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Abstract

Intraventricular injections of the fibroblast growth factor 2 (FGF2) are known to increase the size of the optic tectum in
embryonic chicks. Here we show that this increase in tectum size is due to a delay in tectal neurogenesis, which by
definition extends the proliferation of tectal progenitors. Specifically, we use cumulative labeling with the thymidine analog
EdU to demonstrate that FGF2 treatment on embryonic day 4 (ED4) reduces the proportion and absolute number of
unlabeled cells in the rostroventral tectum when EdU infusions are begun on ED5, as one would expect if FGF2 retards tectal
neurogenesis. We also examined FGF2's effect on neurogenesis in the caudodorsal tectum, which is born 2-3 days after the
rostroventral tectum, by combining FGF2 treatment on ED4 with EDU infusions beginning on ED8. Again, FGF2 treatment
reduced the proportion and number of EdU-negative (i.e., unlabeled) cells, consistent with a delay in neurogenesis.
Collectively, these data indicate FGF2 in embryonic chicks delays neurogenesis throughout much of the tectum and
continues to do so for several days after the FGF2 injection. One effect of this delay in neurogenesis is that tectal cell
numbers more than double. In addition, tectal laminae that are born early in development become abnormally thin and
cell-sparse after FGF2 treatment, whereas late-born layers remain unaffected. Combined with the results of prior work, these
data indicate that FGF2 delays tectal neurogenesis and, thereby, triggers a cascade of changes in tectum size and

morphology.
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Introduction

Comparative work in evo-devo neurobiology has shown that
evolutionary increases in brain region volumes are often due to
delays in cell cycle exit of neuronal precursors [1,2]. By delaying
cell cycle exit, the period of progenitor proliferation is extended,
which increases the progenitor pool and, other things being equal,
adult cell population size. In a previous study [3], we reported that
injections of fibroblast growth factor-2 (FGF2) into the cerebral
ventricles of embryonic chicks increases the volume and surface
area of the optic tectum. We used FGI2 because it has been
reported to delay neurogenesis in some mammalian neural
progenitors [4]. However, it had not been shown to regulate the
timing of neurogenesis in the avian optic tectum. In our previous
study, we provided indirect evidence suggesting that the FGIF2-
induced increase in tectum size is caused by a delay in tectal
neurogenesis, but we had not directly demonstrated this delay. In
the present paper, we show for the first time that FGF2 injections
delay cell cycle exit in chick tectal progenitors and, consequently,
increase the absolute number of tectal cells. We also show that
FGF2 delays neurogenesis for several days after the FGIF2
injections and that it changes the birthdates and thickness of
some tectal laminae.

Our experimental approach builds on a previous study of tectal
neurogenesis in chicks by Lavail and Cowan [5], who used a
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“cumulative labeling” method to establish the time of origin of
neurons throughout the tectum. Starting at various stages of
embryonic development, they exposed chicks to tritiated thymi-
dine, which is incorporated into the DNA of proliferating cells as
they pass through S-phase. Because the tritiated thymidine
remains continuously available within the egg, all cells born (i.e.,
undergoing terminal mitosis) after the tritiated thymidine injection
will become radioactive (i.e., labeled). In contrast, all the unlabeled
cells must have been born prior to the thymidine injection. By
examining birds that were injected with tritiated thymidine at
different stages of embryonic development, Lavail and Cowan
were able to deduce cellular birthdates across the different parts of
the tectum. They reported a rostroventral to caudodorsal gradient,
with tectal neurogenesis beginning in the lateral rostroventral
region as early as ED3 and ending in the medial caudodorsal
region around ED9 (Fig. 1). Lavail and Cowan also determined
that the middle tectal layers were born after the superficial
laminae, which were, in turn, born after the deep layers.

In the present study, we injected the thymidine analog EAU (5'-
ethynyl-2'-deoxyuridine) rather than tritiated thymidine, because
it can be detected more easily. As expected, we confirmed the
neurogenetic gradient reported by Lavail and Cowan [5], though
the absolute timing of tectal neurogenesis onset and offset in our
chicks are more in line with those reported by Fujita [6]. More
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Figure 1.There is a neuronal birthdate gradient within the chick optic tectum. Previous birthdating studies [5] revealed a lateral
rostroventral to medial caudodorsal birthdate gradient within the optic tectum. The lateral to medial dimension is not represented here. Taking
advantage of this birthdate gradient, we looked for FGF2-induced differences in cell cycle exit in the rostroventral tectum at the beginning of tectal
neurogenesis and in the caudodorsal tectum at the end of tectal neurogenesis.

doi:10.1371/journal.pone.0079949.g001

important, we then used the cumulative EAU labeling method to
examine the effects of FGF2 on neurogenesis timing in the optic
tectum. A delay in neurogenesis should decrease the number of
EdU-unlabeled cells throughout the tectum, but those changes
should be easiest to detect in the early-born rostroventral tectum
and the late-born caudodorsal tectum (Fig. 2). Spectfically, if EAQU
1s injected shortly after the normal onset of tectal neurogenesis
(embryonic day 5), then the rostroventral tectum should contain a
relatively small number of EdU-unlabeled cells in control embryos.
However, if FGI2 delays neurogenesis, then that number should
fall to zero in the FGI2-treated embryos. In contrast, if EAU is
injected shortly before the end of normal tectal neurogenesis
(embryonic day 8), then the caudodorsal tectum in control
embryos should contain mostly EdU-unlabelled cells (i.e., very
few labeled cells); if FGF2 delays neurogenesis, then this region of
the tectum should contain significantly fewer EdU-unlabeled cells
(i.e., both proportionately and absolutely more labeled cells) in the
FGF2-treated embryos. In other words, we focused on the
rostroventral and caudodorsal tectum because in these regions
the contrast between FGF2 -treated and control embryos (in terms
of EdU-labeled versus unlabeled cells) should be greatest.

In this study we also analyze FGI2-induced changes in the
morphology of tectal laminae, including changes in laminar
thickness and the number of cells above a unit area of ventricular
zone surface. We focus these analyses on changes in the lateral and
caudal areas of the tectum, as these areas correspond to regions
where FGF2-induced laminar disturbances had been observed in
our previous study [3]. Finally, we provide a quantitative analysis
of FGF2-induced changes in the birthdates of tectal laminae,
which give us clues about how delays in neurogenesis affect cell
migration and, perhaps, cell type specification [2,7,8].

What remains unclear from all this work is why the FGF2 effect
in birds appears to be limited to the optic tectum, whereas it
extends into the telencephalon in mammals [4]. Presumably, this
species difference relates to the relatively low levels of FGI
receptor expression in the chick telencephalon [9].

Materials and Methods

This study did not require approval of UC Irvine’s Institutional
Animal Care and Use Committee, because embryos are not
covered by the relevant legislation. Fertile chicken eggs (Gallus
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gallus domesticus) were obtained from a commercial supplier and
incubated in a rotating egg incubator (PROFI-I, Lyon Technol-
ogies, Chula Vista, CA) at 38° and 50-60% humidity. On
embryonic day 4 (ED4), 0.5—1 pl of human recombinant bFGF
(aka. FGF2; R&D Systems, Minneapolis, MN; 100 ng/ pl,
dissolved in 0.1 M phosphate buffered saline (PBS) and dyed with
methylene blue) was injected into the tectal ventricles. The
injected FGF2 rapidly diffused throughout the ventricles, regard-
less of injection site. Control chicks were injected with 0.5-1 pl of
dyed 0.1 M PBS. After injection, the eggs were resealed and
transferred to the incubator.

Cumulative labeling was then performed as illustrated in
Figure 2. On either ED5 or EDS8, control and FGF2-treated
embryos were exposed to 20 pl EdU (Click-iT EdU kit, Cat.
#C10337, Invitrogen, Carlsbad, CA; 2.5 ug/ul, dissolved in
0.1 M PBS). Booster shots of EdU (20 ul) were given every 48
hours (if starting on ED3) or every 24 hours (if starting on ED8).
These booster shots were experimentally determined to be
sufficient to achieve saturation labeling of cells born after the
EdU infusions were begun, without noticeably affecting develop-
ment or survival. All birds were sacrificed on ED12 for processing.

The embryos were immersion-fixed overnight in methacarn
(60% methanol, 30% chloroform, 10% glacial acetic acid),
dehydrated, embedded in paraffin, and sectioned at 8 pm.
Roughly 20-30 evenly spaced sections from throughout the
tectum were mounted onto Superfrost Plus slides (Fisher
Scientific), stained with Giemsa (Sigma-Aldrich Inc.; St. Louis,
MO), and cover-slipped. Based on examination of these Giemsa-
stained sections, we identified specific tectal sectors in individual
birds (Fig. 1). For simplicity, we refer to the lateral rostroventral
tectum as “rostroventral” tectum and to the medial caudodorsal
tectum as “caudodorsal” tectum. Additional sections from these
two tectal sectors were mounted, dewaxed, and prepared for EAU
processing.

Our EdU processing followed the protocol of Warren et al. [10].
The tissue was permeabilized with 0.5% Triton X-100/PBS
before being exposed to the EAU reaction cocktail for 30 minutes
(reaction buffer, CuSO4, Alexa Fluor 488 azide, and buffer
additive as per manufacturer’s protocol; Click-iT EdU kit, Cat.
#C10337, Invitrogen). After washing with PBS, slides were cover-
slipped for photography and analysis.
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Figure 2. Schematic of the experimental design and predic-
tions. On either ED5 (A) or ED8 (B), control and FGF2-treated embryos
were infused with EdU followed by regular booster shots sufficient to
saturate the system. Birds were then sacrificed on ED12 for processing.
EdU is taken up by all proliferating cells as they pass through S-phase
(shown in green), whereas all cells born prior to infusion are EdU-
unlabeled (shown in brown). In the ED5 condition (A), the early born
neurons in the deep layers of control tecta have already been born at
the time of EdU infusion and so do not take up EdU (brown). In contrast,
if FGF2 delays neurogenesis, then all cells should take up the EdU
(green) in the treated embryos (C), because no neurons would have
been born at the time of EdU infusion. In the ED8 condition (B), only
late born neurons in the middle layers of control tecta have yet to be
born, and so take up the EdU (green). If FGF2 delays tectal
neurogenesis, then one would expect the neurons in the most
superficial layers also to incorporated the EdU, because they, too,
would not yet have been born before the EdU infusion (C). The
ventricular zone (VZ) contains proliferating cells and is, therefore, EdU-
positive after the EdU infusions have begun.
doi:10.1371/journal.pone.0079949.g002

All cell counts and laminar thickness measurements were made
in Image] (NIH, Bethesda, MD). Thickness measurements were
performed on Giemsa-stained sections in lateral and caudal areas
of the tectum (corresponding to regions containing FGF2-induced
“volcanoes” and folds, respectively; see [3]). The histological
borders of the deep, middle and superficial laminae were readily
distinguishable in Giemsa stains based mainly on cell density
differences (Fig. 6A). Our deep, middle and superficial laminae
correspond to what Lavail and Cowan [5] refer to as Zone 1
(including the stratum griseum centrale), Zone 3 (including cell-
dense lamina (i) of the stratum griseum et fibrosum superficiale
(SGFS)), and Zone 2 (including the cell-dense layers in lamina g of
the SGFS), respectively. Lamina thickness was estimated by
measuring the area of individual laminae along a 250 um stretch
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of tectum (measured tangentially) and then dividing the areas by
the length.

Cell counts were made from EdU stained sections counter-
stained with bisbenzimide. As noted earlier (Fig. 2), cell counts of
EdU labeled and unlabeled cells were performed in either the
rostroventral (ED3) or caudodorsal (ED8) parts of the tectum. To
estimate total tectal cell numbers we counted, in addition, sample
regions the lateral and caudal parts of the tectum, averaging the
counts across all areas before averaging across embryos. When
counting cells in individual laminae, those laminae were demar-
cated in bisbenzimide-stained sections and, when necessary,
neighboring Giemsa stained sections. Cell counts were performed
in ImageJ using a counting box that extended from a unit area of
ventricular zone surface (8 pm thick by 100 pm long; Fig 4A) to
the tectal surface. These columnar counting boxes allowed us to
measure cell density and EdU labeling across the tectal laminae in
FGF2 treated and control embryos. All statistical tests were
performed in the program JMP 10 (SAS, Cary, N.C., USA).

Results

We first report how FGF2 treatment affects total cell numbers in
the tectum by EDI2. This is followed by analyses of FGIF2-
induced changes in the onset and offset of tectal neurogenesis.
Next, we report on FGF2-induced changes in the thickness and
cell density of tectal laminae. Finally, we describe how FGI2
changes the birthdates of selected tectal laminae.

FGF2 leads to an increase in cell numbers in the tectum

Since delaying cell cycle exit causes progenitors to undergo
additional rounds of cell division, one would expect an FGI2-
induced delay in neurogenesis to increase total tectal cell numbers
(rates of cell death and other factors being equal). To test this
prediction, we measured the number of cells radially above a unit
area of ventricular zone surface (8 um section thickness x 100 um)
and found it to be 14% lower in FGF2 treated birds than in
controls (Fig. 3; t(19)= —1.83; p<0.05; n= 10 controls, 11 FGF2-
treated embryos). At first blush, these data suggest that FGI2
treatment decreases tectal cell numbers. However, as illustrated in
Fig. 3C,D and quantified in our earlier study [3], FGF?2 treatment
also increases the tectum’s ventricular surface area by 181%,
almost tripling its size. Accounting for this tangential expansion,
we estimate that FGF2-treated birds have 140% more tectal cells
than controls (Fig. 3B; t(19)=9.70; p<<0.0001; n=10, 11).

FGF2 treatment delays the onset of tectal neurogenesis
To determine whether FGF2 delays the onset of tectal
neurogenesis, we began cumulative EdU-labeling in one group
of embryos on ED5, 24 hours after FGF2 injection, and focused
our analysis on the rostroventral tectum. When these embryos
were sacrificed on ED12, the proportion of EdU-unlabeled cells in
the rostroventral tectum was 52% lower in FGIF2 treated birds
than in controls (Figs. 4A,B, 5A; t(8)=4.52; p<0.005; n=5
controls, 5 FGF2-treated). Since the proportion of unlabeled cells
could be affected by a change in the absolute number of EAU-
labeled cells (as well as EdU-unlabeled cells), we quantified the
absolute number of EdU-unlabeled cells per counting box. This
number decreased by 57% in FGF2-treated embryos, relative to
controls (Fig. 5B; t(8)= —6.80; p<<0.0005; n=15, 5). Both these
findings are consistent with a delay in the onset of tectal
neurogenesis in the rostroventral tectum of FGF2-treated birds.
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Figure 3. FGF2 treatment increases the absolute number of tectal cells. Intra-ventricular injections of FGF2 on ED4 decrease the number of
cells above a unit area of ventricular surface by 14% compared to controls (A). Taking into account our previous observation that FGF2 increases
tectal ventricular surface area by 181% [3], we estimate that FGF2 treatment increases total tectal cell numbers by approximately 140% compared to
controls (B). The photographs (C and D) illustrate the dramatic tangential expansion of the tectum in FGF2 treated birds, relative to controls. Scale

bar=1 mm.
doi:10.1371/journal.pone.0079949.g003

FGF2 treatment delays the end of tectal neurogenesis
To test whether FGF2 delays the end of tectal neurogenesis, as
well as its beginning, we conducted a second set of experiments, in
which we began the cumulative EdU-labeling on ED8, 4 days after
the FGF?2 treatment, and looked for changes in EAU labeling in the
caudodorsal tectum. We found that the proportion and absolute
numbers of EdU-unlabeled cells in the caudodorsal tectum
decreased by 18% and 12%, respectively (Figs. 4C,D, 5C.,D;
proportion: t(9)=3.03; p<0.0l; n=5, 6; absolute number:
t(9)= —2.81; p<<0.05; n=135, 6). Both shifts are consistent with an
FGF2-induced delay in the offset of neurogenesis in the caudodorsal
tectum, though the effect is weaker than in the rostroventral tectum.

FGF2 alters the morphology of some tectal layers

Since tectal laminae are born at different, though overlapping,
times during development, one might expect FGF2-induced delays
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in neurogenesis to alter the thickness of some tectal laminae.
Indeed, birds treated with FGF2 by ED12 showed a 50% decrease
in thickness of the deep layers in the lateral tectum compared to
controls (Fig. 6A, B, D; t(9) = —6.26; p<<0.0005; n=>5, 6). There
were no statistically significant group differences in the thickness of
the superficial or middle laminae (Fig. 6D). The caudal, folded
regions of the tectum exhibited no statistically significant group
differences in any layers.

The observation that the superficial and middle tectal laminae
were not thinned by the FGF?2 treatment indicates that the FGF2
did not simply expand the mesencephalic ventricle without
altering tectum volume, in which case it would have stretched
all tectal laminae, making all of them thinner. Instead, it seems
more likely that the FGF2-induced addition of more tectal cells
drives a tangential (but not radial) expansion of some tectal
laminae, which then expands the tectum’s surface area. This
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Figure 4. Sample data showing that FGF2 treatment delays tectal neurogenesis. Using counting boxes that span the radial extent of the
tectum (white rectangle in A), we counted the total number of cells (bisbenzimide counterstain shown in red) and the number EdU-positive cells
(Alexa Fluor 488 appears yellow) in the deep, middle and superficial layers. Cumulative EdU labeling beginning at ED5 (A and B) revealed fewer
unlabeled (EdU-negative) cells in the rostroventral tectum of FGF2 treated birds than in controls (quantitative comparisons are shown in Fig. 5 A, B),
which means that fewer cells had exited the cell cycle by ED5. Similarly, cumulative EdU labeling beginning at ED8 (C and D) revealed fewer EdU-
unlabeled cells in the caudodorsal tectum of FGF2-treated birds than in controls (quantitative comparisons are shown in Fig. 5 C, D.). Scale

bar=100 pum.
doi:10.1371/journal.pone.0079949.9g004

hypothesis assumes that cell density within a laminae is not
affected by FGF2.

To test the latter hypothesis, we counted cells within 100 pm-
wide sampling regions in individual tectal laminae (see Methods).
We observed that cell numbers in the deep tectal layers of the
lateral tectum decreased by 39% (t(19)= —4.29; P<0.0005;
n=10, 11) in FGF2 treated birds relative to controls. The
superficial layers showed a 24% decrease in cell number
(t(19) = —2.32; P<0.05; n=10, 11); whereas the middle layers
showed no significant FGF2 effect. Collectively, these data
indicate that the deep tectal layers were more severely affected
by the FGF2 treatment than the other layers. Specifically, the
deep tectal layers were thinner than normal and contained fewer
cells per unit of tectal surface, whereas the superficial layers
exhibited a slight decrease in cell numbers but retained their
normal thickness.

PLOS ONE | www.plosone.org

In the caudal tectum the deep layers exhibited only an 11%
decrease in cell numbers per counting box (t(19) = —2.34; P<<0.05;
n=10, 11) in FGF?2 treated birds relative to controls. There were
no significant changes in cell number within the superficial or
middle layers (t(19) = —0.24; P=0.41;n =10, 11). Thus, FGF2 has
less effect on laminar thickness and cell numbers in the caudal
tectum, where the expanded tectum folds (Fig. 6), than in more
rostral regions.

FGF2 alters the birthdates of some tectal layers

To test whether FGF2 changes the neuronal birthdates of tectal
laminae we counted the proportion of EdU-unlabeled cells in the
major layers. In birds infused with EdU starting on ED5, the
proportion of EdU unlabeled cells in the deep layers of the
rostroventral tectum was decreased by 32% in FGF2 treated birds
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Figure 5. Quantitative data showing that FGF2 treatment delays tectal neurogenesis. In birds infused with EdU starting on ED5, the
proportion of EdU-unlabeled cells in the early-born rostroventral tectum of FGF2-treated embryos is decreased by 52% relative to controls (A); the
absolute number of EdU-unlabeled cells is decreased by 57% (B). Both observations are consistent with a delay in tectal neurogenesis in FGF2-treated
birds. In birds infused with EdU starting on EDS, the proportion and absolute number of EdU-unlabelled cells in the caudodorsal tectum are
decreased in the FGF2-treated embryos by 18% (C) and 12% (D). Again, both findings are consistent with a delay in neurogenesis. All mentioned

differences are statistically significant (see text).
doi:10.1371/journal.pone.0079949.9g005

relative to controls (Fig. 7A; t(8) = 1.96; P<<0.05; n=15, 5). In the
superficial layers the proportion of EdU-unlabeled cells was
decreased by 72% (Fig. 7A; t(8)=3.61; P<<0.01; n=135, 5), and in
the middle layers it decreased by 57% (Fig. 7A; t(8)=3.29;
P<0.01; n=35, 5). These data indicate a significant delay in the
average birthdates of the neurons in all tectal laminae, though the
effect was weakest in the deep layers.

In birds infused with EdU starting on ED8, near the end of
tectal neurogenesis, the proportion of EdU-unlabeled cells in the
deep layers of the caudodorsal tectum was decreased by 19% in
FGF2 treated birds relative to controls (Fig. 7B; t(9)=2.02;
P<0.05; n=5, 6). The proportion of EdU-unlabeled cells was
decreased by 22% in the superficial layers (t(9) = 4.53; P<<0.005;
n=25, 6) and by 14% in the middle layers (t(9)=1.51; P<<0.05;
n=>5, 6). These data, too, are consistent with delays in the
birthdates of the average neurons in all laminae.

PLOS ONE | www.plosone.org

Discussion

Several previous studies have shown that evolutionary increases
in brain region volumes may result from delayed neurogenesis,
which extends the number of cell divisions that progenitors may
undergo [1,2]. Consistent with such findings, researchers using
experimental manipulations of proliferation have shown that
delaying cell cycle exit is an effective way of increasing brain
volume. For example, transgenic mice expressing a constitutively
active form of beta-catenin in the neocortex exhibit delayed
cortical neurogenesis as well as a dramatically enlarged neocortex
[11].

Although a multitude of different molecules can regulate cell
cycle exit, fibroblast growth factors (FGFs) are clearly critical
players. Much of the relevant work has been performed on
mammalian cells i vitro [12—14], but in vivo studies have confirmed
that interfering with FGT signaling leads to premature cell cycle

November 2013 | Volume 8 | Issue 11 | €79949



FGF2 Delays Tectal Neurogenesis

300+
B
=
- 2004
1%
[J]
e
v
S
= ) [ 1
1
g I [ | |
> ! I
= 100+ — — —
.© .© .©
ol | & o | |£ o || &
(0N o ] Qo e () (o} © ]
7 2| |8 ¢ HEEE: ¢ NEARE-
< 1S 5 < 1S & © 1S @
04

control tectum

FGF2- lateral tectum

FGF2- caudal tectum

Figure 6. FGF2 decreases the thickness of early born tectal layers. By ED12, birds treated with FGF2 showed a 50% decrease in the radial
thickness of the deep layers in the lateral tectum compared to controls (A, B, D). In these same lateral areas, despite the presence of “volcano”-like
disturbances in the outer laminae (B), there is no statistically significant difference in the thickness of the superficial or the middle layers between
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(D).
doi:10.1371/journal.pone.0079949.g006

exit in mouse ventral midbrain/hindbrain [15]. Conversely,
activation of FGF receptor 3 increases the size of occipital cortex
in mice [16]. Most relevant to the present study, intra-ventricular
injections of FGF2 in rats delay neocortical cell cycle exit in mouse
neocortex, leading to dramatic increases cortex volume and
neuron number [4]. A similar study in mice revealed a more
localized increase in cortical proliferation, accompanied by the
induction of a cortical fold [17]. Although these data indicate that
FGF2 can regulate neurogenesis timing [18], FGF2 has also been
shown to have additional functions, such as influencing whether
postmitotic cells become neurons or glial cells [19].

Very little is known about the functions of FGF2 in birds. One
study showed that FGF2 is present in the embryonic CSF of chicks
and greatly enhances midbrain progenitor proliferation [20].
However, the reported effects suggest that FGF2 at those stages of
development affects proliferation rates and/or progenitor survival,
rather than neurogenesis timing. Our own previous study, in
which we injected FGF2 into the ventricles of embryonic chicks,
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revealed a reduction in the relative thickness of the postprolifera-
tive zone in the optic tectum [3]. This finding is consistent with a
delay in neurogenesis, but the evidence was indirect. In addition,
our previous study provided no data on how long after the
mjection FGF2 can alter neurogenesis timing. It also did not show
whether FGF increases the total number of tectal cells, and did not
examine changes in laminar thickness or birthdates. The present
paper provides all this information.

To test for an FGF2 induced delay of tectal neurogenesis, we
focused our analysis on the early-born rostroventral tectum in
embryos that were infused with EAU shortly after the beginning of
tectal neurogenesis (ED5), and on the late-born caudodorsal
tectum in embryos infused with EAU near the end of tectal
neurogenesis (ED8). In both cases, a delay in cell cycle exit should
manifest as an increase in the proportion of EdU-unlabeled cells
(Fig. 2). Indeed, we found that FGF2 treatment decreased the
proportion of EdU-unlabeled cells in both the rostroventral and
caudodorsal tectum (in the ED5 and ED8 conditions, respectively;
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Figure 7. FGF2 delays the birthdates of neurons in deep,
superficial and middle layers. In the rostroventral tectum of FGF2-
treated embryos infused with EdU starting on ED5, the proportion of
EdU-unlabeled cells is decreased by 32, 72, and 57% in the deep,
superficial, and middle tectal layers, respectively (A). There were no
statistically significant differences between FGF2 treated birds and
controls in any layers in the lateral or caudal tectum when EdU was
infused on ED5 (A). In embryos that were infused with EdU starting on
ED8, the proportion of EdU-unlabeled cells was decreased by 19, 22,
and 14% in the deep, superficial, and middle layers, respectively (B).
White bars are controls; gray bars are FGF2 treated. Background
shading indicates birth order gradients, with darker shades indicating
later birthdates.

doi:10.1371/journal.pone.0079949.g007

Fig. 5). Given that EdU-unlabeled cells must have been born
before EAU application, the best explanation of our results is that
FGF?2 delayed cell cycle exit in tectal progenitors. The observed
effect cannot be explained by an increase in tectal progenitor
proliferation rates, because such an increase would, by itself, lead
to an increase in EdU-labeled cells, rather than a decrease.
Because a delay in cell cycle exit was evident in both the
rostroventral and caudodorsal areas, we conclude that FGF2 is
acting on much of the tectum, rather than focally. This finding is
important because it shows that FGF2 has an effect throughout the
tectum. A previous studies had shown that, of the three FGF
receptors likely to interact with FGF2 inside the brain, only
FGFRI1 is expressed uniformly in the tectum [21]. In contrast,
FGFR2 and FGFR3 are expressed mainly in the rostral tectum,
raising the possibility that FGF2 acts only on rostral tectum. Our
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finding of a neurogenesis delay in caudal tectum goes against that
hypothesis, but the data do not exclude the possibility that FGI2
has a greater effect in the rostral tectum because of heterogeneous
receptor expression.

In one set of experiments we injected FGF2 on ED4 and
observed a delay in neurogenesis 4 days later, on ED8. This
observation implies that FGF2 acted not just immediately after the
injection on ED4, but for several days afterwards. Our observation
that the FGI2-induced decrease in the number of EdU-unlabeled
cells is greater when EdU is infused on ED5 than when it is infused
on ED8 suggests that the potency of the injected FGF2 wanes over
time, as one might expect, given that the injected FGF2 is never
replenished. Alternatively, it may stem from a lower concentration
of FGF2-binding receptors in the caudodorsal tectum, where we
did our measurements in the embryos injected with EAU on ED8.
Additional experiments are needed to disentangle these hypoth-
eses.

If FGF2 delays tectal neurogenesis, then one would expect
FGF2 to increase the number of cells within the tectum
dramatically. Indeed, the cell counts in the present study, in
conjunction with the earlier data on tectal surface area expansion
[3], allow us to infer that FGF2 increases the total number of tectal
cells by 140% (Fig. 3). Overall, these findings indicate that FGF
receptors regulate neurogenesis timing not only in the mammalian
telencephalon and ventral midbrain [4,15,18], but also in the
avian optic tectum.

Given our findings, one may ask how a delay of tectal
neurogenesis affects the birthdates of individual tectal layers,
which are normally born at different, though overlapping stages of
development [5]. In essence, our data indicate that FGF2
treatment delays average neuronal birthdates in all three major
groups of laminae. Because these layers are born over the course of
several days, our data support our hypothesis that the FGI?2 effect
is not transient but persistent, decreasing the probability of
progenitor cell cycle exit for several days.

Even more interesting is that FGIF2 treatment reduces cell
density and laminar thickness most drastically in the deep layers,
mildly in the superficial layers, and least in the middle layers. This
pattern parallels the birthdate data obtained by Lavail and Cowan
[5], who showed that the deep layers are born first, the middle
layers last. Combining all this information, we can infer that the
FGF2-induced delay of tectal neurogenesis promotes the produc-
tion of late-born neurons at the expense of early-born neurons.
This finding is consistent with comparative mammalian data
indicating that evolutionary delays in neurogenesis generally
increase the number of late-born cells at the expense of those
born earlier ([2,8,22]. The general implication of these findings is
that the timing of cell cycle exit can be dissociated from the
mechanisms that control the timing of cell type specification (but
see [7]). Unfortunately, the mechanisms that control cell fate in the
nervous system remain relatively incompletely understood, even in
mammalian neocortex, where they have been studied intensively
(e.g., [23]). Still, our data support the hypothesis that the control of
timing in development involves multiple, dissociable “clocks” [e.g.,
24] and suggest that the chick optic tectum may be a good model
system in which to explore this notion further.
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