGCs,
time are green. The processes of the basal compared to cells transfected with Xath5
side of the lipofected cells show RS glone, while increasing later born cell

. o . staining. (D) Distribution of retinal types like bipolar cells (Fig. 3C,G,H).
cell type in stage 41 retina lipofected with XSu(H) constructs at stage 15. (E) Effect of BrdU incorporation studies, showed as

XSu(H)Ank and XSu(H)DBM on BrdU incorporation into Muller glial cells. The construct

was lipofected at stage 15. After injection of BrdU at stage 34, the ratio of BrdU-positive expected, that those few co-transfected
cells in Miller glial cells was analysed at stage 41. XSu(H)Ank stops the cell cycle in theCeIIS that do become RGCs are born on
precursors earlier than the natural timing. (F) Effect of XSu(H)Ank on the ratio of average later than those that are
phosphohistone H3-positive cells. After lipofection of the construct at stage 15, the ratio &i@2nsfected by Xath5 alone (Fig. 3B). This
phosphohistone H3-positive cells in the lipofected cell population was measured at stagesuggests that delaying cell cycle exit in
36. (G) Model of Mlller glial cell generation in retina overexpressing XSu(H)Ank. Xath5 overexpressing cells interferes with
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its ability to induce RGCs. There is, however, an alternativenitosis as seen by phosphohistone H3 labelling (Fig. 4F).
explanation for this result. It could be that a large fraction offhese observations indicate that activation of Notch results
the GFP-transfected cells in retinas that were co-lipofecteith both the induction and accelerated cell cycle exit of Muller
with Xath5 and cyclin E1 did not actually express Xath5 (dueell precursors (Fig. 4G). XSu(H)DBM is an inactive variant
to, for example, a possible low co-transfection frequency oof XSu(H) which, when overexpressed, acts as a dominant
interference between the two constructs), and that this accoumtsgative possibly by competing with the native molecule. In
for the lower number of GFP-expressing RGCs. To test thisontrast to XSu(H)Ank, XSu(H)DBM does not promote early
possibility directly, a set of experiments was done using a myeell cycle exit of Muller glia (Fig. 4E). It does, however, act
tagged Xath5. In this case, 25% of the myc-labelled cells can opposition to XSu(H)Ank in that cells transfected
lipofected with cyclin E1 differentiated into RGCs while 48% with XSu(H)DBM tend to differentiate into RGCs and
of the myc-labelled cells lipofected with myc-tagged Xath5photoreceptors but not glia, consistent with its effect on
alone differentiated into RGCs. This result confirms the GFBlocking the Notch regulated lateral inhibition (Fig. 4B,D).
tracer analysis (above), and supports the hypothesis thahis effect is mimicked by other blockers of the Notch
delayed cell cycle exit inhibits Xath5's RGC-inducing activity. pathway, such as the modified ligand Delta(Dorsky et al.,
Simultaneous overexpression of cyclin E1 with Xngnr-1 alsd997). XSu(H)DBM does not significantly enhance or
inhibits the latter's RGC and photoreceptor cell inductivedelay cell cycle exit of these overexpressing RGCs or
activity (data not shown). None of other cell cycle activatoiphotoreceptors (data not shown).
genes ¢dc2 cdk? cdk4 cyclin D1, andcyclin A9, which o _ _ )
failed on their own to stimulate BrdU uptake, affected théNotch activation potentiates the induction of RGCs
function of Xath5 in this co-lipofection assay (data not shown)by Xath5
strongly suggesting that this fate-inhibition is linked tolf early cell cycle exit enhances early neural fates, it might
activation the cell cycle. be expected that Su(H)Ank should enhance rather than inhibit
It has been reported that activation of the cell cycle iXath5 function in this system. However, Notch is a
differentiating neurons by cyclin E1 may result in apoptosisnultifunctional protein that can also inhibit differentiation,
(Neufeld et al., 1998; O’Hare et al., 2000). Thus, it is importanénd retinal cells overexpressing activated forms of Notch on
to know whether overexpression of cyclin E1 also causetheir own often fail to differentiate or become glial cells as
apoptosis here, as another potential explanation for the resufsown above (Dorsky et al., 1995; Scheer et al., 2001). Thus,
is that Xath5-cyclin E1 co-transfected cells that woulda Notch plus proneural co-expression experiment raises the
otherwise become RGCs, die instead. TUNEL staining of cellmteresting question of whether proneural genes can produce
lipofected with cyclin E1 at stage 15 was therefore compareéarly cell types in the presence of activated Notch, especially
with GFP lipofected control cells at stages 29/30, 32, 35/3@s this appears to be the normal context of expression of these
and 40. We did not see any statistically significant differencgenes in early histogenesis (Fig. 1V-X, Fig. 2H) (Perron et
at any of these stages (data not shown), suggesting that cycdih, 1998). It should be noted in this regard that in the early
E1 overexpression does not cause significant apoptosis in thd3msophila eye disc, Notch activity first induces and

cells when introduced this way. enhances thatonalexpression in prospective R8 cells, while
o later it inhibits proneural activity (Baker et al., 1996;
Early cell cycle exit is induced by the Notch pathway Baker and Yu, 1997; Cagan and Ready, 1989; Ligoxygakis

In the CMZ, proneural genes likgath5are first expressed in et al.,, 1998). To test whether Notch activity enhances
cells that express low levels pR7Xicl(Fig. 2H) (Ohnuma proneural function in theXenopusretina, we co-expressed

et al., 1999) suggesting that in normal developm¥athS  XSu(H)Ank with Xath5. As predicted, the gliogenic activity
positive cells may use another mechanism to exit the cetif XSu(H)Ank is completely inhibited by Xath5 (Fig. 4A,
cycle. Notch is highly expressed in regionsXath5positive  Fig. 5B,C). What is also clear, however, is that the RGC
cells (Fig. 1V-X), and Notch activity has been linked ininductive activity of Xath5 was dramatically enhanced by
several studies to cell cycling, with effects that are highlyXSu(H)Ank (Fig. 5A-D). In this experiment, overexpression
context specific, enhancing proliferation in some systems amaf Xath5 alone vyielded 56% of lipofected cells that
inhibiting it in others (Bao and Cepko, 1997; Dorsky et al. differentiated into RGCs, while upon co-overexpression of
1995; Scheer et al., 2001). Indeed, our previous work oRath5 and XSu(H)Ank this rose to a stunning 78% (Fig.
activated Notch in th&Xenopusretina suggested that Notch 5B,D). Co-expression of a constitutively active Notch
activation inhibits proliferation, as clone size was alwayseceptor, Notch-ICD, with Xath5 also enhanced the RGC
small (one or two cells) in XNot&E lipofections (Dorsky et inductive activity of Xath5 (data not shown) at the expense
al., 1995). We therefore wanted to know whether Notclof later born cell types. XSu(H)Ank also enhances the ability
activation promoted cell cycle exit in this system. To addresef Xath3, Xngnr-1, or XNeuroD to induce early cell types,
this question, we used a constitutively active form of XSu(H)particularly RGCs (data not shown), with attendant decreases
XSu(H)Ank (Wettstein et al., 1997). We first examined theof late cell types.

role of the XSu(H)Ank on the cell cycle using BrdU These results show that activation of Notch pathway in the
incorporation and phosphohistone H3 labelling. XSu(H)Ankcontext of misexpressed proneural genes in the developing
by itself induces Muller cells (Fig. 3F, Fig. 4A,C,D) possibly retina does not inhibit neural differentiation, as might have
by interfering with the expression or activity of proneuralbeen suspected from previous results where active Notch was
bHLH genes, but it strongly decreases BrdU uptake by stageansfected by itself, but rather enhances the function of co-
34 in these overexpressing Muller cells compared to contraxpressed proneural genes. Does it have such an effect during
Muller cells (Fig. 4E). It also decreases overall levels ohormal histogenesis, for example in the cells that co-express
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Fig. 5. XSu(H)Ank enhances co-expressed Xath5
activity through its effect on the cell cycle. (A-

B) Stage 41 retina lipofected with Xath5 alone (A)
and in combination with XSu(H)Ank (B). (C)
Almost all RGCs induced by overexpression of
Xath5 and XSu(H)Ank send axons that exit the eye
through the optic nerve head (ONH). (D) Ratio of
cells in the retina lipofected with Xath5 and/or
XSu(H)Ank. Retina was lipofected with the
indicated constructs at stage 15. The effect on cell
type distribution was analysed at stage 41.

(E) Effect of XSu(H)Ank on RGC versus Muller

cell ratios as a function of stage of transfection.
XSu(H)Ank plus GFP was lipofected at the
indicated stages, and the effects on cell fate
determination analyzed at stage 41. In control, GFP
was lipofected at stage 15. Control at stage 18, 21,
or 24 was similar to that of stage 15.

(F) XSu(H)Ank induces earlier cell cycle exit of
RGC precursors induced by Xath5. Xath5 was
colipofected with XSu(H)Ank or with XSu(H)Ank
plus cyclin E1 at stage 15. BrdU injection started at
stage 32. At stage 41, the ratio of BrdU-positive
cells in the lipofected RGCs was analyzed. (G)
Model of RGC generation in retina overexpressing
Xath5 alone or XSu(H)Ank plus Xath5.

a corresponding decrease in those that became
Muller cells (Fig. 5E). These results are
consistent with a role for Notch in the
potentiation of RGC fate in normal
development.

Notch potentiates Xath5 function
through its effect on cell cycle exit

Is this enhanced proneural function actually a
result of Notch’s effect on cell cycle exit as was
shown above for p27Xicl? If so, then BrdU
labelling should show that in the presence of
Xath5, XSu(H)Ank enhances the early cell
cycle exit of RGCs. Indeed, this is the case (Fig.
5F,G). There is, however, the possibility that the
effect on the cell cycle and the effect on
proneural enhancement could be a direct effect
of Notch signalling on Xath5 function and have
nothing to do with the former’s effect on the
cell cycle. To resolve this, it is necessary to test
whether the Notch pathway is actually working
through the cell cycle to enhance the effects of
Xath5. Therefore, we attempted to override the
cell cycle exit caused by XSu(H)Ank by adding
cyclin E1 into the lipofection mixture. When
we performed BrdU studies on these triple
lipofected cells, we found that cyclin E1
reversed the early cell cycle exit caused by
XSu(H)Ank (Fig. 5F). Importantly, when

Xath5 and XNotch-1 (Fig. 1V-X)? If it did have such a role, Xath5 was co-expressed with both XSu(H)Ank and cyclin E1,
then one might expect that later transfection of XSu(H)Ank byhe enhanced RGC induction due to XSu(H)Ank was also
itself, at a stage that did not interfere with Xath5 expressiorhlocked (Fig. 5D). These results clearly implicate the cell cycle
might promote RGC fate. We therefore, transfected retinasxit component of Notch function in proneural enhancement.
with GFP or GFP plus XSu(H)Ank at successively later stageSimilarly, the potentiation by XSu(H)Ank of RGC induction
and found that between stage 15 and 24, there was a gradbglXngnr-1 was also reversed by co-lipofection with cyclin E1
increase in the ratio of transfected cells that became RGCs, aftthta not shown).
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DISCUSSION to influence the effectiveness of these determination factors.
This interplay contributes significantly to retinal histogenesis.
In the Xenopugetina, cell cycle exit is co-ordinated with and We found Xath5 by itself, although it promoted RGC fate, did
influenced by the combined activity of proneural genes and theot appear to do so by causing these cells to exit cell cycle
Notch pathway. Conversely, the state of the cell cycle appeapsematurely. However both p27Xicl and Su(H)Ank, by
stimulating cell cycle exit, strongly enhanced
the ability of Xath5 to induce RGCs, while
cyclin E1, by delaying cell cycle exit, had the
reverse effect on Xath5 activity. Both
Xic1(35-96) by itself and cyclin E1 by itself,
when transfected into the retina, had only
weak effects on cell fate (data not shown)
suggesting that cell cycle exit by itself is not
a key determiner of cell fate, consistent with
previous results (Harris and Hartenstein,
1991). Rather our results suggest that cell

Neurogensis  Gliogenesis cycle exit time modulates the activity of
Low cell High cell High cell Low cell Low cell transcription factors like Xath5 thereby
cycle activators  cycle activators  cycle activators cycle activators  cycle activators . . ! :
High Notch High Notch High Notch helping to co-ordinate early cell cycle exit
High proneural  Low proneural with the activity of transcription factors that

Low p27Xicl High p27Xicl promote early fate

‘ - @ - @ - @-b@ - @ The contribution of the Notch
Stemcells  Retinoplasts  Retinoblasts \ \ \ pathway and the proneural pathway to
Slowly dividing  gapidly dividing  towavrd final cell cycles retinal histogenesis

T ! Proneural gene products like Xath5 bias
progenitor cells towards early neural fates

(Perron and Harris, 2000a). In zebrafish, the

Neurons optic stalk induces the first cells to express
Glial cells Ath5. These c;eIIs th(_an leave the cell cycle and

begin to differentiate as RGCs. Athb5
C / /\ expression spreads across the retina like a
wave driven by a preceeding wave of Sonic

-

R hedgehog (Masai at al., 2000; Neumann and
Nuesslein-Volhard, 2000). Déenopuswe do
GLIAL CELLS NEURERE not know how Xath5 is turned on initially but

we suggest in this paper that part of the
function of these proneural genes is to help

guide progenitors out of the cell cycle at the
times normally associated with these early
|— |— fates. In support of this suggestion, it has
recently been reported th&kritz, a blind
\ l ’//‘ \ l / zebrafish mutant that lacks RGCs, is a loss-
\ \ / of-function mutant of theath5 proneural
gene. Strikingly, in this mutant, cells tend to
arrestlexit arrestexit stay in the cycle at the normal birth date of

RGC precursors. Instead more cells exit the
cell cycle slightly later and differentiate as

amacrine cells, the second born cell type (Kay

Fig. 6. Model of interaction among Notch pathway, proneural genes and cell cycle €t al., 2001). Other INL cells, including
regulation in theXenopusetinal development. (A,B) The spatial development of retinal bipolars, —are also increased, while
cells in the CMZ (A) and the temporal development of retinal cells (B). (1) Stem cells photorectors (the last retinal cells to be born
divide slowly with low level of cell cycle activators; (2) retinoblasts divide rapidly as in zebrafish) are unchanged in number. In
cell cycle activators rise; (3) as cell cycle activators are downregulated, retinoblasts mjce, cones are the second born cell type, and
enter their last cell cycles; (4) as expression of proneural genesalqnwfamlly rise Math5 mutants show a dramatic increase in
in the presence of Notch, the first cells exit the cell cycle and acquire early neural fate&bnes at the expense of RGCs (Brown et al.,
(5) later neural fates are the result of progressive cell cycle exit and the effect of the 001). These observations indicate tatt5
Notch pathway on specific proneural genes; (6) in the last phase of generating retina ’ . )

cells, proneural gene expression has decreased while p27Xicl expression has incre£@m0|09ues clearly parumpate in the normal
favouring a glial fate. (C) Interaction models showing how the same network producediming of cell cycle exit for RGC precursors.
neurons when Notch and proneural levels are high (left), and glia when Notch and  Farah et al., reported that NeuroD2, Math5,
p27Xicl levels are high (right). and Mashl all induce P19 embryonic

Stage of neurogenesis Stage of gliogenesis
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carcinoma cells to exit the cell cycle and differentiate intgophotoreceptors by de-repressing proneural geneXfigar-1,
neurons (Farah et al., 2000). The fraction of cells in th&ath5 Xath3andNeuroD These studies strongly suggest that
Xenopusretina taking up BrdU slightly, but significantly, in this system, activation but not inactivation of the Notch
decreases in Xath5-transfected cells indicating that Xath5 maathway using XSu(H) constructs, drives retinal precursors out
indeed help get cells out of the cell cycle early. When analyseaf the cells cycle prematurely.
by cell type, however, we found no significant difference in the o )
time of histogenesis between Xath5-overexpressing andotch and proneural genes in gliogenesis and
control cells of the same type (Fig. 3A). Overexpression ofleurogenesis
Xath5 clearly causes misexpressing cells to become RGCs, thethis paper, we show that Notch pathway activation, in the
first cell type born, but these misexpressing cells are not boform of overexpressed XSu(H)Ank, strongly enhances the
any earlier than normal RGCs. One possible explanation f&RGC inductive activity of Xath5. It also enhances the RGC
these results is that a precursor specified to become an RA@guctive activities of Xath3, Xngnr-1, and XNeuroD (data not
perhaps through the activity of Xath5, is particularly sensitiveshown). In theXenopusretina, expression of Notch pathway
to other cell cycle exit signals, either extrinsic or intrinsic.genes XNotch-1 XDelta-1, ESR1andESRJ, starts before the
Thus, although the influence of Xath5 on the cell cycle has yetxpression of the atonal family of proneural genes (Perron et
to be clarified, our results suggest that it may be involved ial., 1998). Thus, it does not appear that Notch expression can
the co-ordination of cell cycle exit without actively driving inhibit the expression of proneural genes in this region. This is
cells out of the cell cycle. in contrast to the effect of activating the Notch pathway in the
While it is well known that the Notch pathway influencesneural plate, which clearly downregulates the expression of
cellular determination in the developing nervous systensome proneural genes. By analogy with the role of Notch in
through its indirect transcriptional regulation of the proneurathe induction ofatonal in the Drosophila eye disc (Li and
genes, it also has a variety of other effects, such as the one tBatker, 2001), high levels of Xath5 expression inXlemopus
it has on the cell cycle. Yet, its influence on cell fate througlCMZ even in the presence of active Notch are not surprising.
its effect on the cell cycle has not previously been addresseldis interesting that blocking the Notch pathway by lipofection
Activation of at least part of the Notch pathway by XSu(H)Ankof XSu(H)DBM or Delta-Stu leads to the induction of early
downregulates proliferative potential and results in early celheural fates and the suppression of late glial fates. This is
cycle arrest, as was previously shown by overexpression similar to the phenotype caused by activating the Notch
NotchAE (Dorsky et al., 1995). These results are different fronpathway by XSu(H)Ank or Notch-ICD in the presence of
those in the rat, where Notch expression via retroviral infectioproneural genes lik&atha Our original lipofection technique
induced abnormal growth and larger than normal clones (Baargets retinal precursors very early, before they naturally begin
and Cepko, 1997). Although the reason for this difference i® express proneural genes. Thus, it may be that in the former
not clear, it emphasises the fact that Notch has different effectsise, what is important is blocking the lateral inhibition
on the cell cycle depending upon the context, as has been sgmthway leading to de-repression of Xath5, whereas in the
elsewhere (Baonza and Garcia-Bellido, 2000; Chambers et dafter case, as Xath5 is artificially expressed, the lateral
2001; Johnston and Edgar, 1998). In recent work in thahibition pathway is less important than the early cell cycle
Xenopumeural plate, it appears that XSu(H)Ank activity canexit, which enhances Xath5 function. In an attempt to begin to
downregulate the expression of both cell cycle activators likaddress the question of whether the Notch pathway enhances
cyclinA2 and cdk2 and cell cycle inhibitors like p27Xicl the RGC inducing activity in cells that express Xath5 normally,
(A. Vernon and A. P., unpublished data). In line with thewe transfected XSu(H)Ank at later stages, under the
observation reported here, it has recently been described assumption that doing so would be less likely to inhibit
transgenic zebrafish retinas that cells overexpressing endogenous Xath5 expression and would therefore be more
constitutively active Notch also show early cell cycle exitlikely to result in coexpression of XSu(H)Ank and endogenous
(Scheer et al., 2001). These results indicate that, at least Xath5, thus driving cells out of the cell cycle while they
Xenopus and zebrafish retina, Notch activity negatively express endogenous Xath5. We observed a relative increase in
regulates the cell cycle. Consistent with this finding, the normdhe ratio of RGCs to Muller cells with later transfections
expression of Notch in the CMZ of tienopugetina clearly  confirming the stage dependency of Notch driven phenotypes,
overlaps the mitotic to postmitotic transition region (Fig. 2H).consistent with this possibility. While, it is therefore reasonable
A previous study, using DeftdV, a dominant negative to consider that activation of Notch signalling in the cells
Notch ligand, showed that misexpressing cells tend texpressing Xath5 potentiates its cell fate determination activity
differentiate earlier than control cells, as one might expect dfy promoting cell cycle exit in vivo, we must point out that this
cells in which a lateral inhibitory pathway that blocks cellexperiment does not distinguish between the possibility that
differentiation is compromised (Dorsky et al., 1997). HoweverXSu(H)Ank has this temporal effect by inhibiting other
that study did not address the question of whether ¥¥8lta proneural genes that drive other fates, or driving cells out of
affected the birthdate of misexpressing cells. In this study, wihe cell cycle early. Indeed, it may do both.
examined this question directly using XSu(H)DBM and found The Miuller cell inducing activities of both p27Xicl and
that blocking the Notch pathway appeared to have n&Su(H)Ank are strongly suppressed by the proneural genes
significant effect on cell cycle exit times of any of the cell typedested in th&Xenopugetina (Fig. 3B, Fig. 5D) (Ohnuma et al.,
investigated, although it slightly, but insignificantly, advancedl999). These proneural genes also inhibit endogenous glial
the average cell cycle exit for all cells (data not shown). Adletermination in theXenopusretina (Kanekar et al., 1997;
probable explanation for this is that XSu(H)DBM biasesPerron et al., 1999). Indeed, overexpression of any of several
retinal progenitors towards early fates such as RGCs amtoneural bHLH genes, includiniylashl, Math2 Math3
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Ngn1, Ngn2 NeuroD or NeuroD2 inhibits differentiation into  transcription factors that push cells down a neural pathway and
Mduller glial cells in rat retina (Cai et al., 2000). Sun et al.they inhibit gliogenesis (Fig. 6C left). Notch activation causes
reported that, in cortical cell culture, neurogenin-1 inhibitssome proneural-expressing cells to leave the cell cycle at this
astrocyte differentiation by sequestering a CBP-Smadpoint and thus, it seems, enhances the determination activities
transcription complex away from astrocyte differentiationof these proneural genes. It may be that high levels of proneural
genes (Sun et al., 2001). While the proneural genes appeargene expression at the time of cell cycle exit help determine
be dominant when co-expressed with glial inducers such dke fate of these cells, not unlike the caseDiosophila
p27Xicl and XSu(H)Ank, it is also clear that these glialneuroblasts in which the transcription factor expressed at the
inducers when lipofected on their own prevent neurogenesiime the ganglion mother cell is born is critical for its fate
Activation of Notch is known to inhibit primary neurogenesis(Isshiki et al., 2001). The Notch pathway eventually suppresses
induced by Xash3 in earlXenopusembryogenesis (Chitnis the transcription of proneural genes, leading to a decrease in
and Kintner, 1996). Similarly, when Xath5 is co-overexpresse@roneural expression at the same time that the bi-functional cell
with Notch-ICD from the cleavage stage by mRNA injection,cycle inhibitor and glial inducer p27Xicl is upregulated (Fig.
Xath5 induction of RGCs in the retina is inhibited (Schneide6A). This changes the balance from neural to glial and the
et al., 2001). This result is contrary to our present findingsombined activity of Notch and p27Xicl drive these last
using lipofection at later stages where Notch promotes théividing cells out of the cell cycle toward a glial fate (Ohnuma
function of co-expressed proneural genes. This discrepanef al., 1999) and (Fig. 6C right). While this model may not be
might be explained in part by the zinc-finger gene transcriptioaccurate in detail, the results presented here support a critical
factor XMyT1 (Bellefroid et al., 1996), which is expressed inaspect of it, i.e., early cell cycle withdrawal enhances proneural
the differentiating retina but not in early stages of developmeritinction and thereby early neuronal fates. Conversely, late cell
(Perron et al.,, 1999). When XMyT1 is simultaneouslycycle withdrawal inhibits proneural function and pushes cells
overexpressed by RNA injection into blastomeres, activatetbwards later fates. This interplay between the cell cycle
Notch no longer inhibits the ability of Xath5 to induce RGCsmachine and the determination machine helps to co-ordinate
(Schneider et al., 2001). Therefore the effect of Notch ometinal histogenesis.
neural versus glial development is highly dependent on the
molecular context of its activation, e.g. the co-expression state We thanks J. L. Maller, T. Hunt, and M. L. Vetter for providing
of the proneural genes, ¥MyT1and ofp27Xicl cDNAs a_md S. Bray, and M. L. Vgtter fc_>r critical readu_qg of the
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