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We have conducted a comprehensive analysis of the relative
timing of the terminal mitosis and the onset of rhodopsin ex-
pression in rod precursors in the rat retina in vivo. This analysis
demonstrated that there are two distinct phases of rod devel-
opment during retinal histogenesis. For the majority of rod
precursors, those born on or after embryonic day 19 (E19), the
onset of rhodopsin expression was strongly correlated tempo-
rally with cell cycle withdrawal. For these precursors, the lag
between the terminal mitosis and rhodopsin expression was
measured to be 5.5–6.5 d on average. By contrast, for rod
precursors born before E19, the lag was measured to be sig-
nificantly longer, averaging from 8.5 to 12.5 d. In addition, these
early-born rod precursors seemed to initiate rhodopsin expres-
sion in a manner that was not correlated temporally with the
terminal mitosis. In these cells, onset of rhodopsin expression

appeared approximately synchronous with later-born cells,
suggesting a synchronous recruitment to the rod cell fate in-
duced by environmental signals. To examine this possibility,
experiments in which the early-born precursors were exposed
to a late environment were conducted, using a reaggregate
culture system. In these experiments, the early-born precursors
appeared remarkably uninfluenced by the late environment with
respect to both rod determination and the kinetics of rhodopsin
expression. These results support the idea that intrinsically
distinct populations of rod precursors constitute the two
phases of rod development and that the behavior exhibited by
the early-born precursors is intrinsically programmed.
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Rods are highly specialized, light-sensing neurons with elaborate
outer segments containing the photopigment rhodopsin. Al-
though the morphology and molecular physiology of rod photo-
receptors have been well studied, the steps that lead from a
multipotent retinal progenitor to a committed rod precursor
and finally to a terminally differentiated rod remain poorly
understood.

Retinal cell-type specification is likely to involve an interaction
between extrinsic and intrinsic regulators (for review, see Reh,
1991; Cepko et al., 1996). Extrinsic cues implicated in rod devel-
opment in vitro include taurine (Altshuler et al., 1993), S-laminin
(Hunter et al., 1992), retinoic acid (Kelley et al., 1994), and the
CNTF family of cytokines (Fuhrmann et al., 1995; Kirsch et al.,
1996; Ezzeddine et al., 1997; Neophytou et al., 1997). These
studies have all used rhodopsin expression as an assay for rod
differentiation. To date, two transcription factors have been mo-
lecularly characterized that bind to and transactivate from pro-
moters of photoreceptor-specific genes in vitro, namely NRL
(Kumar et al., 1996; Rehemtulla et al., 1996) and Crx (Chen et al.,
1997; Furukawa et al., 1997). The roles that the above-mentioned
cell autonomous and cell nonautonomous activities play in rod
commitment, and the potential timing of action of these factors

in the life history of a developing rod in vivo, are areas of active
study.

Lineage analysis supports the idea that commitment to the rod
cell fate may occur during or after the terminal mitosis because
two cell clones with one rod and a second distinct cell type were
found (Turner and Cepko, 1987). As well, other studies have
directly demonstrated persistent developmental plasticity in some
postmitotic retinal cells in vitro (Belecky-Adams et al., 1996;
Ezzeddine et al., 1997). In one of these studies, in which devel-
oping retinal explants were treated with ciliary neurotrophic
factor, postmitotic rod precursors were respecified to express at
least three markers of bipolar interneurons, and rhodopsin ex-
pression was blocked, suggesting a switch in cell fate. Further-
more, the window of sensitivity to the effects of factor treatment
in rod precursors was found to extend to shortly before the
expression of rhodopsin (Ezzeddine et al., 1997).

Several studies across different species have reported a long
delay between the terminal mitosis of a rod precursor and the
onset of rhodopsin expression (for review, see Cepko, 1996). In
the present study, we set out to answer the following question in
the developing rat retina: is there a correlation between the day
a rod precursor is born and the day it expresses rhodopsin? Our
results demonstrate that there is a strong temporal correlation
between the day of birth of a rod precursor and the onset of
rhodopsin expression among cells born on or after embryonic day
19 (E19). Interestingly, a different behavior is exhibited by rod
precursors born before E19, indicating that there are two phases
of rod development: an early phase and a late phase. We tested
whether extrinsic cues from the late phase could alter the differ-
entiation of rods born during the early phase. The results are
consistent with the notion that intrinsically distinct populations of
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rod precursors participate in the two different phases of rod
development.

MATERIALS AND METHODS
Animals. Timed-pregnant Sprague Dawley rats were purchased from
Taconic (Germantown, NY). Most of the litters were born on E22, which
was considered equivalent to postnatal day 0 (P0).

In vivo [ 3H]thymidine pulse-labeling. [ 3H]thymidine (Amersham, Ar-
lington Heights, IL) (5 mCi/gm of animal) was administered by a single
intraperitoneal injection to pregnant rats (embryonic time points) or
separately to neonatal littermates (postnatal time points).

In vitro [ 3H]thymidine pulse-labeling and BrdU labeling of retinal ex-
plants. Pulse-labeling in vitro was performed by placing P0 explanted
retinae in DMEM (Life Technologies, Gaithersburg, MD) containing
10% fetal calf serum (FCS) (Life Technologies) to which a final concen-
tration of 5 mCi/ml [ 3H]thymidine was added. After a 1 hr incubation at
37°C, retinae were washed five times and cultured as explants as de-
scribed previously (Lillien and Cepko, 1992) in DMEM containing 10%
FCS and penicillin–streptomycin (100 U/ml) (Life Technologies). Cells
undergoing S-phase in culture were labeled by BrdU addition after
different time intervals to a final concentration of 10 mM.

Retinal dissociations. A developmental series (P0–P20) of retinae from
[ 3H]thymidine-labeled littermates or tissue from cultured explants was
analyzed by gentle dissociation. Dissociations were conducted as de-
scribed by Altshuler and Cepko (1992) with slight modification. Briefly,
neural retinae were dissected free of other ocular tissues and incubated
for 10 min at room temperature in HBSS lacking Ca 21/Mg 21 (Life
Technologies) to which trypsin (Worthington, Freehold, NJ) was added
to a final concentration of 1 mg/mL. After trypsinization, soybean
trypsin inhibitor (Sigma, St. Louis, MO) was added to a final concentra-
tion of 2 mg/ml. The cells were then pelleted by centrifugation (1200
rpm, 5 min), resuspended, and gently triturated to a single cell suspen-
sion in HBSS containing 100 mg/ml DNase I (Sigma). Cells were then
plated on poly-D-lysine (Sigma)-coated, eight-well glass slides (Cel-Line
Associates, Newfield, NJ) before fixation.

Immunocytochemistry and autoradiography. Slides with [ 3H]thymidine-
labeled cells were first immunostained and then processed for autora-
diography. After they were plated, retinal cells were fixed with 4%
paraformaldehyde for 5 min before they were blocked for 30 min in PBS,
2% donkey serum (Jackson ImmunoResearch, West Grove, PA), and
0.1% Triton X-100 (Sigma). The Rho4D2 monoclonal antibody raised
against bovine rhodopsin was a generous gift of Dr. R. S. Molday
(University of British Columbia) and was used at a 1:250 dilution
(Molday, 1989). BrdU detection was performed using the anti-BrdU
monoclonal antibody containing nuclease (Amersham) as instructed by
the supplier, with the following modification. Cells were treated with 2N
HCl for 20 min after fixation, followed by eight washes with HBSS, pH
7.4, before they were blocked. A Texas Red-conjugated, donkey anti-
mouse IgG secondary antibody (Jackson ImmunoResearch) was used
according to the supplier’s instructions for indirect immunodetection.
Nuclear staining was performed by adding 49,6-diamidine-2-
phenylindole-dihydrochloride (DAPI) to the secondary antibody solution
to a final concentration of 0.0005%. After they were immunostained, the
slides were dehydrated and stored at 4°C before autoradiography.

Dehydrated slides with [ 3H]thymidine-labeled cells were dipped in
NTB2 autoradiography emulsion (Kodak, Rochester, NY). Slides were
stored at 4°C in the dark while they were exposed for 4–10 weeks for in
vivo labeling experiments or 1–2 weeks for in vitro labeling experiments.
Slides were then developed for 5 min in D19 developer (Kodak) and
rinsed in distilled water followed by 20 min in fixer (Kodak). Slides were
washed with distilled water for 10 min and then mounted in gelvatol
(Rodriquez and Dunhardt, 1960).

Fluorescent microscopy and scoring cells undergoing terminal mitosis.
Doubly processed slides were viewed using a Zeiss Axiophot fluorescent
microscope. Silver grains were counted under transmission light micros-
copy using a 633 Plan NEOFLUAR objective (Zeiss). Cells were
determined to have undergone their terminal mitosis on the day of the
[ 3H]thymidine pulse if they contained more than half the number of
silver grains of the most heavily labeled cell in a given sample.

Reaggregate pellet cultures. The reaggregate pellet culture protocol was
modified from Watanabe and Raff (1990) (see schematization in Fig.
6 A). Retinae from E16 rats were dissected and labeled with 5 mCi/ml
[ 3H]thymidine for 1 hr before dissociation (as described above).
[ 3H]thymidine-labeled E16 retinae were dissociated, and cells were
counted and pelleted in a microcentrifuge tube containing 20- to 50-fold

excess unlabeled P0 retinal cells by centrifugation for 7 min at 1150 3 g.
The total number of cells per pellet was 5 3 10 5 cells. Pellets were
transferred to nucleopore polycarbonate membranes, 0.2 mm pore size
(Costar Nucleopore, Charlotte, NC), and cultured for 3–17 d as de-
scribed for explants (Lillien and Cepko, 1992) in 45% DMEM, 45%
Ham’s F12 Nutrient Mixture (Life Technologies), 10% FCS, and peni-
cillin–streptomycin (100 U/ml). At the end of the culture period pellets
were dislodged from the membranes, dissociated, and processed autora-
diographically and immunocytochemically as described above. PKH-2
and PHK-26 dye-labeled cells were produced according to the directions
of the supplier (Sigma). Cells were labeled in the indicated dye diluted to
4 mM in diluent for 5 min. The labeling reaction was halted by adding an
equal volume of FCS and then washed several times in culture medium.
Reaggregate cultures were produced as described above. Imaging of
dye-labeled cells was performed on a Leica TCS-NT confocal
microscope.

RESULTS
Measuring the timing of the terminal S-phase in
retinal cells
A goal of this study was to conduct a comprehensive analysis of
the relative timing of cell cycle withdrawal and the onset of
rhodopsin expression in developing rods in vivo. To measure the
timing of cell cycle withdrawal of retinal cells in vivo, the classic
[3H]thymidine “birthdating” method was used (Sidman, 1970).
This method involves administering a pulse of [3H]thymidine in
vivo during development. Cells in S-phase at the time of the pulse
incorporate [3H]thymidine into the DNA of their daughter cells.
Daughter cells that continue to proliferate subsequent to the
pulse dilute the [ 3H]thymidine in an approximately binary man-
ner with each cell division. Daughters of cells undergoing their
terminal S-phase at the time of the pulse remain “heavily labeled”
and are termed “born” at the time of or shortly after the pulse.
The degree of [ 3H]thymidine labeling can be measured by scoring
silver grain numbers after autoradiographic processing of the
tissue.

For the present study, two modifications to the classic [ 3H]thy-
midine birthdating procedure were made. First, to facilitate cell
and silver grain counting, heavily labeled cells were scored after
dissociation of the retina. This was found to be necessary for
accurate quantification because of high cell density in the outer
nuclear layer and the small size of rod nuclei. The second mod-
ification to the classic birthdating method was that instead of
relying on morphology to identify cell type, we used indirect
immunocytochemistry against rhodopsin protein using the anti-
rhodopsin antibody Rho4D2 (Molday, 1989). Figure 1A,B shows
an example of a heavily labeled cell that is immunoreactive for
rhodopsin.

In addition to these modifications, the following control studies
were performed to evaluate the criterion for heavily labeled cells.
The classic studies (Carter-Dawson and LaVail, 1979) and other
more recent studies (Alexiades and Cepko, 1997; Ezzeddine et
al., 1997) have used more than half the grain number of the most
heavily labeled cell in an experiment as the criterion for heavily
labeled. Another recent study has used the criterion of one-fourth
or greater (Arimatsu et al., 1994). Figure 2A presents examples of
distributions of grain number for retinae injected on E17 and
harvested on P1 or P15. To test the cutoff of more than half the
most heavily labeled cell, cells were pulse-labeled in vivo at P0
and in vitro in P0 explant culture. Subsequent to [ 3H]thymidine
pulse-labeling, littermates were pulsed with BrdU, or BrdU was
added to a retinal explant culture for cumulative labeling, at 5, 12,
24, or 48 hr after [3H]thymidine pulse. At P4 in vivo or after 4 d
of culture, the percentage of [3H]thymidine heavily labeled cells
that incorporated BrdU at the different times of BrdU addition
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was evaluated. In this way, the length of time after the [ 3H]thy-
midine pulse when heavily labeled cells (using the criterion of
more than half the most heavily labeled cell) stopped incorporat-
ing BrdU, and therefore left the cell cycle, could be evaluated.
Figure 1C,D shows an example of a [ 3H]thymidine heavily labeled
cell that was also positive for BrdU incorporation.

Figure 2B shows the results from the in vitro explant control
experiment. These data show that 91.5 6 1.0% of cells were
heavily labeled with [3H]thymidine and labeled for BrdU incor-
poration when BrdU was added to the culture 1 hr after the
[3H]thymidine pulse, or 49.4 6 2.2% when the BrdU was added
5 hr after the [3H]thymidine pulse. However, when BrdU was
added 12, 24, or 48 hr after the [ 3H]thymidine pulse, only 11.3 6
3.7, 8.0 6 1.8, or 3.0 6 1.9%, respectively, of cells were doubly
positive. These data are consistent with the S-phase length of 18
hr at P0, as measured previously (Alexiades and Cepko, 1996). In
vivo, 0% (0/155 and 0/101; n 5 2) of [3H]thymidine heavily
labeled cells were labeled by BrdU administration 48 hr after the
[ 3H]thymidine pulse. From these data, we conclude that, by the
described criterion for heavily labeled, .92% of heavily labeled
cells have undergone their terminal S-phase by 24 hr after the
[3H]thymidine pulse, and .97% by 48 hr.

Finally, the number of cells born on E17 in vivo that survived
to P1 and P15 was approximated to be 2.69 3 105 and 2.11 3 105,
respectively (see table in Fig. 2A). On the basis of these numbers
and the number of postmitotic cells expected to be generated on

E17, 3.21 3 105 (Alexiades and Cepko, 1996), the percentage of
cells surviving from E17 to P1 and from P1 to P15 was estimated
to be 83% (2.69 3 105 divided by 3.21 3 105) and 78% (2.11 3
105 divided by 2.69 3 105), respectively. The cell loss seen was
therefore consistent with two reports on normal cell death
(Young, 1984; Alexiades and Cepko, 1997). A third study on cell
death in this period may have predicted a greater cell loss be-
tween P1 and P15 (Voyvodic et al., 1995). Regardless of this
discrepancy, these data support the interpretation that the
[3H]thymidine administration was nontoxic to the developing
retina. Similar analyses of the results from other injection time
points were also consistent with this interpretation (data not
shown).

Long average latency (6.5–7.0 d) between terminal S-
phase and onset of rhodopsin expression in vivo
The [3H]thymidine birthdating method was first used to measure
the average lag between cell cycle withdrawal and the onset of
rhodopsin expression for the total population of developing rods.
To this end, the kinetics of cell cycle withdrawal and the onset of
rhodopsin expression were initially analyzed independently for
the population of developing rods. These measurements were
then correlated to derive an average lag.

First, the [3H]thymidine birthdating method was applied to
evaluate the overall kinetics of rod precursor genesis. Pregnant
rats and neonatal littermates were injected with [3H]thymidine,

Figure 1. Immunofluorescent and autoradiographic analysis
of dissociated retinal cells. A, Cell heavily labeled for [ 3H]thy-
midine that was also immunoreactive with Rho4D2, shown in
B (large arrow). C, Cell heavily labeled for [ 3H]thymidine that
was also immunoreactive for BrdU incorporation, shown in D
(large arrow). Arrowheads mark examples of immunoreactive
cells that were not heavily labeled by [ 3H]thymidine. Small
arrows mark examples of cells that were negative for staining
with the corresponding primary antibody. Cells in A and C
were viewed under bright-field and UV optics. The nuclei
were stained by the nuclear stain DAPI. Cells in B and D were
viewed under fluorescent light conditions suitable for detect-
ing the Texas Red-conjugated secondary. Note that Rho4D2
staining was membrane-associated, whereas staining for BrdU
incorporation was nuclear.
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and the percentage of surviving cells born on the different injec-
tion days that ultimately differentiated as rods was determined
using combined autoradiographic–immunocytochemical analysis
on mature retinae. As shown in Figure 3A, rod precursors were

generated as early as E14, when 5.0 6 0.4% of surviving cells
differentiated as rods. The peak generation of rod precursors
occurred between E21 and P2, when 78.3 6 8.0 and 79.0 6 4.5%,
respectively, of surviving cells born on these days differentiated as

Figure 2. [ 3H]thymidine birthdating as a method for labeling
retinal cells undergoing their terminal S-phase. A, Representative
histograms displaying grain distributions in cells of retinae that
were administered a pulse of [ 3H]thymidine at E17 in vivo and
harvested at P1 or P15. The criterion for “heavily labeled” (as
indicated) is defined as cells containing more than half the grain
number of the most heavily labeled cell in an experiment. In the
supporting table, the number of heavily labeled cells that survived
to P1 and P15 was approximated. B, Cumulative BrdU labeling
after [ 3H]thymidine pulse in vitro. P0 retinal explant cultures were
administered a 1 hr pulse of [ 3H]thymidine in vitro and then
cumulatively labeled by addition of BrdU to cultures at 5, 12, 24, or
48 hr after the [ 3H]thymidine pulse. Retinae were then examined
after 4 d of culture for doubly labeled cells. Plotted are the per-
centages of [ 3H]thymidine heavily labeled cells that were positive
for BrdU incorporation at the different times of addition. Each data
point represents the average 6 SEM (n 5 4). More than 50 heavily
labeled cells were scored per trial for each time point.
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rods. Rod precursor genesis continued into the late stages of the
first postnatal week, when cell proliferation ceased entirely (Alex-
iades and Cepko, 1996).

The kinetics of onset of rhodopsin expression was analyzed
over the full course of postnatal retinal development in vivo. To
this end, a developmental series of freshly dissociated retinae was
examined using the anti-rhodopsin antibody Rho4D2. Because
rhodopsin protein expression closely mimics rhodopsin gene tran-
scription (Treisman et al., 1988), measurements of the onset of
rhodopsin immunoreactivity are likely to reflect upregulation of
gene transcription. The kinetics of onset of immunocytochemi-
cally detectable rhodopsin in the postnatal retina are shown in
Figure 3B. Interestingly, the onset of rhodopsin expression was
found to be roughly biphasic. The percentage of rhodopsin-
positive cells increased slowly from ,1% at P1 to 10.5 6 0.8% at
P6 and then increased rapidly to 68.8 6 2.9% by P10. Ultimately,
71.6 6 2.5% of retinal cells were rod photoreceptors in the
mature retina.

We used the percentage of rods born (Fig. 3A) and the number
of cells born on each day of development (Alexiades and Cepko,
1996) to approximate the cumulative number of rod precursors
born (Fig. 3C). Also, by multiplying the percentage of rhodopsin-
positive cells (Fig. 3B) and the total number of retinal cells on
each day of development (Alexiades and Cepko, 1996), we cal-
culated the number of rhodopsin-positive cells per retina for each
day of development (Fig. 3C). As shown in Figure 3C, the kinetics
of rhodopsin onset closely mimics the kinetics of rod precursor
genesis, separated by a 6–7 d lag. These data, summarized in
Table 1, indicate that on the basis of an average for the total
population of developing rods, rod precursors display a lag of
;6.5–7.0 d between their terminal S-phase and the onset of
rhodopsin expression.

Rhodopsin onset is correlated temporally with terminal
mitosis in postnatally born rod precursors
We next set out to determine whether the duration of the latency
between cell cycle withdrawal and rhodopsin onset was fixed or
varied depending on the birthdate of the rod precursor. To
investigate this question for postnatally born rods, the following
experiment was performed. Neonatal littermates were adminis-
tered single injections of [ 3H]thymidine on P0, P2, or P5 to label
retinal precursor cells undergoing terminal S-phases on these
days. A developmental series of freshly dissociated retinae from
these litters was then analyzed autoradiographically and for anti-
rhodopsin immunoreactivity. The kinetics of onset of rhodopsin
expression for cohorts of retinal cells born on each given day was
thereby determined (Fig. 4A–C). Figure 4D illustrates the kinet-
ics of rhodopsin expression normalized for the percentages of
rods ultimately found in each mature cohort.

Despite limited asynchrony within cohorts, rhodopsin onset in
rod precursors born postnatally appeared to be strongly corre-
lated temporally with the terminal mitosis. A fixed lag time for
these cohorts was clearly demonstrated by comparing the lag to
50% final rhodopsin levels across postnatal cohorts: 5.65 6 0.27,
5.97 6 0.01, and 5.72 d for P0-, P2-, and P5-born cohorts, respec-
tively. Table 2 summarizes the lag times to 10, 50, and 90% final
rhodopsin levels for the postnatal cohorts.

Early embryonically born rods show a variable lag
and express rhodopsin synchronously with
later-born cohorts
Although rod precursors are born as early as E14, the number of
immunocytochemically detectable rhodopsin-positive cells is very

low in the early neonatal rat retina (Fig. 3). We therefore sought
to characterize the relative timing of the terminal mitosis and the
onset of rhodopsin expression in embryonically born rod precur-
sors in vivo. To investigate this question, pregnant rats were
administered single injections of [ 3H]thymidine on E15, E17,
E19, or E21. A developmental series of freshly dissociated retinae
from these litters was then analyzed as done previously for the
postnatally born cohorts. Figure 5 illustrates the results of this
experiment for the E17, E19, and E21 cohorts. Data for the E15
cohort is presented in Table 3. As shown in Figure 3A, 10.5 6 0.5,
16.9 6 0.1, 65.0 6 8.0, and 78.3 6 2.2% of surviving cells born on
E15, E17, E19, and E21, respectively, were fated to differentiate
as rods.

As shown in Figure 5D and summarized in Table 4, the E19
and E21 cohorts displayed kinetics of rhodopsin onset similar to
that of the postnatal cohorts. The E19 and E21 cohorts displayed
a lag of ;6.10 6 0.07 and 6.54 6 0.00 d, respectively, to 50% of
final levels of rhodopsin. The E15 and E17 cohorts, however,
appeared to display different kinetics. For the E17 cohort, the lag
to 50% of the final level of rhodopsin-positive cells was 8.24 6
0.30 d, longer than the lag of 5.5 to 6.5 d for the later-born rod
precursors. For the E17-born rods, 50% of the final level of
rhodopsin-positive cells were detected on P3.74 6 0.30, which was
synchronous with the E19 cohort that was born 2 d later and
reached 50% final levels at P3.60 6 0.07 (Fig. 5D). The E15
cohort had an even longer lag than the E17 cohort, averaging
;12.5 d (Tables 3, 4). Similarly, for the E15-born cohort, rhodop-
sin onset also appeared approximately synchronous with later-
born rod precursors. The lag times to 10, 50, and 90% final
rhodopsin levels are summarized for the embryonically born
cohorts in Table 4.

Culturing E16-born cells with excess P0 cells does not
alter lag to rhodopsin or change percentage of E16
cells differentiating as rods
As described above, early embryonically born precursors dis-
played a long lag to rhodopsin onset and a low frequency of rod
differentiation relative to postnatally born precursors. To examine
whether this is intrinsically programmed or whether it can be
influenced by environmental factors, we performed experiments
similar to those conducted by Watanabe and Raff (1990). As
outlined in Figure 6A, intact E16 retinal explants were pulse-
labeled with [3H]thymidine in vitro and then dissociated and
reaggregated with a 20-fold excess of unlabeled E16 retinal cells
or P0 retinal cells. The reaggregate pellets were cultured for 3, 5,
7, 10, 12, 15, or 17 d, at which point rod differentiation was
completed. At each of these time points, the heavily labeled cells,
or cells in their terminal S-phase in the explant, were scored for
rhodopsin expression.

When [3H]thymidine-labeled E16 cells were reaggregated with
other E16 cells, 0.00 6 0.00% (0/500) of cells born in the E16
explant expressed rhodopsin after 5 d (Fig. 6B). The first cells
born on E16 that expressed detectable rhodopsin were observed
after 10 d in vitro. After rhodopsin expression had reached a
plateau at 17 d in vitro, 21.67 6 4.08% of the cells born on E16
expressed rhodopsin. For cells born on P0 and reaggregated with
other P0 cells, the first rhodopsin-positive cells were present after
3 d in vitro. Of such cells, 25.13 6 5.92% expressed rhodopsin by
5 d in culture, and 67.00 6 3.65% of such cells expressed rho-
dopsin by 17 d in culture (Fig. 6B). The kinetics and plateau levels
of rhodopsin expression roughly mimicked those observed for
cells in vivo as presented above.
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When cells born on E16 cells were reaggregated with an excess
of unlabeled P0 cells, the percentage of birthdated E16 cells
expressing rhodopsin was largely unaltered relative to controls at
all time points examined. As shown, 0.00 6 0.00% (0/500) of cells
initiating their terminal S-phase in E16 explants expressed rho-
dopsin after 5 d in vitro with excess P0 cells, compared with 0.00 6
0.00% for such cells cultured with an excess of other E16 cells
(Fig. 6B). Again, the first cells born on E16 to become rhodopsin-
positive were not detected until 10 d in vitro, despite the fact that
cells from the P0 retina were beginning to express rhodopsin
before this point (data not shown). After rod differentiation was
completed in culture at 17 d in vitro, 23.33 6 3.52% of cells born
on E16 expressed rhodopsin when cultured with P0 cells versus
21.67 6 4.08% when cultured with other E16 cells. To exclude the
possibility that a 20-fold excess of P0 cells was not sufficient to
influence the E16 cells, E16 retinal explants were pulse-labeled
with [ 3H]thymidine in vitro and then dissociated and reaggre-
gated with a 50-fold excess of unlabeled P0 cells. In such reaggre-
gates, 17.20% (16/93) of the E16 birthdated cells expressed rho-
dopsin after 17 d in vitro. The different behavior exhibited by the
E16 and P0 cells in vitro was not caused by the separation of the
two populations in the pellets. The E16 cells remained well
distributed during the formation of the reaggregate (Fig. 6C) and
remained distributed during the culture period (Fig. 6D). More-
over, within the mixed pellets, birthdated P0 cells expressed
rhodopsin with kinetics similar to that seen for P0 cells in P0
reaggregates (data not shown). We conclude, therefore, that cells
born on E16 were not influenced by the environmental signals
created by an excess of P0 cells with respect to both the onset of
rhodopsin expression and the percentage of such cells differenti-
ating as rods.

DISCUSSION
We have conducted a comprehensive analysis of the relative
timing of the terminal mitosis and the onset of rhodopsin expres-

Figure 3. Overall kinetics of rod precursor genesis correlated with ki-
netics of rhodopsin onset. A, Rod precursor genesis in developing rat
retina. Developing retinae were administered a [ 3H]thymidine pulse in
vivo on E14, E15, E17, E19, E21, P0, P2, or P5. The percentage of
surviving cells born on each day of injection that differentiated as rod
photoreceptors was assessed using combined immunocytochemical–au-
toradiographic analysis on mature retinae. B, Kinetics of rhodopsin ex-
pression in neonatal retina and kinetics of onset of immunocytochemi-
cally detectable rhodopsin expression in the postnatal rat retina. Plotted
are the percentages of cells per retina positive for Rho4D2 staining during
postnatal development. C, The kinetics of rhodopsin onset closely mimic
the kinetics of rod precursor genesis separated by a 6.5–7.0 d lag. We used
the data in A and B and the number of total retinal cells and postmitotic
cells generated on each day of retinal development (Alexiades and
Cepko, 1996) to approximate the cumulative numbers of rod precursors
born and rhodopsin-positive cells for each day of retinal development.

Table 1. The average lag between terminal S-phase and onset of
rhodopsin is 6.5–7.0 d for the total population of developing rods

Number of
rods 3 107

(% final rods)
Day by which
rods are borna

Day by which rods
are rhodopsin-
positiveb

Lag
time (d)

0.178 (10) E20.2 6 0.18 P4.9 6 0.19 6.7 6 0.37
0.444 (25) E21.3 6 0.09 P6.2 6 0.26 6.9 6 0.35
0.888 (50) P1.1 6 0.05 P7.8 6 0.26 6.7 6 0.31
1.332 (75) P2.6* P9.3 6 0.20 6.7 6 0.20
1.599 (90) P3.4* P10.0 6 0.20 6.6 6 0.20

The above data are derived from Figure 3C, where the cumulative numbers of rod
precursors born and rhodopsin-positive precursors were approximated for each day
of retinal development. From these data, the lag between rod precursor genesis and
onset of rhodopsin expression was determined. Each data point represents the
average 6 SEM, except where indicated.
aIn this column, data were derived from n 5 2, except where indicated by an asterisk
(*) where a single trial was performed.
bIn this column, data were derived from n 5 2–6.

(The estimation of the cumulative number of rod precursors born neglects
cell death and therefore may be a slight overestimate for the earlier time
points in particular.) The plot lines for A and for rod precursor birth in C
represent the average of two trials, and the error range extends to the
values of each individual trial, with the exception of P5 where a single trial
was performed. One hundred or more heavily labeled cells were scored
for each data point for these curves. In B and for the number of
rhodopsin-positive cells in C, each plotted value represents the average 6
SEM. More than 250 cells per trial were scored, with between two and six
trials per time point.
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sion in the rat retina in vivo. Our results demonstrate that there
are two distinct phases of rod development during the histogen-
esis of the rat retina in vivo: an early phase and a late phase.
Figure 7 summarizes our interpretation of the results from the in
vivo analysis. Most rod precursors participate in the late phase of
rod genesis, are born after E19, and display remarkable regularity
in the onset of rhodopsin expression. These rod precursors initi-
ate rhodopsin expression 5.5–6.5 d on average after their termi-
nal mitosis. By contrast, for early-phase rod precursors, i.e., those
born before E19, the lag between the terminal mitosis and the
onset of rhodopsin expression was measured to be significantly
longer, averaging from 8.5 to 12.5 d. These early-born rod pre-
cursors seemed to initiate rhodopsin expression in a manner that
was not correlated temporally with the terminal mitosis. For these
cells, onset of rhodopsin expression appeared approximately syn-
chronous with the later-born cells, suggesting a synchronous
recruitment to the rod cell fate controlled by environmental
signals. To examine this possibility, we conducted heterochronic
cell mixing experiments and examined effects on the kinetics of
rhodopsin onset and induction to the rod cell fate in early-born
precursors exposed to a late retinal environment. In these exper-
iments, we demonstrate, similar to previous studies (Watanabe
and Raff, 1990), that the delay between the terminal mitosis and
rhodopsin expression in early-born rod precursors is not short-
ened by exposing these early cells to a late environment using a
reaggregate culture system. Furthermore, in contrast to the con-
clusions drawn in the previous report, we conclude here that the
percentage of early-born precursors adopting the rod cell fate is
also unaltered when these cells are transplanted to a late envi-
ronment in vitro (see below). These in vitro experiments thereby
suggest that the early-phase rod precursors are intrinsically dis-
tinct from the late-phase precursors with respect to both the
kinetics of rhodopsin synthesis and the ability to produce rod
photoreceptors.

Figure 4. Kinetics of onset of rhodopsin expression in retinal cohorts
born postnatally. Neonatal litters were administered [ 3H]thymidine by
intraperitoneal injection on P0, P2, or P5 to label retinal precursor cells
undergoing terminal S-phases on these days. A developmental series of
freshly dissociated retinae from these litters was then analyzed auto-

Table 2. Rhodopsin onset is temporally correlated with terminal
mitosis in postnatally born rod precursors

Day of birth of
rod precursors

% Final
rhodopsin Postnatal day

Lag time from ter-
minal mitosis (d)

P0.75 10 P4.74 6 0.04 3.99 6 0.04
50 P6.40 6 0.27 5.65 6 0.27
90 P7.74 6 0.48 6.99 6 0.48

P2.5 10 P6.50 6 0.01 4.00 6 0.01
50 P8.47 6 0.01 5.97 6 0.01
90 P9.70 6 0.03 7.2 6 0.03

P5.75 10 P9.97 4.22
50 P11.47 5.72
90 P12.36 6.61

Neonatal litters were administered 3H-thymidine on P0, P2, or P5 to label retinal
precursor cells undergoing terminal S-phases on these days. A developmental series
of freshly dissociated retinae from these litters was then analyzed by combined
immunocytochemical–autoradiographic analysis. Each data point represents the
average 6 SEM where n 5 2, except for P5, where a single trial was performed. Data
are derived from Figure 4D.

radiographically and for anti-rhodopsin immunoreactivity. A, P0.75; B,
P2.5; C, P5.75. D, Co-plot of kinetics for P0.75, P2.5, and P5.75, normal-
ized for the percentages of rods ultimately found in each mature cohort.
The plot line represents the average of two trials for each time point. For
A and B, the error range extends to the values of each individual trial.
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Long latency and temporal correlation between
rhodopsin onset and cell cycle withdrawal for the
majority of rods in vivo
A long delay between photoreceptor birthdays and opsin expres-
sion appears well conserved across many species (for review, see
Cepko, 1996). Previous studies in mouse and rat have measured
the time between BrdU labeling and the first BrdU1, rhodopsin1

cells to be 48–54 hr in neonatal rod precursors (Watanabe and
Raff, 1990; Liou et al., 1994). It should be noted that the data
presented here do not differ from these previous observations.
For example, as shown in Figure 4A, the first P0-born rod pre-
cursors express rhodopsin between 2 and 3 d after their terminal
S-phase. The measurement of 5.5–6.5 d represents instead the

Figure 5. Kinetics of onset of rhodopsin expression in retinal cohorts
born embryonically. Pregnant rats were administered single injections of
[ 3H]thymidine on E17, E19, and E21 to label retinal precursor cells
undergoing terminal S-phases on these days. A developmental series of
freshly dissociated retinae from these litters was then analyzed auto-

Table 3. Kinetics of onset of rhodopsin expression in retinal cohort
born E15

Postnatal day

Number Rho4D21/
total heavily labeled
scored (%) Trial 1

Number Rho4D21/
total heavily labeled
scored (%) Trial 2

P1.75 0/100 (0) ND
P2.5 0/100 (0) ND
P3.75 0/100 (0) ND
P4.75 ND 0/100 (0)
P5.5 0/74 (0) ND
P6.5 8/103 (7.8) ND
P10.5 11/91 (12.1) ND
P19.0 11/100 (11) 10/100 (10)

Pregnant rats were administered single injections of 3H-thymidine at E15.75 to label
retinal precursor cells undergoing terminal S-phases at this time. A developmental
series of freshly dissociated retinae from these litters was then analyzed autoradio-
graphically and for anti-rhodopsin immunoreactivity. ND indicates a trial timepoint
that was not scored.

Table 4. Timing of rhodopsin onset in early embryonic-born precursor
appears approximately synchronous with later-born cohorts

Day of birth of
rod precursors

% Final
rhodopsin Postnatal day

Lag time from ter-
minal mitosis (d)

E15.75 10 P5.64 11.89
50 P6.21 12.46
90 P8.45 14.7

E17.5 13.4 6 1.6 P1.5 6.0
50 P3.74 6 0.30 8.24 6 0.30
90 P5.74 6 0.51 10.24 6 0.51

E19.5 10 P2.13 6 0.06 4.63 6 0.06
50 P3.60 6 0.07 6.1 6 0.07
90 P6.64 6 1.68 9.15 6 1.68

E21.75 10 P4.34 6 0.83 4.59 6 0.83
50 P6.29 6 0.00 6.54 6 0.00
90 P8.12 6 0.70 8.37 6 0.70

Pregnant rats were administered single injections of 3H-thymidine on E15, E17, E19,
or E21. A developmental series of freshly dissociated retinae from these litters was
then analyzed by combined immunocytochemical–autoradiographic analysis. Each
data point represents the average 6 SEM where n 5 2, except for E15, for which a
single trial was performed. Data are derived from Figure 5D and Table 3.

radiographically and for anti-rhodopsin immunoreactivity. A, E17.5; B,
E19.5; C, E21.75. D, Co-plot of kinetics for E17.5, E19.5, and E21.75,
normalized for the percentages of rods ultimately found in each mature
cohort. The plot line represents the average of two trials for each time
point. For A–C, the error range extends to the values of each individual
trial.
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average, or median lag, for these late born rods. Because 80% of
such rods begin to express rhodopsin between 4 and 7 d after the
terminal mitosis, we believe that the average lag is a more infor-
mative measurement for studying these rods than is the lag to the
first rhodopsin-expressing cells. Furthermore, the present report
is the first demonstration of the strong temporal correlation in rat
between the terminal mitosis and rhodopsin onset for the major-
ity of rod precursors in rodent retinal development.

Distinct kinetics of rhodopsin onset for early- and
late-born rods in vivo
The early-born rods display apparently distinct kinetics of rho-
dopsin onset relative to the terminal mitosis. For cohorts born on
E15 and E17, rhodopsin onset becomes measurable only after a
lag of significantly longer than 6.5 d (Table 4). The onset of

rhodopsin in cohorts born before E19 appears roughly synchro-
nous with the onset of rhodopsin expression in later-born cohorts.
These data suggest that cohorts born earlier than E19 wait longer
than 6.5 d to initiate opsin expression and that this onset is
roughly synchronous with later-born cohorts. However, an alter-
native interpretation involving differential cell death should be
considered. There is a formal possibility that the E15 and E17
cohorts may follow similar kinetics of rhodopsin onset relative to
their terminal mitosis as is followed by the postnatal cohorts (i.e.,
a 5.5–6.5 d lag). These kinetics may be masked to our measure-
ments until a massive cell death of nonrods occurs in the postnatal
period. However, .90% differential cell death would be required
to shorten the observed long lags to 5.5–6.5 d. At this time,
existing data argues against this interpretation, because all ap-
proximations of differential cell death in the early postnatal
period are estimated to be far lower than 90% (Young, 1984;
Voyvodic et al., 1995; Alexiades and Cepko, 1997). For example,
20% amacrine cell death was found during the P2–P11 interval,
and amacrine cells constitute a significant fraction of nonrods
born on E15 and E17 (Alexiades and Cepko, 1997). As well, cell
loss between P1 and P15 for the E17 cohort was found to be
;22% (Fig. 2A, see supporting table). On the basis of these
measurements, therefore, the longer lag seen for the early em-
bryonically born cohorts is unlikely to be attributable to cell death
alone.

Early and late precursors appear intrinsically
distinct in vitro
Early-born precursors and late-born precursors differ with respect
to the frequency that these cells choose the rod cell fate in vivo.
For example, ;5% of surviving cells born on E14 differentiate as
rods, as compared with ;80% on P2 (Fig. 3A). As well, as
discussed above, the early-born precursors demonstrate a signif-
icantly longer lag to rhodopsin expression relative to the later-
born cells in vivo. In a study by Watanabe and Raff (1990), the
onset of rhodopsin expression in a population of cells that were
labeled with BrdU at E15 was similarly found to be delayed
relative to a population that was labeled on P1 in vitro. These
investigators tested whether the long lag observed for E15 labeled
cells was extrinsically or intrinsically programmed by conducting
heterochronic cell-mixing experiments in vitro. They argued that
the longer delay seen for E15 cells was intrinsically programmed
because mixing E15 cells with excess P1 cells did not speed the
onset of rhodopsin in the E15 cells. The results presented here
confirm these original observations and are consistent with a
cell-autonomous inhibitor of rod differentiation acting in these
cells.

In contrast to the conclusions drawn here, Watanabe and Raff
(1990) concluded that exposing E15 cells to the P1 environment
resulted in a 40-fold increase in E15 precursors adopting the rod
cell fate. The basis for this conclusion was an increase from
0.008 6 0.002 to 0.44 6 0.05% of E15 cells that were rhodopsin-
positive after 6 d in vitro with an excess of P1 cells (Watanabe and
Raff, 1990). Despite their conclusion, because their cultures were
not followed to the completion of rhodopsin expression, one is
unable to distinguish between an acceleration in rhodopsin ki-
netics in a small subset of E15 cells at 6 d in vitro and an overall
increase in recruitment to the rod cell fate. In the current study,
the cultures were followed to plateau levels of rhodopsin expres-
sion in vitro, and no alteration in the percentage of early-born rod
precursors expressing rhodopsin was observed. We therefore con-
clude that the vast majority of early-born precursors are not

Figure 6. Culturing embryonically born cells with excess postnatal cells
does not alter lag to rhodopsin or change percentage of embryonic cells
differentiating as rods. A, Outline of protocol for mixed reaggregate
experiments (see Materials and Methods). B, Kinetics of rhodopsin
expression in reaggregates of E16-born cells cultured alone (E), P0-born
cells cultured alone (M), or E16-born cells cultured with a 20-fold excess
of P0 retinal cells (f). C, D, Confocal images of reaggregates cultured for
1 hr ( C) or 5 d ( D). E16 cells are labeled with PKH-26 dye and are
depicted in red; P0 cells are labeled with PKH-2 dye and are depicted in
green. C is one optical slice, and D is a composite of 16 optical slices
covering 10 mM in the z-axis.
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influenced with respect to commitment to the rod cell fate when
exposed to a late environment in vitro.

The possibility that E16-born cells continue to be influenced by
signals derived from other E16 cells in the heterochronic pellets
cannot be formally excluded. However, when examined after 5 d
in vitro, the E16 cells remained well dispersed and were sur-
rounded by a majority of P0-derived cells (Fig. 6D) (Watanabe
and Raff, 1990). These observations lead us to favor the interpre-
tation that the environment seen by the E16-born cells and that of
the P0-born control cells are highly similar. Despite being placed
in similar environments, these two cell populations display dis-
tinct behaviors with respect to both rod genesis and the kinetics
of rhodopsin expression as discussed above. These observations
therefore suggest that the E16-born precursors and the P0-born
precursors are intrinsically distinct.

Characterizing the steps in rod development
For the majority of rod precursors, the onset of rhodopsin ex-
pression is temporally correlated with cell cycle withdrawal, yet a
long latency, 5.5–6.5 d, is required to execute the steps leading
from a multipotent progenitor to a rhodopsin-expressing cell.
What are the steps leading from cell cycle arrest to rhodopsin
expression that require 5.5–6.5 d? There are presently several
candidate genes that may be involved in some of these steps.
Among these are Notch and HES-1, both of which have been
shown to be inhibitors of neuronal differentiation including rod
differentiation (Dorsky et al., 1995; Tomita et al., 1996; Bao and
Cepko, 1997). As well, Pax-6 and Chx-10 are both expressed in
retinal progenitor cells and ultimately become restricted to non-
photoreceptor cell types late in development (Liu et al., 1994;

Hitchcock et al., 1996). These genes, therefore, are also good
candidates as inhibitors of rod differentiation. Finally, a recently
discovered paired-type homeobox gene, Crx, is photoreceptor-
specific and activates transcription from regulatory elements of
photoreceptor-specific genes in vitro (Chen et al., 1997; Furukawa
et al., 1997). Crx is, therefore, a candidate promoter of rod
differentiation. The data presented in the current report now
provide a framework in which to order the activity of these
important molecules and others in the pathway that leads a
postmitotic retinal precursor to a committed rhodopsin-
expressing cell.
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