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RESEARCH ARTICLE

Mapping Differentiation Kinetics in the Mouse
Retina Reveals an Extensive Period of Cell
Cycle Protein Expression in Post-Mitotic
Newborn Neurons

Marek Pacal'? and Rod Bremner?3+

Background: Knowledge of gene expression kinetics around neuronal cell birth is required to dissect mech-
anisms underlying progenitor fate. Here, we timed cell cycle and neuronal protein silencing/induction dur-
ing cell birth in the developing murine retina. Results: The pan-cell cycle markers Pcna and Mcm6 were
present in the post-mitotic ganglion cell layer. Although confined to the neuroblastic layer (NBL), 6-7% of
Ki67* cells lacked six progenitor/cell cycle markers, and expressed neuronal markers. To define protein
extinction/induction timing, we defined G2/M length throughout retinogenesis, which was typically 1-2 h,
but <10% cells took double this time. BrdU-chase analyses revealed that at E12.5, Tubb3 (Tujl) appeared at
M-phase, followed by Calb2 and Dcx at ~2 h, Elavl2/3/4 at ~4 h, and Map2 at ~6 h after cell birth, and these
times extended with embryonic age. Strikingly, Ki67 was not extinguished until up to a day after cell cycle
exit, coinciding with exit from the NBL and induction of late markers such as Maplb/Uchll/Rbfox3.
Conclusions: A minor population of progenitors transits slowly through G2/M and, most importantly, some
cell cycle proteins are retained for an unexpectedly long period in post-mitotic neurons. The high-resolu-
tion map of cell birth kinetics reported here provides a framework to better define mechanisms that regu-
late neurogenesis. Developmental Dynamics 241:1525-1544, 2012. o 2012 Wiley Periodicals, Inc.
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Key findings:

e The pan cell cycle markers Pcna, Mcm6, and Ki67 are detectable beyond cell birth in post-mitotic neurons.

e Ki67 is not extinguished until 10—22 h after final mitosis, coincident with the migration of newborn ganglion and
amacrine cells out of the neuroblastic layer.

e Timing between cell birth and induction of neuronal markers or disappearance of Ki67 lengthens across
development.

e Typical G2/M extends from ~1 h at mouse embryonic day 12.5 to ~2 h by birth, but in a small fraction of
progenitors it is double these lengths.
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INTRODUCTION and differentiation. Defining the asso- essential to understand the mecha-
Development requires careful coordi- ciated molecular cascade of gene nisms that underlie the switch
nation of proliferation, cell cycle exit, silencing and activation events is from progenitor proliferation to
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post-mitotic differentiation. The ret-
ina is an ideal tissue to dissect this
process as it is a relatively simple,
well-studied central nervous system
(CNS) tissue, and is not essential for
viability. Many antibodies have been
generated that detect proteins in spe-
cific retinal cell types, and these are
often used in combination with cell
cycle markers to distinguish progeni-
tors from differentiating or mature
neurons. Nevertheless, the exact tim-
ing with which these neuronal pro-
teins are induced relative to final mi-
tosis has, in general, not been defined
rigorously, nor is it clear if the
kinetics adjust over developmental
time. Moreover, it is assumed that cell
cycle markers are unique to progeni-
tors, but the exact time at which they
are extinguished is unclear.

Initially, the embryonic mouse ret-
ina consists of dividing progenitors,
but around embryonic day 11 (E11)
cells in this neuroblastic layer (NBL)
begin to exit the cell cycle and differ-
entiate into ganglion cells (Fig. 1A).
Mitosis occurs on the apical (outer)
surface, and daughter neurons
migrate to the basal (inner) surface of
the tissue where they terminally dif-
ferentiate and generate the ganglion
cell layer (GCL). Murine ganglion
cells are generated between embry-
onic day E11 and post-natal day 0O
(P0), although most are born between
E12-16 (Hinds and Hinds, 1974;
Drager, 1985; Young, 1985a). Gan-
glion cell generation overlaps with
that of other early born neurons,
including horizontal, cone, and ama-
crine cells. The complete GCL con-
tains a ~1:1 mixture of ganglion and
amacrine neurons, as well as a few
astrocytes that migrate into the ret-
ina along the optic nerve beyond PO.
We studied the expression of several
markers that are present in ganglion
cells and/or other early born neurons
(Table 1) as well as various cell cycle
proteins (Table 2). Unexpectedly, we
observed that the classic pan cell cycle
marker Ki67 as well as the DNA poly-
merase d/e subunit Pcna and the DNA
replication licensing factor Mcm6
were expressed in post-mitotic neu-
rons. Ki67 is a nuclear protein mainly
associated with cell proliferation
(Endl and Gerdes, 2000). However,
Ki67 is also required for the expres-
sion of rRNA in the nucleolus (Bull-

winkel et al., 2006; Rahmanzadeh
et al., 2007), but, interestingly, can
also be detected in the nucleoli of
post-mitotic cells (Bullwinkel et al.,
2006). Our finding of cell cycle pro-
teins in post-mitotic neurons led us to
characterize more throughly when,
relative to final mitosis, cell cycle and
differentiation markers are extin-
guished or activated, respectively.

RESULTS

Ki67, But Not Pcna or Mcm6,
Is Confined to the NBL

Ki67 and Pcna are used widely to
mark all phases of the cell cycle. A
more recent study has also highlighted
the utility of Mcm6 as a pan-cell cycle
marker in the retina (Barton and Lev-
ine, 2008). The latter study also noted
that, based on flow cytometry cell cycle
analysis, both Pcna and Mcm6 are
also found in a significant proportion
of cells with 2n DNA content, which
may be in G1 or GO (Barton and Lev-
ine, 2008). Another study found that
the expression of both Pcna and Mcm6
mRNAs extends beyond progenitors
into the ganglion and amacrine neuro-
nal populations (Trimarchi et al.,
2008), although whether this reflects
protein expression is unclear. We
found many Mcm6" cells, and to a
lesser extent Pcna™ cells, in the INBL
and the forming GCL where post-mi-
totic ganglion neurons are found in
the early embryonic retina (Fig. 1B).
In comparison, Ki67" cells did not
extend as far into the INBL as Mcm6
or Pcna, although there were occa-
sional faintly labeled cells that mar-
ginally encroached into the forming
GCL (Fig. 1B). We concluded that
some GO neurons retain Mcm6 and
Pcna, and thus next scrutinized
whether Ki67" cells, confined to the
NBL, may include post-mitotic differ-
entiating cells.

Ki67 Labels All Phases of the
Cell Cycle in All Progenitors

To more comprehensively define Ki67
staining pattern, we first examined
the assumption that it co-labels all
phases of the cell cycle in retinal pro-
genitors (Fig. 1C). A short pulse of
BrdU is commonly used to label S-
phase progenitors. The expression of

Ccna2 (Cyclin A2) and Cenb1 (Cyclin
B1) can be used to visualize progeni-
tors in the G2 /M-phases (Barton and
Levine, 2008). Both cyclins can be
detected in progenitor processes and
display perinuclear and nuclear stain-
ing in G2 cells near the apical surface
(Barton and Levine, 2008). Finally,
phosphorylation of histone H3 on Ser
10 (PH3) accompanies chromosome
condensation at the beginning of mi-
tosis (Hendzel et al., 1997). In cul-
tured cells, anti-PH3 antibodies
detect strong nuclear staining from
the beginning of prophase to telo-
phase (Prigent and Dimitrov, 2003; Li
et al., 2005) and are widely used to
detect mitotic progenitors. Ki67 co-
localized with all of four of these
markers (30-min BrdU pulse, Ccna2,
Cenbl, and PH3) at multiple time
points during retinal development
(Fig. 1D, Table 3). These data confirm
that Ki67 marks all progenitors
throughout the cell cycle.

A Subset of Ki67* Cells Lack
the Pan-Cell Cycle Markers
Vsx2 and Cendl

If Ki67 is detectable in post-mitotic
differentiating cells in the NBL, a sig-
nificant fraction of Ki67" cells should
lack pan-cell cycle markers. Cend1 is
best known for its effects at G1/S but
in the retina it is expressed in all
phases of the progenitor cell cycle
(Barton and Levine, 2008). Indeed, we
observed that Cendl™ cells were also
positive for BrdU, Ccna2, Cenb2, and
PHS3; staining was strongest in S-
phase nuclei labeled with a pulse of
BrdU (30 min) in the inner half of the
NBL, and was nuclear or perinuclear
in apically located G2/M cells (Fig.
2A, B). Vsx2 is also expressed in pro-
genitors and is required for prolifera-
tion of early but not late progenitors
(Burmeister et al., 1996; Livne-Bar
et al., 2006). In the post-natal retina,
Vsx2 is also expressed in bipolar neu-
rons and Miller glia; thus, this
marker can be used as an unambigu-
ous progenitor marker only in the em-
bryonic retina (Burmeister et al.,
1996; Rowan and Cepko, 2004; Livne-
Bar et al.,, 2006). Indeed, Vsx2 co-
localized with BrdU, Ccna2, Ccnb2,
and PHS3 in the embryonic retina; rich
nuclear Vsx2 staining was observed
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Fig. 1. The expression patterns of Pcna, Mcm6, and Ki67 in the E14.5 WT embryonic retina. A: In the NBL, RPCs undergo interkinetic nuclear
migration (INM). Thus, S-phase occurs in the middle part of the NBL, M phase at the apical edge, and G1/2 in between. Post-mitotic cells migrate
to their final destination and, here, for simplicity, only ganglion cells are shown. B: Mcm6 (blue) and to a lesser extent Pcna (red) label cells in both
the ONBL and INBL/GCL. In contrast, Ki67 (green) is confined almost exclusively to the ONBL. DAPI (gray) stains cell nuclei. Yellow arrows point
to cells co-labeled with all three markers, pink arrows show cells co-labeling with Pcna and Mcm6 but not Ki67, while gray arrows depict cells
positive only for Mcm6. C: Schematic showing the cell cycle phases marked by the indicated markers. D: Ki67 is detectable in all phases of the
cell cycle in the WT E14.5 retina. Ki67 (green) co-localizes (yellow arrows highlight examples) with a short 30-min pulse of BrdU (red, S-phase),
Ccna2 and b1 (a2 and b1 antibodies were combined; red, G2/M phase), or PH3 (red, M-phase). E: All Ccnd1™ cells (red) co-localize with Ki67 but
some Ki67" cells are Ccnd1~ (white arrows). Nuclei in B, D, and E are also stained with DAPI (blue). The boxed regions are at a higher magnifica-
tion below. ONBL/INBL/GCL: outer neuroblastic layer/inner neuroblastic layer/ganglion cell layer. Scale bars = 10 pm.

in the outer NBL, while a mixture of Having confirmed that Vsx2 and Cendl™. A notable fraction of Ki67
nuclear and perinuclear staining Ccndl label all phases of the cell cells was Vsx2™ (e.g., E12.5: 247/3300;
was observed on the apical surface cycle, we analyzed whether there 7 * 0.5%) and a slightly greater frac-
(Fig. 2A, B). were Ki67 cells that were Vsx2~ and tion was Ccendl™ (e.g.,, E12.5: 327/
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TABLE 1. Antibodies Used to Detect Neuronal Cell Types®

Reference(s)

Cell type(s)

Gene symbol(s)

Pax6

Target protein

Species

Antibody (source)

Marquardt et al., 2001;

Prog, Ga, Am, Ho, Mu

Paired box gene 6

Rabbit

Novus Biologicals

Pan et al., 2008
Sharma and Netland, 2007

NB300-750
Chemicon Ab9324

Abcam Ab7751

Ga, Co, subsets of Am, Ho

TubbIII (Tuj1)

BIII-tubulin

Rabbit
Mouse

Pasteels et al., 1990; Haverkamp

Ga, Am (glycinergic)

Calb2

Calretinin

Rabbit

Millipore Ab5054

and Wassle, 2000; Raymond et al., 2008
Gleeson et al., 1999; Lee et al., 2003

Ekstrom and Johansson, 2003

Santa Cruz SC-11644 Goat

Abcam Ab18723

Ga, Am, Ho

Dex
Ga, Am, Ho

Doublecortin

Rabbit
Mouse

Elav (embryonic lethal, Elavl2/3/4 (HuB/C/D)

Invitrogen (Molecular

abnormal vision, Drosophila)-

like 2 (Hu antigen B)
Microtubule associated protein 2

Probes) A-21272

Multiple neurons Okabe et al., 1989; Bates et al., 1993

Mtap2 (Map2)

Sheep

Abcam ab72354

Bates et al., 1993; Meixner et al., 2000

Bonfanti et al., 1992;

Microtubule associated protein 1b  Mtaplb (Maplb, Map5) Multiple neurons

Mouse

Chemicon MAB376
Chemicon Ab1761

Uchll (PGP9.5) Ga, Ho, subsets of Am

Ubiquitin carboxy-terminal

Rabbit

Esteve-Rudd et al., 2010
Mullen et al., 1992; Wolf et al.,

hydrolase L1
RNA binding protein, fox-1

Ga, Am

Rbfox3 (NeuN)

Mouse

Chemicon Ab377

1996; Raymond et al., 2008

homolog (C. elegans) 3

aProg: progenitors; Ga: ganglion cells; Am: amacrine cells; Ho: horizontal cells; Co: cones; Mu: Miiller glia.

3,300; 9.3 = 0.2%) (Table 4, Fig. 1E).
Consistent with this finding, some
Vsx2* cells were Cendl™ (e.g., E12.5:
127/3,000; 4.3 + 0.2%), but all Cend1™
cells were Vsx2© (Table 5, Fig. 2A),
suggesting that Ccndl disappears
slightly prior to the loss of Vsx2.

The above data are consistent with
the notion that some Ki67" cells in
the NBL are post-mitotic differentiat-
ing cells rather than progenitors.
Alternatively, a significant fraction of
Ki67" progenitors may lack Cendl
and more so Vsx2. As noted earlier,
all BrdU" progenitors co-label with
Ki67 (Table 3). If ~6—-7% of progeni-
tors lack Vsx2 and Cendl, one would
expect a similar fraction of BrdU™
cells to lack these markers, whereas if
these Ki67" cells are all/mainly post-
mitotic then BrdU"/Vsx~ or BrdU"/
Ccend1™ cells should be non-existent/
rare. In line with the latter model,
<1% of BrdU" progenitors lacked
Vsx2 (E12.5: 24/3,000; 0.8 = 0.1%),
and a slightly larger but still very
small fraction lacked Cendl (E12.5:
46/3,000; 1.5 = 0.1%). The G2/M
phase cells that we analyzed were
always Vsx2' and Cendl™ (Fig. 2B),
but because there are so few cells in
these phases, it is difficult to exlude
the possibility that a tiny fraction
lacked Vsx2 and Cendl. In summary,
while some Ki67"/Vsx2~ and Ki67"/
Cendl™ progenitors, were S-phase
progenitors, the fraction (1-1.5%) was
too small to explain the entire ~6-7 %
of Ki67" cells that were Cendl™ and
Vsx2~. We suggest that a minority of
Ki67"/Vsx2 /Cendl™ cells are progen-
itors that have down-regulated pro-
genitor/cell cycle regulators near the
end of their last S-phase prior to cell
birth, but that most of these cells are
post-mitotic differentiating neurons.

Ki67 Co-Labels Cells Positive
for Differentiation Markers

To further test the existence of Ki67"
newborn neurons, we co-labeled em-
bryonic retinas for Ki67 and several
established markers expressed in
ganglion cells plus other retinal neu-
rons: Tubb3 (Tujl), Calb2 (Calreti-
nin), Dcx (Doublecortin), Elavl2/3/4
(HuC/D), Map2, Mtaplb (Maplb),
Uchll (PGP9.5), and Rbfox3 (NeuN).
Pax6 labels progenitors and ganglion
cells as well as other neurons, and
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thus served as a control for double
labeling with Ki67 (see Table 1 for cell
types and references).

As expected, many Pax6™ cells co-
labeled with Ki67 (e.g., E12.5: 45.3 +
4.9% Pax6" cells, Fig. 3A, Table 6).
Importantly, several neuronal
markers also co-labeled Ki67" cells to
varying extents.

For example, at E12.5 Ki67 was
detected in 12.4 = 0.7% Tubb3™" cells,
6.2 = 1.0% Calb2" cells, 6.1 = 0.7%
Dex ™ cells, 0.2 + 0% Elavl2/3/4™ cells,
and 0.2 + 0% Map2" cells (Fig. 3B-F;
Table 6). Ki67 labeling in these cells
was often punctate (see higher magni-
fications in Fig. 3B-F), but this was
not unique to neuronal cells, as we
also observed punctate Ki67 staining
in BrdU" progenitors (Fig. 1D), and
in some neurons Ki67 staining was
faint, but clearly positive relative to
the negative GCL. This may reflect
gradual depletion of Ki67 as neurons
differentiate. In contrast to the above
neuronal markers, Maplb, Uchll,
and Rbfox3, found only in the forming
GCL, never co-localized with Ki67
(Fig. 4, Table 6), indicating that they
mark GO ganglion neurons exclu-
sively. The co-localization of Ki67
with neuronal markers further sup-
ports the existence of Ki67" post-mi-

totic, differentiating neurons in the
NBL. Formally, however, the possibil-
ity remained that these differentia-
tion markers are actually induced in
progenitors. To address this issue, we
next asked whether: (1) Any of the
presumed post-mitotic GCL markers
co-localize with cell cycle markers
other than Ki67, and (2) The timing of
Ki67 extinction and differentiation
marker induction precedes or follows
cell birth.

Multiple Neuronal Proteins
Are Not Co-Detected With
Cell Cycle Markers Other
Than Ki67

We assessed marker detection rela-
tive to BrdU (a 30-min pulse), Ccna2,
Cecnbl, PH3, Cendl, and Vsx2. As
expected, a fraction of Pax6’ cells
stained for all six progenitor markers
(Fig. 5A, Table 6). Unlike Pax6, Tubb3
was not detected in BrdU™ cells, nor
was it co-detected with Cend1 or Vsx2
(Fig. 5B, Table 6). However, specifi-
cally at E12.5 but not later, a minute
fraction of Tubb3™ cells co-localized
with Cenbl (0.05 = 0.04%) and PH3
(0.1 = 0.04%) (Fig. 5B, C; Table 6).

In contrast to rare Tubb3 M-phase
cells at E12.5, Calb2, Dcx, Elav2/3/4,

TABLE 2. Antibodies Used to Detect Cell Cycle Markers
Antibody (source) Species Target protein/antigen
Santa Cruz SC-56 Rabbit PCNA
Santa Cruz SC-9843 Goat Mcm6
Neomarkers RM-9106S Rabbit Ki67
BD Pharmingen 550609 Mouse Ki67
Abcam Ab1893-125 Sheep BrdU
Neomarkers MS-1061-S Mouse cyclin A2
Neomarkers MS-869-P Mouse Cyeclin B1
Upstate 06-570 Rabbit PHS3 (Ser10)
Cell Signaling 9706S Mouse PH3 (Ser10)
Rod Bremner, Toronto Sheep Vsx2

or Map2 did not co-localize with the
six cell cycle markers BrdU (a 30-min
pulse), Ccna2, Ccnbl, PH3, Ccndl,
and Vsx2 at this time point or later
(Fig. 5C, Table 6). As noted earlier,
Maplb, Uchll, and Rbfox3 were
induced after Ki67 is no longer
detected (Fig 4), so of the eight differ-
entiation markers tested here, Tubb3
is induced just prior to cell birth at
E12.5 but after cell birth at later
times, and Calb2, Dcx, Elav2/3/4,
Map2, Maplb, Uchll, and Rbfox3 are
always induced after cell birth.

Length of G2/M

To complement the above analyses,
we wanted to perform kinetic studies
to define when markers are induced
relative to the end of S-phase and G2/
M. Prior work defined the average
length of S-phase and the entire cell
cycle at various times during rat reti-
nal development (Alexiades and
Cepko, 1996). If the length of G2/M
was known, BrdU-labeling could be
used to define when markers are
extinguished or induced relative to
cell birth.

G2/M length is determined by
measuring the time necessary to
BrdU-label all M-phase cells (here
defined by PH3 staining), which is the
percentage of labeled mitosis (PLM)
method (Quastler and Sherman,
1959). Varying lengths of BrdU chase
are used to determine how fast pro-
genitors at the end of S-phase, and
thus labeled with the BrdU pulse,
reach the end of M-phase. When the
chase period after BrdU-labeling is
too short, cells that were at the end of
S-phase do not reach the end of M-
phase and thus some PH3"' cells
remain BrdU, but when the chase
period is as long as G2/M all PH3"
cells become BrdU". We observed that

TABLE 3. Ki67 Is Expressed in All Phases of the Cell Cycle®

BrdU pulse™;
Ki67"/BrdU pulse™

Cenb1";Ki67"/Cenb1™

PH3*;Ki67"/PH3*

Vsx2;Ki671/Vsx2™

Cend1;Ki67"/Cend1™

E12.5 3,000/3,000; 100 = 0%
E14.5 3,000/3,000; 100 = 0%
PO 3,000/3,000; 100 = 0%

3,000/3,000; 100 = 0%
3,000/3,000; 100 = 0%
3,000/3,000; 100 = 0%

3,000/3,000; 100 = 0%
3,000/3,000; 100 = 0%
3,000/3,000; 100 = 0%

3,000/3,000; 100 = 0%
3,000/3,000; 100 *= 0%
3,000/3,000; 100 = 0%

3,000/3,000; 100 = 0%
3,000/3,000; 100 = 0%
3,000/3,000; 100 = 0%

Ki67+.

2The percentage of marker /Ki67" cells out of the total marker® population is shown. For example all Cendl™ cells were also
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A.

Merge/DAPI Vsx2/Ccnd1 BrdU pulse

ONBL

INBL

Fig. 2. The expression pattern of Ccnd1 and Vsx2 in the WT embryonic retina. A: At E12.5, both Vsx2 (red) and Ccnd1 (green) are expressed
throughout the ONBL. The bottom panels are higher magnification of the boxed region. Most cells labeled by a short 30-min BrdU pulse (white)
are also Ccnd1™ or Vsx2' (magenta arrows), but a fraction of S-phase cells lack these markers (white arrows). Further, some Vsx2" cells lack
Ccnd1 (yellow arrows). B: At the apical surface both Ccnd1 (red) and Vsx2 (green) co-localize with Ccna2/b1 (a2 and b1 antibodies were com-
bined, white, G2/M phase) or PH3 (white, M-phase). The yellow arrows depict perinuclear Ccna2/b1staining in G2/M cells, or PH3" M-phase cells,
whereas magenta arrows point to sub-apical G2 Ccna2*/b1* and PH3™" cells. INBL, inner neuroblastic layer; ONBL, outer neuroblastic layer; GCL,
ganglion cell layer. Scale bars = 10 pm.
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TABLE 4. A Fraction of Ki67" Cells Lack Vsx2 and/or Cend1?

Vsx2;Ki6 7 /Ki6 7+

Cend1;Ki67/Ki67"

E12.5 247/3,300; 7 = 0.5% 327/3,300; 9.3 * 0.2%
E14.5 187/2,950; 6.3 = 0.1% 187/2,950; 10.3 = 0.2%
PO 215/3,600; 5.9 = 0.2% 337/3,600; 9.3 = 0.2%

lation is shown. Thus, while all Cend1™
Ki67" cells were Cendl™.

2The percentage of Ki67" /Vsx2~ or Ki67"/Cendl™ cells out of the total Ki67" popu-

cells were also Ki67" (Table 3), not all

TABLE 5. A Small Population of Vsx2* Cells Lack Ccnd1?

Vsx2";Cendl /Vsx2*

Cend1%;Vsx2 /Cend1™

E12.5 127/3,000; 4.3 + 0.2% 0/3,300; 0 = 0%
E14.5 129/3,000; 4.3 * 0.1% 0/3,300; 0 = 0%
PO 132/3,000; 4.4 * 0.1% 0/3,300; 0 = 0%

2The percentage of Vsx2© /Cendl™ cells out of the total Vsx2" population, and
Cend1%/Vsx2™ cells out of the total Cend1™ cell population is shown.

in the post-natal retina, it took no less
than 30 min post-BrdU injection for
cells in the NBL to accumultae
enough BrdU to ensure a reproducible
detection and quantification. Thus,
we considered the start of the chase to
be 30 min after BrdU injection at all
developmental time points examined.
For example, if retinas were har-
vested 30 or 60 min after the BrdU
injection, the time of chase would be 0
or 30 min, respectively. We assessed
six chase periods (30, 50, 70, 90, 110,
and 130 min) at three embryonic time
points (E12.5, 14.5, and 16.5), and
eight chase periods (30, 90, 110, 130,
150, 170, 190, and 210 min) at three
post-natal time points (PO, P3, and
P5). In the embryonic retina at least
90% mitotic cells were BrdU™" after a
70-min chase, which lengthened to
110 min in the post-natal retina (Fig.
6A). In line with live imaging studies
indicating that M-phase is ~30 min
(Cayouette et al., 2003; Gomes et al.,
2011), most PH3™ cells became BrdU*
in a single 20-min chase window (Fig.
6A, Table 7). However, the slope of the
labeling curve then flattened and
there was a considerable lag between
the chase time required to double-
label the first ~90% versus the last
~10% of cells, which lengthened
across development; 20 min/E12.5, 40
min/E14.5, 60 min/E16.5, and ~100
min post-natally (Fig. 6A, Table 7).
These data suggest that a small frac-

tion of progenitors (<10%) take longer
to complete G2 than the bulk of the
population. To validate the BrdU/PH3
analyses, we also assessed the frac-
tion of cells that exhibited perinuclear
Cyclin B2, which marks late G2. As
expected, the fraction of B2%' cells
that were BrdU" slightly exceeded
that of PH3" cells at each time point
assessed (Fig. 6B, Table 8). The BrdU
chase-PH3 analyses reveal the typical
and maximum length of G2/M (Tables
7, 9), and the latter is critical to
assess unambiguously whether cell-
cycle proteins are detectable after cell
birth or, similarly, whether neural
markers are induced only after cell
birth.

Timing of Ki67 Extinction in
Post-Mitotic Cells

Having defined G2/M length, we then
applied BrdU pulse-chase analysis to
define when Ki67 is extinguished rel-
ative to cell birth. Retinas were
exposed to a single pulse of BrdU at
five developmental stages (E12.4,
14.5, 16.5, PO, 3), and the chase
length (i.e., time beyond 30 min of
BrdU) necessary to detect the first
Ki67 /BrdU™" cells was determined. If
Ki67 was extinguished before or after
cell birth, a chase period shorter or
longer than G2/M would generate
Ki67 /BrdU"  cells, respectively.
Strikingly, even after an 11.5-h chase

period no Ki67 /BrdU" cells were
detected at any of the five develop-
mental time points (Fig. 7A). Only af-
ter a 13.5-h chase was a small fraction
of Ki67 /BrdU" cells detected at
E12.5 and 14.5, while a 15.5-h chase
was needed to detect such cells at
E16.6 and PO, and at P3 this was
extended to 23.5 h. We confirmed that
the Ki67 /BrdU™" cells were differen-
tiating neurons because they co-la-
beled with Tubb3, which only labels
post-mitotic cells from E14.5 and
beyond, or Calb2, which always labels
post-mitotic neurons (yellow arrows
in Fig. 7B). For any single chase pe-
riod (e.g., 47.5 h), the fraction of
Ki67 /BrdU™ cells decreased as devel-
opment proceeded, indicating that the
duration of Ki67 maintenance in post-
mitotic cells extends with time. In
agreement, at any one developmental
time point, the fraction of Ki67 /
BrdU™ cells increased with the length
of the chase (Fig. 7A). Since the mini-
mal time to extinguish Ki67 after S
phase was between 11.5 and 13.5 h in
the early embryonic retina or 19.5-
23.5 h at P3, and the maximal G2/M
is ~1.5 h at E12.5 and ~3.5 h at P3
(Table 9), Ki67 is retained for a mini-
mum of ~10 and 16 h after cell birth,
respectively. The actual extent of
Ki67 retention at P3 is likely several
hours longer than this estimated min-
imum (>20 h) because the typical
(rather than maximal) G2/M is only
~2 h (Table 9), and only a tiny frac-
tion of Ki67 /BrdU" cells were
detected at the 23.5-h chase time (Fig.
7A). For the purposes of discussion,
we refer to this period of Ki67 reten-
tion in post-mitotic cells in the NBL
as GO*.

As noted earlier, Ki67 is detected in
the embryonic NBL but disappears as
cells begin to emerge into the forming
GCL (Fig, 1B, D, E). Thus, as a second
approach to approximate the length
of GO*, pregnant dams were pulse-la-
beled with BrdU at E12.5, E14.5, and
E16.5, chased for 7.5, 11.5, 23.5, and
47.5 h, and BrdU"/Tubb3" neurons
that had reached the GCL were quan-
tified. The chase time for newborn
cells to migrate to the GCL, where
Ki67 disappears, was ~11.5 h at
E12.5 and E14.5 and between 11.5
and 23.5 h at E16.5 (Fig. 7C), which is
similar to the chase times required to
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E12.5: Pax6/Ki67

E12.5: Tubb3/Ki67

E12.5: Calb2/Ki67

GCL/INBL

ONBL

GCL/INBL :

’ -
|

E12.5: Map2/Ki67
A
(

Fig. 3. Ki67 co-localizes with neuronal markers in the embryonic retina. A: At E12.5, many Pax6™ cells (green) co-localize with Ki67 (red, white
arrows) in the ONBL, and many reside in the INBL/GCL. B-F: At E12.5, a subset of Ki67" cells co-localizes with the neuronal markers Tubb3,
Calb2, Map2, Dcx, and Elav2/3/4 (green) in the ONBL (white arrows). INBL, inner neuroblastic layer; ONBL, outer neuroblastic layer; GCL, ganglion

cell layer. Scale bars = 10 pm.

observe the first Ki67 /BrdU" cells
(Fig. 7A).

Kinetics of Appearance of
GCL Neuronal Proteins

Having defined when Ki67 disap-
pears, we further improved the map
of neuronal marker kinetics in the
retina by assessing the exact timing

of induction of the eight differentia-
tion markers studied earlier: Tubb3,
Calb2, Dcx, Elavl, Map2, Maplb,
Uchll, and Rbfox3. As described
above, Tubb3 signal appears in a
small subset of G2/M progenitors at
E12.5 but is restricted to post-mitotic
neurons at later times. Consistent
with these findings, we found that at
E12.5, when typical G2/M is 70 min

and maximal G2/M is 90 min, a 30- or
50-min chase did not label Tubb3™
cells, but a 70- or 90-min chase repro-
ducibly detected small proportions
(70 min: 0.1 = 0.04%; 90 min: 0.16 =
0.0%) of Tubb3"/BrdU" double-la-
beled cells (Table 6). The same frac-
tion of Tubb3™ cells colabeled with the
G2/M markers Cenbl and PH3 (Table
6; Fig. 5B). Thus, multiple pieces of
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data indicate that Tubb3 protein is
translated just before cell birth in
E12.5 progenitors. Occasionally, we
observed pairs of PH3" cells, likely
undergoing anaphase/telophase (Tram
and Sullivan, 2002; Li et al., 2005), of
which one or both were Tubb3" sug-
gesting asymmetric or symmetric divi-
sion, respectively (Fig. 5B). Tubb3™
cells underwent M-phase with their
spindles either horizontal or perpendic-
ular relative to the plane of the tissue
(Fig. 5B). Subjectively, it appeared that
Tubb3™ progenitors were not restricted
to symmetrical or asymmetrical divi-
sion, or perpendicular or horizontal mi-
totic spindle planes. Irrespective, these
data provide further evidence for the
presence of Tubb3 protein in M-phase
E12.5 progenitors.

At later developmental time points
Tubb3"/BrdU™ cells were observed af-
ter increasingly longer BrdU labeling
periods. G2/M is typically 70 min at
E14.5, and maximally 110 min at
E14.5 and 130 min at E16.5 (Fig. 6,
Table 9). The first Tubb3*/BrdU™ cells
born at E14.5 were observed after a
130-min chase (0.04 + 0.0%), but at
E16.5 double-positive cells were first
seen after a 5.5-h chase (0.07 =
0.06%). In the post-natal retina, 9.5 h
of labeling was required to detect the
first Tubb3"/BrdU™" cells at P0 (0.4 +
0.1%) and P3 (0.2 = 0.05%). The frac-
tion of double-labeled cells rose at lon-
ger labeling times, consistent with
gradual accumulation of Tubb3™ post-
mitotic neurons (Table 6).

Our earlier data suggested that
Calb2, Dcx, Elavl, and Map2 are
induced after cell birth in migrating
GO* cells, because they co-localized
with Ki67 but not with any of the six
other cell cycle markers (Figs. 3C-F,
5C; Table 6). Thus, next we used Kki-
netic studies to further test this conclu-
sion. In the early embryonic retina, a
5.5-h chase was required to observe
the first Calb2'/BrdU" cells (E12.5:
0.25 = 0%; E14.5: 0.1 = 0.1%). At
E16.5, the first Calb2'/BrdU" cells
appeared only after an 11.5-h chase
(0.4 = 0.1%). Thus, at all time points
examined, the length of the chase
exceeded the length of G2/M, confirm-
ing that Calb2 induction occurs after
cell birth. Based on maximal or typical
G2/M lengths, we estimate that Calb2
is induced between ~2—4 h, and ~3-9
h after cell birth at E12.5/E14.5 and

PH3 Vsx2

Cenbl

TABLE 6. (Continued)
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after BrdU injection)
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mental stages examined are indicated in the first column; thus for Pax6 at E12.5, in the column labeled Ki67, of 780 Pax6" cells 351 were also Ki67". The pale orange and gray

starting 30 min after the BrdU injection; thus when retinas were harvested 30 or 80 min after the BrdU injection the chase is 0 or 50 min, respectively. The markers and develop-
panels represent co-localization or no co-localization of neuronal markers with proliferation markers, respectively. n/a, not applicable.
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2The percentage of cells positive for nine neuronal markers and the five cell cycle markers (Ki67, Cenbl, PH3, Vsx2, and BrdU) are shown. Note that BrdU chase is measured
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E16.5, respectively (summarized in
Fig. 8). Similarly, we estimate that Dcx

E12.5 E14.5 E16.5 E12.5 + 47.5h chase (= E14.5) was induced 2—4 h after cell birth at
. E12.5 and ~5.5-10 h at E16.5, respec-
Map1b/Ki67 Map1b/BrdU tively; Elavl2/3/4 was induced 4-6 h af-

ter cell birth at E12.5 and ~6-10 h at
E14.5, respectively (this marker is also
induced a few hours after birth in
zebrafish retina and hindbrain) (Lyons
et al., 2003; Baye and Link, 2007); and
Map2 was induced ~5.5-10 h after cell
birth at E12.5-E16.5. At PO, we did
not perform detailed pulse chase anal-
ysis for these markers, but since very
few Calb2" and Map2" cells or zero
Dcxt or Elav2/3/4™ cells co-localized
with Ki67 at this time, we can assume
that the timing of their induction is
much longer than at embryonic time
points (Table 6, Fig. 8).

Maplb, Uchll, and Rbfox3 never
Uchl1/Ki67 Uchl1/BrdU co-localized with Ki67 and were
detected in the GCL only after ~E13,

arguing that they are induced beyond
GO* (Fig. 4). In agreement, only a few
BrdU" neurons expressing Maplb,
Uchll, or Rbfox3 were detected in ret-
inas pulsed with BrdU at E12.5 and
chased for 23.5 h, which approxi-
mately doubled after another 24 h of
labeling (Fig. 4; Table 6). Since, the
maximal length of G2/M at E12.5 is
i 90 min, these markers are detectable
in GCL neurons approximately 22 h
after the last M-phase.
In summary, these data generate a
useful kinetic map of protein appear-
ance in the developing embryonic
Rbfox3/Ki67 Rbfox3/BrdU mouse retina: Thus, the order of
detection during the differentiation of
GCL neurons is Tubb3 > Calb2 > Dcx
> Elavl2/3/4 > Map2 > Maplb,
Uchll, and Rbfox3, and Ki67 is de-
kinetics with which cell cycle and neu-
ronal proteins are extinguished or
Fig. 4. Map1b, Uchl1, and Rbfox3 are expressed in mature Ki67~ neurons. Map1b, Uchl1, and  induced during cell birth in the devel-
Rbfox3 (green) appear in the retina- after ~E13, labeling ganglion, amacrine,_and horizontal cells. oping retina. Neurons in the GCL are
These markers never co-localize with Ki67 (red; left panels). Panels on the right show that these ol e .
post-mitotic, and detection of the pan

tectable beyond induction of even the
very late marker, Map2 (Fig. 8).

neurons require a long chase to become BrdU™ (white arrowheads). The white dotted line marks .

the boundary between ONBL and INBL/GCL. INBL, inner neuroblastic layer; ONBL, outer neuro- cell cycle markers Pcna and Mcmé6 in

blastic layer; GCL, ganglion cell layer. Scale bars = 10 pum. this layer stimulated a series of experi-
ments, which revealed that Ki67 is
also expressed for an extensive period
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DISCUSSION

Cell Cycle Markers in
Newborn Migrating Neurons

GCL/INBL

Our goal was to better define the




CELL CYCLE PROTEIN EXPRESSION POST-BIRTH 1537
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E12.5: Calb2 || E125Dcx ||  E125:Elavi2z4 || E12.5: Map2

I |
| Chase period (starting 30 min after BrdU injection) |
[ omin |[ 55n |[ 11.5n || omin |[ 5.5h || omin || 7.5h |[ 11.5h || omin |[ 11.5h |

ONBL

GCL/INBL

Fig. 5. Induction of retinal differentiation markers. A: Pax6™ cells (green) are co-labeled (magenta arrows) by a short 30-min pulse BrdU or with
Ccnb1, PH3, or Ccnd1 (all red). B: At E12.5, Tubb3" cells (green) are not colabeled either with Ccnd1 (white) or a short 30-min BrdU pulse (red)
and were weak/negative for Vsx2 (white). However, a minute fraction of Tubb3™ cells co-localizes with Ccnb1 and PH3 (red stain, magenta
arrows). In some cases, both PH3" cells (red, bottom panels) in a pair were Tubb3" (magenta arrows), whereas in others one was Tubb3" and the
other was Tubb3~ (white arrow). Nuclei are stained with DAPI (blue). C: Calb2, Dcx, Elav2/3/4, or Map2 (green) do not co-localize with a short 30-
min pulse (i.e., 0 min chase) of BrdU (red stain, white arrows), but become BrdU" at longer chase times (magenta arrows; see also Table 6). Insets
show BrdU or neuronal staining only for highlighted cells. INBL, inner neuroblastic layer; ONBL, outer neuroblastic layer; GCL, ganglion cell layer.
Scale bars = 10 pm.
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Fig. 6. The length of G2/M. A: To measure G2/M, mice of the indicated embryonic (top graph) or post-natal (bottom graph) ages were pulsed
with BrdU for 30 min, then chased for the indicated periods (x-axes) and the fraction of all PH3™ cells that was also BrdU" plotted (y-axes). B: As
in A, but here the fraction of all Ccnb1™ cells that was BrdU" was plotted. Images below the graphs in A and B show cells double labeled (ma-
genta arrows) with PH3 or Ccnb1 (green) and BrdU (red); nuclei were labeled with DAPI (white). Scale bars = 10 pm.
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TABLE 7. Proportion of BrdU-Labeled PH3" Cells After Indicated Lengths of BrdU Chase®
PH3";BrdU"/PH3" (%)
Chase (min) E12.5 E14.5 E16.5 PO P3 P5
30 11.1 = 04 21=*0 00 00 00 00
50 312 + 7.8 14.2 = 5.7 00 n/a n/a n/a
70 93.6 + 0.5 93.2 + 2.0 96.0 + 1.3 n/a n/a n/a
90 100 = 0 94.7 + 2.1 97.9 + 0.8 82.6 = 0.6 41.1 = 3.7 00
110 100 = 0 99.0 + 1.0 88.6 + 1.2 88.6 + 1.6 88.3 + 1.5
130 100 = 0 945 = 0.5 94.1 + 0.2 94.3 + 2.0
150 98.0 = 0.3 98.5 + 0.3 97.6 = 0.5
170 98.8 + 0.5 98.5 + 0.3 98.3 = 0.7
190 99.4 + 0.1 99.3 + 0.2 98.8 + 0.0
210 100 = 0 100 = 0 100 = 0
?n/a, not applicable.

beyond cell birth. We found that 6-7% ing Vsx2 (Chx10), BrdU, PH3, and proteins, none of which ever co-local-
of Ki67" cells in the NBL lack other Cyclins D1, A, and B. Moreover, Ki67" ized with any of the six other markers
progenitor/cell cycle markers, includ- cells were positive for many neuronal of dividing progenitors.
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TABLE 8. Proportion of BrdU-Labeled Ccnbl* Cells After the Indicated Chase Times

Cenb1";BrdU*/Cenbl™ (%)

Chase (min) E12.5 E14.5 E16.5 Po P3 P5

30 56.5 + 0.5 20.2 = 1.8 0x0 0*+0 0x0 0*+0
90 100 = 0 97.6 = 0.7 97.3 + 0.7 96.3 = 1.6 89.0 = 2.5 84.7 + 2.4
210 100 = 0 100 £ 0 100 = 0 100 £ 0 100 £ 0

GO0* and GO cells (Sakaue-Sawano

TABLE 9. G2/M Length at Six Different Developmental Stages® et al., 2008). It will be interesting to
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Typical G2/M Maximum G2/M

Age (~90% BrdU*";PH3"/PH3" cells) (100% BrdU";PH3"/PH3™" cells)
(min) (min)

E12.5 70 90

E14.5 70 110

E16.5 70 130

PO 110 210

P3 110 210

P5 110 210

100% PH3" cells, respectively.

aTypical and Maximum is defined by the chase time needed to BrdU-label ~90% or

To better map neuronal marker
kinetics, we deduced the length of G2/
M across retinal development and
coupled that information with BrdU-
pulse labeling to time the activation
of neuronal markers and disappear-
ance of Ki67. Of the differentiation
markers assessed here, Tubb3 was
induced first. At E12.5, it was
detected in M-phase cells, but was
induced post-mitotically at later
times, rising to ~4-6 h at PO and >
7.5 h at P3. Calb2 (Calretinin) and
Dcx were induced at ~2—4 h after
birth at E12.5, rising to ~3.5-9.4 h at
E16.5. Elavl2/3/4 was induced 4-6 h
after cell birth at E12.5 and 6-10 h at
E14.5, respectively. Map2 was
induced at least ~5-10 h after birth,
while Map1b, Uchll, and Rbfox3 were
induced at ~10-22 h post M-phase.
Remarkably, Ki67 co-labeled cells
with Tubb3, Calb2, Dcx, Elavl2/3/4,
and Map2, but not with Maplb,
Uchll, and Rbfox3, and, in agree-
ment, kinetic analysis showed that
Ki67 was not extinguished until 10—
22 h after cell birth (Fig. 8).

These data show that, at least in
early born cell types, the timing of
induction of retinal neuronal markers
relative to mitosis extends as develop-
ment proceeds. However, in rat retina
the rod photoreceptor marker rhodop-

sin is induced 8.5 to 12.5 days after
cell birth before E19, but 5.5-6.5 days
after cell birth at older ages (Morrow
et al.,, 1998). Potentially, proteins
induced soon (<1 day) versus very
late (>5 days) after cell birth have dif-
ferent induction kinetics, or alterna-
tively there are cell-specific patterns
of expression. Our study focused on
early born cells, and further work is
required to define the timing with
which early markers are induced in
rods and other late born cell types.
Several results indicated that Ki67
extinction coincides with the arrival
of neurons at their final destination
in the GCL. First, Ki67 was detected
in the NBL, and only very occasional
Ki67" cells could be seen in the outer-
most margin of the GCL. Second, the
timing of Ki67 extinction was the
same as that required for BrdU pulse-
labeled neurons to reach the GCL.
And third, while Ki67 was co-
expressed with the eight neuronal
markers discussed above, it was never
found together with Map1lb, Uchll, or
Rbfox3, which were induced when
cells reached the GCL. The DNA rep-
lication licensing factor Ctdl is also
expressed in post-mitotic CNS neu-
rons, but unlike Ki67 it remains on
even in neurons that reached the
GCL and thus could not distinguish

test whether a general molecular
switch exists that triggers Ki67 loss
at the time when neurons arrive at
their final destination.

In summary, our data show that
Ki67, like Pcna and Mcm6, is not
unique to progenitors, but is present
in post-mitotic differentiating neu-
rons in the early embryonic retina
and only disappears once cells reach
the GCL ~0.5-1 day later.

Implications of Ki67 Presence
Beyond Cell Birth

We utilize the term GO* here to facili-
tate discussion of Ki67" and Ki67~
post-mitotic neurons, but could GO*
and GO represent distinct functional
states? Their physical separation
(NBL vs. GCL in the case of neurons
studied here), warrants further con-
sideration of this possibility. The reti-
noblastoma protein, Rb, which binds
and represses the E2f family of tran-
scriptional activators, is required to
ensure that newborn differentiating
retinal neurons exit the cell cycle, and
Rb null neurons exhibit unscheduled
division (Chen et al., 2004; MacPher-
son et al., 2004). However, Rb inacti-
vation in mature neurons does not
trigger cell cycle re-entry (Slack et al.,
1998), suggesting that there is a de-
velopmental window during which
this co-repressor acts to silence cell
cycle regulators. In theory, GO* may
mark this critical period. Intriguingly,
Ki67, Pcna, and Mcm6 are all known
E2F targets (Ishida et al., 2001;
Bracken et al., 2004), and ectopic divi-
sion in the Rb null retina is E2f1-de-
pendent (Chen et al., 2007). It should
be feasible to utilize Ki67 together
with neuronal markers such as Calb2
to specifically mark and purify GO*
cells, and thus to study the genome-
wide kinetics of E2f-target silencing
in this population. It would also be
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Fig. 7. The timing of Ki67 extinction. A: Mice were exposed to BrdU for 30 min at the five indicated developmental stages, retinas harvested af-
ter the indicated chase periods (x-axis), and the fraction of BrdU™ cells that were also Ki67~ calculated (y-axis). B: Examples of the staining used
to generate the data in A. Tubb3";BrdU™ neurons are shown that are Ki67" (magenta arrows) or Ki67~ (yellow arrows). C: Mice were exposed to
BrdU for 30 min at the three indicated developmental stages, retinas harvested after the indicated chase periods (x-axis), and the number of
BrdU";Tubb3" neurons per section that were in the INBL/GCL cells was plotted (y-axis). INBL, inner neuroblastic layer; ONBL, outer neuroblastic
layer; GCL, ganglion cell layer.
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Fig. 8. A: Summary of Ki67 extinction and neuronal marker induction in the developing mouse retina. The yellow, orange, brown, red, and ma-
genta lines represent the timing of expression of the indicated markers for cells born at E12.5, E14.5, E16.5, PO, and P3. Not every marker was
assessed at all developmental time points. The dotted portion of each coloured line spans the two measured time points between which Ki67 was
extinguished or the indicated neuronal markers were induced. Time lines were calculated by subtracting maximum G2/M length (Table 9) from
BrdU chase periods (Table 6 for neuronal marker induction, Fig. 7A for Ki67 extinction).

intriguing to determine the kinetics of
Ki67, Pcna, and Mcm6 disappearance
in E2f-deficient retina (Chen et al.,
2009). In situ hybridization will be
required to determine if Ki67, Pcna,
and Mcm6 mRNA is present as well
as protein in post-mitotic neurons.
The half-life of Ki-67 protein in cul-
tured cells is only 60—90 min (Bruno
and Darzynkiewicz, 1992; Heide-
brecht et al., 1996), and it was detect-
able in differentiating retinal neurons
for up to a day, raising the possibility
that post-mitotic cells continue to
express Ki67 mRNA. The expression
of both Pcna and Mcm6 mRNAs in
ganglion and amacrine neuronal pop-
ulations supports this possibility (Tri-
marchi et al., 2008).

It will also be important to examine
whether post-mitotically expressed
Ki67 is functionally relevant. Its pres-
ence may simply reflect the last
vestages of cell cycle gene expression.
However, a growing list of studies has
demonstrated that cell cycle proteins
serve post-mitotic, cell cycle-inde-
pendent functions that include neuro-
nal migration, axonal growth, synap-
tic maturation and plasticity (Frank
and Tsai, 2009). For example, we

reported cell cycle-independent roles
of Rb and E2f3a in the differentiation
of starburst amacrine cells in the
mouse retina (Chen et al., 2007). Ki67
is a commonly used marker in prolif-
erating cells, yet surprisingly little is
known about its function. The Ki67
gene is located on the human chromo-
some 10 and mouse chromosome 7
(Schonk et al., 1989; Fonatsch et al.,
1991). Two alternatively spliced
mRNA species encode two isoforms of
the protein: a larger isoform (359 kD)
and a smaller isoform (320 kD)
(Gerdes et al., 1983; Schluter et al.,
1993). Inhibiting Ki67 activity with
antisense oligonucleotides or blocking
antibodies leads to cell cycle arrest in
cultured cells (Schluter et al., 1993;
Starborg et al., 1996). Further, anti-
sense oligonucleotides reduce prolifer-
ation and tumor growth in bladder
and renal carcinoma xenograft mod-
els (Kausch et al., 2003, 2004, 2005).
Interestingly, antisense-treated cell
lines and tumors display high levels
of apoptosis, suggesting that Ki67
promotes survival as well as cell cycle
progression. Ki67 interacts with het-
erochromatin protein 1 (HP1) pro-
teins suggesting that it may be

involved in the control of higher-order
chromatin structure (Scholzen et al.,
2002).

Ki67 also has a role in the nucleolus
where it is directly associated with
rRNA genes and is required for their
expression (Bullwinkel et al., 2006;
Rahmanzadeh et al., 2007). Intrigu-
ingly, Ki67" nucleolar spots were
reported in post-mitotic as well as
dividing cells (Bullwinkel et al.,
2006), which is, to our knowledge, the
only other study where Ki67 detection
has been reported in non-dividing
cells. These authors noted that stain-
ing could be easily distinguished in
post-mitotic cells versus proliferating
cells, as it was punctate, confined to
very few spots, and nucleolar in the
former, but much broader and nuclear
in the latter. We did not find this dis-
tinction in the developing retina, as
we could detect Ki67 in regions out-
side the nucleolus of post-mitotic
cells. Thus distinguishing Ki67" pro-
genitors versus GO* cells required
double-labeling with cell cycle or neu-
ronal markers. These varied post-mi-
totic expression patterns likely reflect
distinct Ki67 distribution in differen-
tiating cells, which we studied, versus
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mature, fully differentiated cells
assessed in Bullwinkel et al. (2006).

Finally, our study raises a technical
concern regarding the use of Ki67,
Pcna, and/or Mcm6 to prove defini-
tively that a cell is dividing. Positive
staining supports such a deduction
because the vast majority of Ki67"
cells in the dividing retina are progen-
itors. However, proof that a cell is mi-
totic requires labeling with other cell-
cycle markers. This will be particu-
larly pertinent when unscheduled di-
vision of neurons is the topic of inter-
est. It is important to note that at any
one time in mouse retinal develop-
ment only a few percent of Ki67+ cells
are not progenitors (6-7% of Ki67"
cells lacked the progenitor marker
Vsx2), and this fraction is only
slightly higher for Pcna or Mcm6.
Therefore, with a small correction,
these remain valuable markers to ap-
proximate the total fraction of divid-
ing cells.

Variable Length of G2/M
Among the Retinal
Population

Increase in the length of G1 has been
associated with promoting cell cycle
exit and differentiation in the CNS;
however, whether the cell -cycle
kinetics are the cause or consequence
of neuronal progenitor fate decisions
is still debated (Gotz and Huttner,
2005; Dehay and Kennedy, 2007; Wil-
cock et al., 2007; Lange and Calegari,
2010; Arai et al., 2011). Whether G2/
M length also affects progenitor fate
is also of interest. The percentage of
labeled mitoses (PLM) paradigm
(Quastler and Sherman, 1959) has
been used to measure the length of
G2/M in the murine brain, e.g., (Taka-
hashi et al., 1995). Previous rodent
retinal cell cycle length studies did
not directly measure G2/M, but
rather total cell cycle and S-phase
length (Denham, 1967; Gloor et al.,
1985; Young, 1985b; Alexiades and
Cepko, 1996). Employing PLM, we
observed that progenitors pass
through G2/M in two waves; first,
>90% M-phase progenitors becomes
BrdU-labeled fast and then the
remaining population takes much lon-
ger. For example, in the embryonic
retina, it took ~1 h to label ~90% pro-

genitors, then another full ~1 h to
label the remaining 10%. This data
suggests the existence of a small pop-
ulation of progenitors passing slowly
through G2/M. Live cell imaging indi-
cates that M phase occurs relatively
fast (~30 min) (Cayouette et al., 2003;
Gomes et al., 2011), therefore the pro-
longed labeling of mitotic cells likely
reflects variable G2 length. In prior
cumulative labeling studies, the time
needed to label approximately 90% of
progenitors was equivalent to the
time needed to label the remaining
progenitors (Denham, 1967; Young,
1985Db; Alexiades and Cepko, 1996),
supporting the notion of a slow divid-
ing RPC population. Recent in vivo
imaging data further confirm this
idea. Thus, while cultured rat E20
retinal progenitors had a mean cell-
cycle length of 56 h, a few percent of
the population exhibited much longer
cycle times, including some well over
100 h (Gomes et al.,, 2011). In the
zebrafish retina, which develops
much faster than in rodents, there is
also great heterogeneity in cell cycle
length (Baye and Link, 2007; Leung
et al., 2011). For example, in the em-
bryonic retina (28-32 h post-fertiliza-
tion) progenitors spend anywhere
between 4-11 h in the cell cycle (Baye
and Link, 2007). Live imaging of dis-
tinct phases of the cell cycle using a
PCNA-GFP fusion protein showed
that the G1 and S are the most vari-
able cell cycle phases, but while G2
was on average 40 min, 2/32 (6.7%) of
the cells assessed took twice this time
to transit G2 (Leung et al., 2011). The
latter data are reminiscent of our
finding that a similar fraction of pro-
genitors takes twice as long as the
majority to complete G2/M in mouse
retina (Fig. 6A).

What may be the purpose of a short
versus a long G2? As noted above,
lengthening of G1 has been associated
with earlier cell birth. However, a
recent study of the embryonic chick
spinal cord found that shortened G2,
linked to high levels of CDC25B, pro-
moted neurogenic divisions (Peco
et al., 2012). In Xenopus retina, Shh
shortens both G1 and G2 by down-
regulating G2/M regulators such as
cdc25¢, and cyclins A2 and B1, and
leads to precocious cell cycle exit
(Locker et al., 2006). Thus, it will be
important to determine, for example

using in vivo imaging, whether RPCs
that exhibit a longer G2/M in mouse
retina exhibit any preference for neu-
rogenic or proliferative divisions, and
to define the signals that govern G2
length.

EXPERIMENTAL
PROCEDURES

Mice

Timed pregnant C57BL/6 (Jackson
Labs, Bar Harbor, ME) mice were
used for all experiments. Noon of the
day the vaginal plug was observed
was considered E 0.5. All mice were
treated in accordance with institu-
tional and national guidelines. At
least three different mice from at
least three different litters were used
to generate all data.

BrdU Labeling

Mice were injected I.P. with 10 mg/ml
BrdU in PBS (Roche, Nutley, NJ) in
PBS at 10 mg/kg of body weight.
BrdU was detected using the antigen
retrieval protocol described below for
immunostaing (10 mM sodium ci-
trate, pH 6.0, boiled for 30 min).

Immunostaining

Eyes or whole embryos were fixed in
4% PFA for 24 h, dehydrated in 30%
sucrose for 24 h, frozen and cryo-sec-
tioned to 15-pm thickness on Super-
frost plus slides (VWR), on a Leica
cryostat. Slides were dried for ~4 h at
room temperature and either frozen
or, if used right away, re-hydrated
and washed in PBST (PBS, 0.05%
Tween). Slides were immersed in 10
mM sodium citrate (pH 6.0) in coplin
jars and boiled for 15-30 min (e.g.,
anti-protein antibodies required a 15-
min boil, while anti-BrdU antibody
required a 30-min boil). Sections were
cooled to room temperateure (~30
min) and blocked in 4% serum
(depending on the species of 2° anti-
body) in PBS-T for 1 h at RT. Primary
antibodies (Tables 1 and 2) were
diluted in PBST and kept on the sec-
tions for 12 h at 4°C. Secondary anti-
bodies (Alexafluor, Invitrogen, Carls-
bad, CA) were diluted in PBST
containing a concentration of 200 ng/
ml DAPI (Sigma, St. Louis, MO) and
kept on sections for 1 h at room



7}
(2]
©
=
<
=
>
o]
o
o]
~—
=
=
=
(=
=)
o
P
>
D
=

CELL CYCLE PROTEIN EXPRESSION POST-BIRTH 1543

temperature. Slides were washed in
ample volumes of PBST between pri-
mary and secondary antibodies.
Slides were mounted with MOWIOL
(Calbiochem, San Diego, CA).

Imaging and Cell Counts

Images were taken with a Zeiss
(Thornwood, NY) laser confocal sys-
tem and were handled with Image J
(Sigma filter, z-stack manipulation)
and Adobe Photoshop (image crop-
ping, rotation, final overall intensity
adjustment). All  quantifications
(except see below) were performed on
the central (i.e., the most mature)
part of the retina on a given retinal
section. All figures thus represent a
typical part of the retina used for
scoring. Care was taken to score as
many cells as possible (hundreds,
sometimes thousands) to ensure sta-
tistical significance. For G2/M meas-
urements (i.e., data in Fig. 6 and
Tables 7 and 8), several hundred
PH3" and Ccnbl* cells were scored
for each time point throughout the
whole section; however, only sections
immediately surrounding the optic
nerve were used. Note that lack of
staining does not automatically mean
the absence of expression, but may be
the result of epitope-masking or low
efficiency of detection. We tried sev-
eral different staining conditions and
when available different types and
species of antibodies. We opted to use
antigen retrieval for all of the stain-
ing presented in this study to mini-
mize the effect of epitope masking.
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