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The vertebrate neural retina contains seven major cell types, which arise from a common multipotent pro-
genitor pool. During neurogenesis, these cells stop cycling, commit to a single fate, and differentiate. The
mechanism and order of these steps remain unclear. The first-born type of retinal neurons, ganglion cells
(RGCs), develop through the actions of Math5 (Atoh7), Brn3b (Pou4f2) and Islet1 (Isl1) factors, whereas in-
hibitory amacrine and horizontal precursors require Ptf1a for differentiation. We have examined the link be-
tween these markers, and the timing of their expression during the terminal cell cycle, by nucleoside pulse-
chase analysis in the mouse retina. We show that G2 phase lasts 1–2 h at embryonic (E) 13.5 and E15.5 stages.
Surprisingly, we found that cells expressing Brn3b and/or Isl1 were frequently co-labeled with EdU after a
short chase (b1 h) in early embryos (bE14), indicating that these factors, which mark committed RGCs, can
be expressed during S or G2 phases. However, during late development (>E15), Brn3b and Isl1 were exclu-
sively expressed in post-mitotic cells, even as new RGCs are still generated. In contrast, Ptf1a and amacrine
marker AP2α were detected only after terminal mitosis, at all developmental stages. Using a retroviral tracer
in embryonic retinal explants (E12–E13), we identified two-cell clones containing paired ganglion cells, con-
sistent with RGC fate commitment prior to terminal mitosis. Thus, although cell cycle exit and fate determina-
tion are temporally correlated during retinal neurogenesis, the order of these events varies according to
developmental stage and final cell type.

© 2012 Elsevier Inc. All rights reserved.

Introduction

The vertebrate neural retina is populated by seven major cell types,
which are generated in an invariant histotypic order from a common
progenitor pool (Livesey and Cepko, 2001; Wong and Rapaport,
2009). Individual cell fates are specified by intrinsic transcriptional pro-
grams and the retinal microenvironment. At the onset of retinal neuro-
genesis, on embryonic day 11 (E11) in themouse, the first neurons exit
the cell cycle and differentiate as retinal ganglion cells (RGCs), whose
axons form the optic nerves. Mouse RGC birthdates extend from E11
to P0 with a peak at E14 (Drager, 1985; Young, 1985a). This temporal
profile significantly overlaps the distribution of birthdates for cone pho-
toreceptor, horizontal and amacrine cells. Rod photoreceptors, bipolar
cells and Müller glia generally have later birthdates.

RGC development is controlled by a complex transcriptional net-
work.Math5 (Atoh7) is expressed transiently in multipotent precursors
(Brzezinski et al., 2012; Skowronska-Krawczyk et al., 2009; Yang et al.,

2003) and is necessary for RGC fate specification (Brown et al., 2001;
Wang et al., 2001). The Brn3b (Pou4f2) and Islet1 (Isl1) homeodomain
genes form two regulatory nodes that are downstream of Math5 in
the RGC differentiation hierarchy (Mu et al., 2008; Pan et al., 2008).
Both factors are thought to be expressed in newly post-mitotic cells,
and are abundant in differentiated ganglion cells (Pan et al., 2005; Pan
et al., 2008; Xiang, 1998). Brn3b appears to mark committed RGC pre-
cursors, as it is expressed exclusively in RGCs and required for terminal
differentiation (Erkman et al., 1996; Gan et al., 1996; Qiu et al., 2008;
Xiang, 1998). Brn3b is made in most, but not all, differentiated RGCs.
Paralog Brn3a, and likely Brn3c, are functionally interchangeable with
Brn3b at the protein level (Pan et al., 2005). These three genes have
highly overlapping but distinct spatiotemporal expression patterns
(Xiang et al., 1993, 1995), which confer unique roles in RGC differentia-
tion (Badea and Nathans, 2011; Badea et al., 2009; Wang et al., 2002a).
Isl1 is also required for RGC development (Mu et al., 2008; Pan et al.,
2008), but is expressed in a wider population of cells (Elshatory et al.,
2007a). The Brn3b+ population is essentially contained within the Isl1
lineage (Pan et al., 2008). Amacrine andhorizontal neurons are specified
in part by Ptf1a, a transiently expressed factor that acts downstream of
FoxN4 (Fujitani et al., 2006; Li et al., 2004). Brn3b and Ptf1a are likely
to assemble in opposing transcriptional complexes that regulate RGC
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or amacrine/horizontal cell differentiation, respectively (Fujitani et al.,
2006; Qiu et al., 2008).

The sequential birth order of different retinal cell types reflects a shift
in the fate bias of progenitors during development (Livesey and Cepko,
2001). In addition, the progenitor cell cycle length increases progressive-
ly (Alexiades and Cepko, 1996; Sinitsina, 1971; Young, 1985b). Because
neurons do not divide, and differentiation occurs after the final division,
it is generally thought that cell cycle exit is strictly coupled to fate speci-
fication. However, it remains unclear how cycle length, terminal division,
and neurogenic fate are linked, and precisely when fate commitment oc-
curs (Dyer and Cepko, 2001; Ohnuma andHarris, 2003). To explore these
questions, we have determined the onset of expression of three key reg-
ulators of RGC, horizontal and amacrine cell fate specification (Brn3b, Isl1
and Ptf1a), relative to the terminal cell cycle. Unexpectedly, during early
development (E11.5–E13.5), we found that Brn3b and Isl1, unlike Ptf1a,
can be coexpressed prior to cell cycle exit, during late S or G2 phases. Ret-
roviral lineage analysis revealed multiple two-cell clones containing
paired RGCs, suggesting that these terminal progenitors represent com-
mitted ganglion cell precursors that undergo a final mitosis. Surprisingly,
the timing changes significantly during late embryonic stages (after E15),
such that Brn3b and Isl1 are expressed exclusively in post-mitotic cells.
Our findings suggest that cell fate commitment can occur before or
after cell cycle exit. The order of these events is not rigidly fixed.

Results

G2 phase is 1–2 h long in most retinal cells

The eukaryotic cell cycle is anchored byM phase, when cytokinesis
occurs, and S phase when DNA synthesis occurs. These are separated
by G1 and G2 ‘gap’ phases, respectively (Fig. 1A) (Nurse, 2000). As a
first step to evaluate the timing of the transcription factor expression rel-
ative to cell cycle exit, we systematically determined the onset ofMphase
in cycling progenitors at different developmental stages using EdU or
BrdU pulse-chase experiments. In this experimental paradigm, cycling
progenitors incorporate nucleoside analogs EdU or BrdU during DNA rep-
lication (S phase), and these labeled progenitors are then followed as they
progress through G2 andM phases (Fig. 1A). During the cell cycle, retinal
progenitors undergo stereotyped interkinetic nuclear migration, such

that M phase occurs at the sclerad surface (Fig. 1B) (Baye and Link,
2008). To assess the onset of M phase, we co-stained embryonic sections
for phosphohistone H3 (PH3) and EdU or BrdU to identify the
shortest chase that yielded double-labeled cells. Histone H3 is tran-
siently phosphorylated for the entire duration of M phase (Bradbury,
1992). No EdU+ PH3+ cells were detected after a 1 h EdU chase, while
most PH3+ had punctate EdU labeling after a 2 h chase (Fig. 1C). These
results suggest that M phase initiates at 1–2 h after the end of S phase,
in the majority of progenitors. Similar results were observed at E15.5
(Fig. 1D), and are consistent with measurements of G2 length at other
embryonic times (Sinitsina, 1971; Young, 1985b).

Expression of Brn3b and Isl1, but not Ptf1a or AP2α, prior to cell cycle exit

Using the pulse-chase paradigm, it is possible to unambiguously
identify the onset of expression relative to the end of S phase. Previous
lineage analysis and marker co-staining have shown that Brn3b is re-
stricted to RGCs (Badea et al., 2009; Qiu et al., 2008; Xiang et al., 1995),
and that Ptf1a is confined to inhibitory horizontal and amacrine cells
(Fujitani et al., 2006). As a first step in this analysis, we tested whether
Brn3b and Ptf1a trulymarkmutually exclusive populations of committed
precursors during early retinal development, by co-staining sections from
E13.5 retinas for Brn3b, Ptf1a, and the amacrine marker AP2α (Bassett et
al., 2007). We observed no overlap of Ptf1a or AP2αwith Brn3b (Fig. 2A)
consistent with previous results observed during late gestation (Bassett
et al., 2007; Fujitani et al., 2006; Qiu et al., 2008). As expected, many
AP2α-expressing cells were contained within the Ptf1a population, and
are presumed to be precursors of inhibitory amacrine neurons.

We next determined the onset of Brn3b, Ptf1a and AP2αwith respect
to the terminal cell cycle as outlined (Fig. 1A). At both E13.5 and E15.5,
we observed no overlap between Ptf1a or AP2α and EdU after a 4 h
chase (Fig. 2B, C), but Ptf1a+ EdU+ cells were apparent after a 12 h
chase (Fig. 2D, E). Although Ptf1a is transiently expressed and vital for de-
velopment of horizontal and amacrine cells, its actions are apparently
delayed until after cell cycle exit,most likely during cellmigration. In con-
trast, at E13.5,we found that Brn3b+EdU+cellswere present after a 1 h
chase (2–5 per high‐powerfield, Fig. 3A). All Brn3b+cellswere cyclinD1
− (cycD1), including the EdU+ cohort, whereas the vast majority of
EdU+ cells (>95%) were cycD1+ (Fig. 3A). In most cycling cells,

Fig. 1. Timing of cell cycle progression in the mouse retinal neuroepithelium at E13.5 and E15.5. (A) EdU pulse-chase experiments. Phosphohistone H3 (PH3) is expressed during M
phase, while cyclin D1 is primarily expressed during G1 and early S phases. After an EdU pulse, labeled S phase cells progress into G2, M and G1/G0 phases. (B) Diagram of inter-
kinetic nuclear migration, showing the positions of progenitor nuclei at each stage of the cell cycle. Following terminal M phase, G0 daughters segregate vertically according to their
cell fate. Ganglion cells (RGCs) migrate toward the base (vitread), while photoreceptors (pr) migrate toward the apex (sclerad). (C–D) E13.5 and E15.5 embryos stained for PH3 and
EdU or BrdU following a 1–2 h chase. No PH3+ cells are EdU+ after a 1 h chase, but most are EdU+ or BrdU+ after a 2 h chase. Therefore, M phase initiates at 1–2 h after S phase in
most cells, at both developmental stages. nbl, neuroblastic layer; gcl, ganglion cell layer. Scale bar, 50 μm.
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cycD1 is made during G1 and down-regulated during S phase, and it
controls the G1/S transition. CycD1 is reactivated in G2 (Stacey, 2003),
except in terminally mitotic cells (Yang et al., 2006). In the developing
retina, cycD1 can be detected in all cells, except for post-mitotic neurons
(G0) and a small subpopulation of G2 cells that likely represent the neu-
rogenic cohort (Barton and Levine, 2008). Accordingly, we interpret the
Brn3b+ EdU+ cycD1-precursors at E13.5 as neurogenic cells in late S
or G2 phase of the terminal division. Consistent with interpretation,
we observed rare Brn3b+ cells at the scleral margin (apex), in M
phase (PH3+, arrows) or in adjacent pairs (arrowheads) suggestive of
a recent division (Fig. 3B). Furthermore, Brn3b+ EdU+ cells can be
followed through the cell cycle, with symmetric Brn3b segregation
(Fig. 3B), and migration into the GCL with a 12 h chase at E13.5
(Fig. 3C).Manyof the resulting Brn3b+EdU+cells are in close proxim-
ity, as presumptive daughter pairs. At E15.5, essentially no Brn3b+EdU
+ cells were observed after 1- or 4-h chase periods, but were readily
detected throughout the retina after a 12 h chase (1-4 per high‐power
field, Fig. 3D). Although new Brn3b+ cells continue to be generated
throughout the retina, Brn3b is expressed exclusively in post-mitotic

cells at this stage. Quantitative analysis revealed that only 4.8±0.9% of
Brn3b+ cells at E13.5, and 1.2±0.6% at E15.5, were EdU+ after a
12 h chase (Fig. 3E). These cells represented the sum of neurogenic
cells initiating Brn3b expression during S/G2 and G0 phases. To esti-
mate the fraction of Brn3b+ cells at E13.5 that initiate expression dur-
ing S/G2, we normalized the Brn3b+ EdU+ fractions observed after a
0.5–4 h chase to the 12 h chase value (Fig. 3E). This analysis revealed
that 50–60% of new Brn3b+ cells (accounting for mitotic doubling) ini-
tiated expression prior to cell cycle exit (b4 h chase).

To confirm these observations regarding the timing of RGC marker
expression relative to terminal M phase, we evaluated a second regula-
tor of RGC differentiation, Islet-1 (Isl1). We co-stained sections for
Brn3b, Isl1 and EdU following a 30 min chase. We observed numerous
Brn3b+ Isl1+ cells that were EdU+ at E11.5 or E13.5 (Fig. 4A, B),
whereas no Brn3b+ Isl1+ cells were EdU+at E16.0 (Fig. 4C). These re-
sults indicate that at least two key regulators of RGC fate are expressed
prior to cell cycle exit during early (bE14), but not during late (>E15),
developmental stages.

Fig. 2. Co-expression and onset analysis of amacrine and horizontal markers Ptf1a and AP2α. (A) Developing horizontal or amacrine neurons do not express Brn3b. Sections
from E13.5 retinas coimmunostained for Brn3b, AP2α and Ptf1a. Although many Brn3b+ cells are present, none co-label with the horizontal and inhibitory amacrine marker
Ptf1a, or the pan-amacrine marker AP2α, suggesting that Brn3b specifically marks RGCs during early development. (B–E) Sections from E13.5 (B, D) or E15.5 (C, E) embryos co-
stained with Ptf1a, AP2α and EdU following a 4 h (B, C) or 12 h (D, E) chase. No Ptf1a+ or AP2α+ cells are EdU+ after a 4 h chase, suggesting that these factors are expressed
exclusively in post-mitotic (G0) cells. Many Ptf1a+ EdU+ cells are apparent after a 12 h chase at both E13.5 and E15.5 (arrows, insets), indicating that this factor initiates ex-
pression in migratory cells. Many AP2α+ cells are Ptf1a+ (arrowheads), marking the inhibitory amacrine population. Scale bar, 50 μm.

162 L. Prasov, T. Glaser / Molecular and Cellular Neuroscience 50 (2012) 160–168



Author's personal copy

163L. Prasov, T. Glaser / Molecular and Cellular Neuroscience 50 (2012) 160–168



Author's personal copy

RGC fate symmetry in marked clones

If progenitors express Brn3b and Isl1 before terminal M phase, they
should give rise to paired RGCs. To test this hypothesis, we performed a
clonal analysis. Retinal explants from E12.5 or E13.5 embryos were
infectedwithMSCV-IRES-GFP (MIG) retrovirus at lowdensity to generate
independent clones. After culturing 3 days in vitro (DIV), we scored the
resulting GFP+ clones for their size and number of RGCs, using Brn3a
or 3b immunoreactivity and cellular morphology to identify ganglion
cells (Fig. 5A). Given the divergent roles of Brn3a andBrn3b in RGCdevel-
opment, despite functional redundancy at the protein level (Badea and
Nathans, 2011; Badea et al., 2009; Pan et al., 2005), we compared the
overlap and onset of these two markers during the cell cycle at different
embryonic ages. At E15.5, most Brn3b+ cells (~80%) also expressed
Brn3a (Suppl Fig. 1). However, Brn3awas only detected in postmigratory
RGCs within the GCL, consistent with previous results (Pan et al., 2005),
and did not overlap with EdU following a 12 h chase. We therefore
used Brn3a primarily in the clonal analysis to identify mature RGCs.

In twelve explanted retinas, we observed approximately 250 GFP+
clones, which were 1–16 cells in size. Fourteen (~5%) included at least

one Brn3+ RGC. Among these informative clones, we observed two-
cell cloneswith paired (Fig. 5B, C) or single (Fig. 5D) RGCs. Of the 12 neu-
rogenic divisions that could unambiguously be scored among 14 clones,
six were symmetric, resulting in paired RGCs (Fig. 5E). In principle,
paired RGCs could arise if both daughter cells independently adopt the
RGC fate, stochastically or in response to the local retinal environment.
Given the very small number of GFP+ ganglion cells observed in these
explants (n=24), and the high frequency of symmetric fating (6 of 12
divisions), this pattern is unlikely to reflect independent events paired
by chance (χ2>40, df=2, Pb0.001 for a Poisson distribution). Instead,
this statistical clustering, and the expression of definitive RGC markers
in G2 and through cytokinesis (Fig. 3), strongly argue that many RGCs
arise in pairs and descend from progenitors that commit to the ganglion
fate during their final cell cycle, prior to terminal mitosis.

Discussion

The kinetics of the retinal progenitor cell cycle have been extensively
characterized in rodents and other vertebrate species bywindowand cu-
mulative nucleoside labeling, cell counting, and percent labeled mitosis

Fig. 4. Co-expression of Brn3b and Isl1 during or shortly after the terminal cell cycle. (A–C) Sections from E11.5, E13.5, and E16.0 embryos co-stained for Brn3b, Isl1 and EdU fol-
lowing a 30 min chase. At E11.5 (A) and E13.5 (B), multiple Brn3b+ Isl1+ EdU+ cells are observed (arrows), indicating that RGC markers can initiate expression prior to cell cycle
exit, in late S or G2 phase. In contrast, at E16.0 (C), all Brn3b+ Isl1+ cells are EdU− (examples marked by arrowheads). The insets show orthogonal Z-stack views of magnified
Brn3b+ Isl1+ EdU+ cells. Scale bar, 50 μm.

Fig. 3. The onset of Brn3b and Isl1 expression within individual cells is progressively delayed during retinal development. (A) Sections from E13.5 embryos co-stained for Brn3b,
cyclinD1 (cycD1) and EdU following a 1 h chase. In some cells, Brn3b is co-localized with EdU (arrows), but not with the G1/early-S phase marker cycD1, indicating that Brn3b
expression initiates in late S or G2 phase. Insets show two cells that are Brn3b+ EdU+ cyclinD1−. The orthogonal (Y–Z) views demonstrate the importance of the confocal Z-
stack for distinguishing adjacent cells. One cell has a punctate EdU staining pattern, indicating incorporation in late-replicating DNA regions at the end of S phase. (B) Sections
from E13.5 embryos stained for Brn3b and the mitotic marker PH3 or the nuclear counterstain DAPI. Brn3b+ cells in M phase (arrows) and presumptive daughter pairs (arrow-
heads) are indicated. (C–D) Sections from E13.5 or E15.5 embryos co-stained for Brn3b and EdU following the indicated chase period. At E13.5 (C), many newly generated
Brn3b+ cells are co-labeled with EdU after a 2, 4 or 12 h chase. By 12 h, some EdU-labeled cells migrate to the nascent GCL, and many Brn3b+ EdU+ cells are in close proximity
as presumptive daughter pairs. At E15.5 (D), no Brn3b+ EdU+ cells are observed after 1 h chase, and very few are detected after a 4 h chase, but Brn3b+ EdU+ are readily
detected after a 12 h chase (arrows). (E) Quantitative analysis of Brn3b and EdU co-labeling. The abundance of co‐labeled cells is plotted as a percentage of all Brn3b+ cells
(left scale) or neurogenic Brn3b+ cells (right scale, normalized to the 12 h chase value at E13.5). Approximately 30% of newly Brn3b+ cells initiated expression prior to cell
cycle exit at E13.5 (gray line). In contrast, few Brn3b+ cells are co‐labeled with EdU prior to 12 h at E15.5, indicating that RGCs are specified later at this developmental stage.
Scale bar, 50 μm.
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(PLM) methods (Alexiades and Cepko, 1996; Fujita, 1962; Li et al.,
2000; Sinitsina, 1971; Young, 1985b). In addition, a variety of nuclear
factors responsible for generating histotypic diversity in the retina have
been identified through loss- and gain-of-function genetic analysis, and

expression studies (Ohsawa and Kageyama, 2008; Swaroop et al.,
2010). However, the basic question of when the cell fate decision is
made relative to the terminal cell cycle has remained largely unan-
swered. In this paper, we have integrated expression and cell cycle

Fig. 5. Paired ganglion cells can be generated from retinal progenitors by symmetric terminal division. (A) Retinas were explanted from E12.5 or E13.5 embryos, infected at
clonal density with MSCV-IRES-GFP (MIG) retrovirus (green), and cultured for 3 days in vitro (DIV). The micrograph shows a cross-section from a representative explant (bracket)
coimmunostained for Brn3a (magenta) and GFP (green). The schema shows informative two-cell GFP+ clones: a symmetric [S] clone containing two Brn3+ (3a or 3b) RGCs, and an
asymmetric [A] clone with one Brn3+ RGC. (B–D) Confocal Z-stack projections and drawings from representative symmetric (B, C) or asymmetric (D) clones containing RGCs. Most
Brn3+ cells have long processes (arrows), confirming that they are differentiated RGCs. (E) Summary of observed clones containing at least one Brn3+ cell. In these experiments,
RGCs were identified using Brn3a (12 clones) or Brn3b (2 clones) antisera interchangeably. Among 12 informative divisions, an equal number with symmetric and asymmetric fates
was observed. Scale bars, 10 μm in A; 5 μm in B-D.
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analysis to determine the precise time that transcription factors con-
trolling RGC, amacrine and horizontal fates appear during the last (neu-
rogenic) cell cycle.

RGC fate commitment can occur before cell cycle exit

At early developmental times (bE14), we detected Isl1 and Brn3b in
many neurogenic cells during late S or G2 phases of the terminal cell
cycle (Figs. 3 and 4), similar to Math5-lacZ (Brzezinski et al., 2012).
These results contrast with previous reports (Pan et al., 2008; Xiang et
al., 1993), most likely due to differences in sampling and improved de-
tection sensitivity. Our interpretation is based on three convergent re-
sults: the precise timing of PH3 (Fig. 1), Brn3b and Isl1 (Fig. 4) onset
relative to the end of S phase, the mutually exclusive pattern of cycD1
and Brn3b expression (Fig. 3A), and the presence of Brn3b+ M phase
cells (Fig. 3B).

There are three possible explanations for the observation of RGC
markers in dividing cells. First, the immunopositive cells may reflect
low-level leaky transcription of Brn3b or Isl1 that is not biologically
meaningful. This seems unlikely given that the expression in S/G2
phase progenitors is often as strong as that observed in post-mitotic
cells (e.g. arrows in Fig. 4A, B). Second, Isl1 and Brn3b may not accu-
rately mark committed RGC precursors. Indeed, Isl1 is also expressed
in differentiating amacrine and bipolar precursors, and has a role in
the development of both of these interneuron classes (Elshatory et al.,
2007a; Elshatory et al., 2007b). In contrast, Brn3b is not co-expressed
with Ptf1a or AP2α, which mark nascent horizontal and amacrine inter-
neurons, and it is made in most, but not all RGCs (Fig. 2A). Complemen-
tary co-expression and lineage analyses, using Cre recombinase or
stable histogenic reporters, have also demonstrated that Brn3b is made
only in RGCs (Badea et al., 2009; Bassett et al., 2007; Fujitani et al.,
2006; Qiu et al., 2008). In the absence of Brn3b, progenitors adopt non-
RGC fates (Badea et al., 2009; Qiu et al., 2008). Overexpression of Brn3b
in progenitors promotes RGC fate and suppresses amacrine differentia-
tion (Feng et al., 2011; Liu et al., 2000; Qiu et al., 2008). Taken together,
these results strongly suggest that Brn3b identifies committed RGCs,
and does not label multipotent progenitors. Third, the RGC fate decision
may precede terminal mitosis, and occur during G2. According to this
interpretation, Brn3b+ Isl1+EdU+cells represent progenitors commit-
ted to develop as RGCs. In general, progenitors may undergo symmetric
or asymmetric divisions to generate one or two post-mitotic daughters,
respectively (Huttner and Kosodo, 2005). Our pulse-chase (Fig. 3) and
clonal analyses (Fig. 5) suggest that many divisions giving rise to RGCs
are symmetric and terminal. This observation is somewhat surprising
considering that the retina is rapidly expanding during the period of
early development. However, G2 fate commitment may be necessary
for prompt deployment of RGCs, which establish a pioneering scaffold
for axon pathfinding (Pittman et al., 2008; Raper and Mason, 2010). Al-
ternatively, the relatively early onset of Brn3b expression may reflect
the position of RGCs as the first sampled fate in the histogenetic sequence
(Wong and Rapaport, 2009).

Our clonal data are generally consistent with previous observations
of terminal divisions in the early retina. In rodent and frog lineage anal-
ysis, many two-cell clones have been observed during early develop-
ment, but typically these cells have discordant fates (Holt et al., 1988;
Turner et al., 1990; Wong and Rapaport, 2009). Notably, among 114
two-cell clones analyzed in these reports, only one contained paired
RGCs (Holt et al., 1988). During early zebrafish development, most
ath5-expressing progenitors, monitored by time-lapse imaging of mo-
saic ath5-GFP embryos, undergo a terminal division and give rise to at
least one ganglion cell (Poggi et al., 2005). The daughters typically
have discordant fates, but paired RGCs may arise from wild‐type cells
in an ath5 mutant environment.

Similar to our finding of mitotic Brn3b+ cells (Fig. 3B), RA4+
cells were observed in terminal mitotic anaphase in the chick retina
(Waid andMcLoon, 1995), and migrating in pairs shortly after mitosis

(McLoon and Barnes, 1989). Although originally interpreted as RGCpre-
cursors, it is no longer clear that the RA4 neurofilament antigen marks
ganglion cells exclusively (Gutierrez et al., 2011). Beyond these observa-
tions, there is precedent for G2 commitment during neurogenesis of
other cell types. In the chick retina, committed horizontal cell precursors
typically arrest in G2 and undergo a final non-apical mitosis (Boije et al.,
2009), whichmay explain the presence of paired horizontal cell clones of
a single subtype (Rompani andCepko, 2008). In the ferret cerebral cortex,
progenitors lose their competence to respond to environmental signals
following terminal G2 phase (McConnell and Kaznowski, 1991). Similar-
ly, heterochronic analysis of dissociated rat retinal cells suggests that pro-
genitors commit to the amacrine fate (VC1.1+) during G2/M of the last
cell cycle (Belliveau and Cepko, 1999).

Post-mitotic fate plasticity in the retina

In this study, the amacrinemarker Ptf1awas only detected in post‐mi-
totic cells, at both E13.5 and E15.5 (Fig. 2B–E). In Ptf1amutantmice carry-
ing Cre knock‐in alleles, many lineage-marked cells ex>pressed Brn3b
and adopted RGC fates (Fujitani et al., 2006). Taken together, these results
suggest a degree of post‐mitotic plasticity, such that some amacrine cells
solidify their identity after the terminal division. Likewise, photoreceptor
and bipolar precursors retain the ability to switch fates after cell cycle exit
(Adler and Hatlee, 1989; Brzezinski et al., 2010; Ng et al., 2011; Oh et al.,
2007). Indeed, the bZIP factor NRL, which instructs rod photoreceptor
fate, initiates expression soon after terminal M phase, throughout devel-
opment (Akimoto et al., 2006; data not shown). In comparison to Ptf1a,
AP2α expression was further delayed, suggesting that it is involved in
downstream differentiation processes and not fate specification.

We observed a gradual restriction in the expression of Brn3b and
Isl1, as well as Math5-lacZ (Brzezinski et al., 2012), to post-mitotic cells
during late gestation (Fig. 3D). At these ages (>E15), many RGCs are
still generated, including migrating EdU+ Brn3b+ cells (Drager,
1985; Young, 1985a). In the early (bE14) retina, we observed both sym-
metric and asymmetric patterns of RGC marker expression among
daughter cells in clones, suggesting that some cells commit to the RGC
fate after terminal mitosis in the early retina (Fig. 5E) (Brzezinski et al.,
2012). The difference in the timing of RGC marker onset between the
early and late retina cannot be explained by a change in the length of
G2, which is relatively static (Fig. 1), or by the progressive lengthening
of the cell cycle during development (Alexiades and Cepko, 1996;
Sinitsina, 1971; Young, 1985b). Indeed, if transcription initiates after
G1 or S phase with a fixed time delay, then the onset of expression fol-
lowing terminal S phase should be advanced (closer to S), rather than
delayed as we observed during the course of development. It is more
likely that progenitor fate decisions occur before or after cell cycle exit,
depending on the lineage or developmental stage. Alternatively, the ex-
pression of differentiation markers may be delayed at late developmen-
tal stages while the timing of RGC fate commitment is relatively fixed.

What could explain these shifts in expression kinetics? Environmen-
tal signals elaborated by differentiating neurons, such as Delta ligand or
Shh, increase as RGCs accumulate (Ahmad et al., 1997; Wang et al.,
2005; Yang, 2004; Yu et al., 2006) and could delay the onset of RGC tran-
scription factor expression. Alternatively, the onset may be intrinsically
programmed to shift over time, and is potentially regulated by the same
upstream cascades that control cell cycle exit. Further studies are need-
ed to distinguish thesemechanisms. Nonetheless, it is clear that cell fate
determination and cell cycle exit, though correlated, are not strictly
causally related events.

Experimental methods

Pulsed EdU/BrdU and cell cycle labeling

All mouse studies were approved by the University of Michigan
Committee on the Use and Care of Animals (UCUCA). Pregnant dams
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were injected with 5‐bromo‐2‐deoxyuridine (BrdU, 100 μg/g body
mass) or 5‐ethynyl‐2‐deoxyuridine (EdU, 6.7 μg/g body mass) on em-
bryonic (E) day 11.5, 13.5, 15.5 or 16.0. BrdU is rapidly absorbed within
minutes after an intraperitoneal injection (Kriss and Revesz, 1962). EdU
and BrdU have comparable incorporation kinetics and give similar re-
sults (Zeng et al., 2010), but EdU affords better detection sensitivity for
multi-labeling experiments and was thus used for the majority of our
studies. Embryos were harvested after a variable chase period, between
0.5 and 12 h, in order to follow cells after they complete DNA synthesis
(S phase). The time of onset of a particular transcription factor expres-
sion was defined by the first chase period in which we detected cells
positive for the particular marker and EdU/BrdU.

Histology

Embryonic eyes were fixed for 0.5–1 h in 2–4% paraformaldehyde
(PFA) at 22 °C, cryoprotectedwith 30% sucrose in phosphate-buffered sa-
line (PBS), and frozen inOCT compound (Tissue‐Tek, Torrance, CA). Short
fixation was critical for immunodetection of Brn3b and cyclinD1.
Cryosections (10 μm) were blocked with 10% normal donkey serum
(NDS) and 1% bovine serum albumin (BSA) in PBTx (0.1 M NaPO4 pH
7.3, 0.5% TritonX‐100) for 4 h at 22 °C. Sectionswere incubated overnight
at 4 °C with primary antisera diluted in PBTx with 3% NDS, 1% BSA. Sec-
tions were then washed in PBS 0.5% BSA, incubated for 2 h at 22 °C
with Dylight 488- (1:1000), Dylight 549- (1:1000), or Dylight 649-
(1:500) conjugated secondary antibodies (Jackson Immunoresearch,
West Grove, PA), mounted in Prolong Gold Antifade media (Invitrogen,
Carlsbad, CA), and imaged using the Zeiss LSM510 Meta confocal micro-
scope at the University of Michigan Microscopy and Image Analysis
Core Facility (MIL).

The primary antibodies were: mouse anti-AP2α (1:1000, 3B5,
DSHB, Iowa City, Iowa); rat anti‐BrdU (1:100, BU1/75, Harlan Seralab,
Indianapolis, IN); rabbit anti‐βgal (1:5000, ICN Cappel, Aurora, OH);
rat anti-βgal (1:500) (Saul et al., 2008); mouse anti-Brn3a (1:50,
14A6, Santa Cruz Biotechnology, Santa Cruz, CA); goat anti-Brn3b
(1:200, sc31987, Santa Cruz); mouse anti-cyclin D1 (1:100, A-12, Santa
Cruz); chicken anti-GFP (1:2000, Abcam, Cambridge, MA); mouse anti-
Isl1 (1:200, 39.4D5, DSHB); rabbit anti‐phosphohistone H3 (1:200,
Upstate, Lake Placid, NY); and rabbit anti-Ptf1a (1:800) (Fujitani et
al., 2006).

Following immunostaining, EdUwas detected using an azide-alkyne
cycloaddition reaction (Buck et al., 2008) (Click-iT-647, Invitrogen). For
detection of BrdU and other markers, cryosections were fully stained
with primary and secondary antibodies for themarker protein. Sections
were then treated with 2.4 N HCl in PBTx for 1 h at 22 °C, washed, and
immunostained for BrdU.

Quantitative analysis of Brn3b onset

The percentage of EdU+ Brn3b+ cells among the Brn3b+ cohort
was determined for eight different EdU chase times, at E13.5 (0.5, 1, 2,
4, 12 h) and E15.5 (1, 4, 12 h). Double-positive cells were definitively
identified by visual examination of 3-dimensional confocal Z-stacks
(225 μm×225 μm×8–12 μm). Two to six sections were analyzed for
each time point, from at least 2 embryos, representing 440 to 930
Brn3b+ cells. Error is reported as the standard deviation among sec-
tions. The total Brn3b+ population represents both newly neurogenic
cells and existing ganglion cells. To selectively analyze neurogenic
cells, we also normalized percentages to the 12‐h chase value at E13.5.
At this stage, 12 h is sufficient time for any EdU-labeled neurogenic cell
to progress from S to G0 phase. This single EdU pulse thus captures all
newly Brn3b+ cells born within a 5–6 h period (length of S phase).
The normalized value at 1–2 h reflects new Brn3b+ cells that initiate
Brn3b expression in terminal G2 phase.

Retroviral clone analysis in retinal explants

Retinal explant cultures and retroviral infections were performed
as described (Brzezinski et al., 2012), using established methods
(Hatakeyama and Kageyama, 2002; Wang et al., 2002b). Briefly,
Math5-lacZ/+ retinas were dissected from E12.5 or E13.5 embryos,
flattened onto Nucleopore polycarbonate membranes (0.4 μm pore
size, GE Healthcare, Piscataway, NJ), and placed into Transwell culture
dishes containing neurobasal media (Invitrogen) with B27 and N2
supplements, glutamine (0.4 mM), brain-derived neurotrophic factor
(BDNF, 50 ng/mL, Peprotech, Rocky Hill, NJ), ciliary neurotrophic fac-
tor (CNTF, 10 ng/mL, Peprotech), penicillin (50 U/mL), streptomycin
(50 μg/mL), and gentamicin (0.5 μg/mL).

MIG (bicistronic murine stem cell virus driving expression of GFP)
retroviral stockswere prepared in advance by calciumphosphate trans-
fection of the Phoenix ecotropic packaging cell line (Pear, 1996; Swift et
al., 1999) with pMSCV-IRES-GFP plasmid DNA (Van Parijs et al., 1999).
Filtered viral preparations containing polybrene (hexadimethrine bro-
mide, 0.8 μg/mL, Sigma Aldrich, St. Louis, MO) were titered on NIH3T3
fibroblasts and diluted to ~8×105 colony-forming units per mL. One
drop of retrovirus (25 μL) was added on top of each fresh explant to
sparsely mark dividing cells (Roe et al., 1993) and their descendants.

Retinal explantswere cultured for 3 days at the gas-media interface at
37 °C under 5% CO2. After 2 days, half of the media was replaced with
fresh media. On day 3, explants were fixed for 30 min in 4% PFA, and
processed for cryosectioning or stained directly as wholemounts. Thick
(30 μm) sections, or wholemount retinas, were immunostained for GFP
and Brn3a/3b, and imaged by confocal microscopy. The size and compo-
sition of clonal clusters were determined by 3-dimensional analysis of
Z-stacks. A clone was defined as a group of directly apposed GFP+ cells
that were separated by at least 4 cell bodies from other GFP+ cells. For
assessing symmetry of fate, only clones with at least one Brn3+
RGC were scored. To assess the nonrandom distribution of Brn3+ cells
among clones, expected valueswere calculated based on the Poisson dis-
tribution, using the number of Brn3+ cells among the total population of
clones to estimate μ (mean) for the distribution. Observed and expected
distributions were compared using the χ2 test.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.mcn.2012.05.002.
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