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Summary

Radial glia (RG), the progenitors of cortical neurons and basal progenitors (BPs), differentiate from
neuroepithelial cells (NCs) with stem cell properties. We show that the morphogen, Fgf10, is
transiently expressed by NCs coincident with the transition period of NC differentiation into RG.
Targeted deletion of Fgf10 delays RG differentiation, whereas overexpression has opposing effects.
Delayed RG differentiation in Fgf10 mutants occurs selectively in rostral cortex, paralleled by an
extended period of symmetric NC divisions increasing progenitor number, coupled with delayed and
initially diminished production of neurons and BPs. RG eventually differentiate in excess number
and overproduce neurons and BPs rostrally resulting in tangential expansion of frontal areas and
increased laminar thickness. Thus, transient Fgf10 expression regulates timely differentiation of RG,
and through this function, determines both length of the early progenitor expansion phase and onset
of neurogenesis, and ultimately the number of progenitors and neurons fated to specific cortical areas.
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The neocortex is responsible for sensory perception and complex cognitive tasks. Corticogenesis can be divided into sequential phases,
beginning with an expansion phase characterized by cortical stem cells that undergo symmetric division to expand their number, followed
by their differentiation into a mature progenitor, radial glia, and finally neurogenesis during which radial glia produce cortical neurons.
We show that Fgf10 regulates the timely differentiation of radial glia, and through this function, determines the timing and length of key
phases of corticogenesis, the number of radial glia and neurons produced, and as a consequence cortical size, laminar thickness, and area
patterning. Thus, Fgf10 serves a central, fundamental role in corticogenesis through its regulation of cortical stem cell differentiation and
by determining the selective expansion of specific cortical areas, Fgf10 can emphasize the specialized functions attributed to them.
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Introduction

Early in corticogenesis, cortical progenitors referred to as neuroepithelial cells (NCs), have
stem cell properties and expand their numbers within the ventricular zone (VZ) by symmetric
cell division that produces two like progenitors. Later, NCs differentiate into a mature
progenitor termed a radial glia (RG) that exhibits asymmetric division to produce a pair of
unlike cells comprised of an RG to maintain the proliferative pool and either a deep layer
cortical neuron or a basal progenitor (i.e. intermediate progenitor) that establishes the
subventricular zone (SVZ) and later produces superficial layer cortical neurons (Gotz and
Huttner, 2005). Little is known about the mechanisms that mediate this critical transition period
that bridges the early expansion phase characterized by symmetric division of NCs with the
later neurogenic phase characterized by asymmetric division of RG. However, the timing of
the transition from NE to RG has critical implications for corticogenesis because models predict
that minor changes in the proportion of progenitors exhibiting one or the other division mode
at early stages result in substantial changes in the number of progenitors and ultimately cortical
size (Caviness et al., 1995; Rakic, 1995). These predictions are supported by the analysis of
mice genetically-modified to express a stabilized form of B-catenin, which regulates the mode
of cell division and leads to an increase in symmetric divisions producing progenitors (Chenn
and Walsh, 2002), and mice with a deletion of either caspase-9 or Cpp32, which reduces
apoptotic cell death among progenitors (Chenn and Walsh, 2002; Kuida et al., 1998; Kuida et
al., 1996). Each of these genetic manipulations results in an increase in cortical progenitors,
and presumably as a result, an increase in cortical size.

Most, if not all, neurons generated in the cortical VZ are progeny of BLBP-positive RG that
differentiate from BLBP-negative NCs (Anthony et al., 2004). Although NCs may produce a
small proportion of neurons (Gotz and Huttner, 2005), within the cortex they are primarily
cortical stem cells that divide symmetrically to produce two like cells, expanding the progenitor
pool before differentiating into BLBP-positive RG. Therefore, the differentiation of NCs into
RG isacritical step in determining whether progenitors retain asymmetric mode of cell division
that serves to expand progenitor pools or acquire an asymmetric mode to populate the cortex.

Notch signaling is involved in the transition of NCs into RG. For example, Notchl promotes
RG identity when an activated form is overexpressed before the onset of neurogenesis (Gaiano
etal., 2000) and BLBP expression is diminished in mice deficient for both Notch1 and Notch3
in the forebrain (Anthony et al., 2005). However, Notch signaling is not the only determinant
for RG differentiation because BLBP expression is not entirely abolished in Notch1 and Notch3
double knockout mice. Fibroblast growth factor (Fgf) signaling is also implicated in the
differentiation of NCs into RG. For example, in vivo studies based upon expressing a
constitutively active form of the Fgf receptor, Fgfr2, indicate that its activation in NCs promotes
their differentiation into RG (Yoon et al., 2004). In contrast, though, in vitro studies of
dissociated cortical cell cultures indicate that Fgfrl and Fgfr3 promote the proliferation of
cortical NCs, a function distinct from differentiation (Maric et al., 2007). Thus, these findings
indicate that the different Fgf receptors expressed by cortical NCs have distinct effects on their
proliferation and differentiation.

Fgf receptors expressed by cortical NCs are activated by unique subsets of Fgfs. Several Fgfs
influence corticogenesis, but only Fgf2 has been reported to be expressed in the cortical VZ.
Fgf2 is expressed by progenitors throughout the cortical VZ and deletion of it results in
diminished proliferation of progenitors (Vaccarino et al., 1999). Fgf8, Fgf17, and Fgf18 are
expressed in the anterior neural ridge (ANR) / commissural plate (CoP) positioned at the
anterior midline of the nascent neocortex. Fgf2 and Fgf8, which have been most studied,
preferentially function through Fgfrl, Fgfr2c and Fgfr3, and contribute to the proliferation and
survival of cortical progenitors (Gutin et al., 2006; Maric et al., 2007; Ornitz et al., 1996).
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Fgf15, which has a very dynamic expression pattern in forebrain, indirectly influences
proliferation in cortex through its regulation of Fgf8 in the CoP (Borello et al., 2008). Finally,
Fgf7 is expressed in the anti-hem, a putative patterning center positioned along the rostral-
caudal cortical axis at the border between dorsal telencephalon (dTel) and ventral
telencephalon; Fgf7 preferentially binds Fgfr2b but to date it has not been assigned a function
in corticogenesis (Assimpopolous et al., 2003). Thus, progress has been made on defining Fgfs
responsible for regulating proliferation of cortical progenitors, but Fgfs responsible for
promoting the differentiation of NCs into RG remain vague.

Here we show that Fgf10, a high affinity ligand for Fgfr2b, controls RG differentiation in the
cortical VZ and through its regulation of this process has critical consequences for
corticogenesis and patterning. The present study is based upon our analysis of expression
patterns of each of the twenty-two members of the Fgf family, which reveal that Fgf10 has a
particularly novel expression pattern suggestive of a prominent and unique role in
corticogenesis. We find that Fgf10 is transiently expressed by cortical progenitors during the
transition period coincident with the differentiation of NCs into RG. These findings prompted
us to investigate the role of Fgf10 in this differentiation process and the consequences of
altering Fgf10 expression on corticogenesis. We find that Fgf10 drives the timely
differentiation of NCs into RG and through this function determines both the length of the
expansion phase of NCs and the onset of neurogenesis. The generation of neurons and BPs,
both the progeny of RG, is similarly effected by deletion of Fgf10, with each showing an initial
delay and decrease in production followed by an increase. Thus, our findings demonstrate that
through its regulation of RG differentiation, Fgf10 determines the size of progenitor pools both
within the VZ and the SVZ, with significant consequences for neuronal production, and
ultimately the size of the cortex as well as its laminar and area patterning.

Fgf10 is transiently expressed in apical VZ during transition period of corticogenesis

We analyzed Fgf expression in embryonic dTel and found that Fgf10 has a unique expression
pattern that suggests arole in corticogenesis (Figure 1). Previous studies have shown that Fgf10
is expressed in early forebrain, with strong expression in infundibulum in ventral hypothalamus
(Bachler and Neubuser, 2001;Treier et al., 2001), but expression in dTel has not been reported.
Therefore we analyzed in detail Fgf10 expression using in situ hybridization on sections of
E9.5 to E16.5 telencephalon (Figure 1 and data not shown). Fgf10 expression is first detected
at E9.5, but is weak and is limited to the anterior midline of dTel (Figure 1A and A’). At E10.0
to E10.5, Fgf10 expression becomes evident at the apical side of the entire VZ of dTel (Figure
1B, C, B’ and C’) and is sustained through E11.5 (Figure 1D and D’), after which it decreases
in intensity, becoming undetectable by E13.5 (Figure 1E and E’). In summary, Fgf10 is
transiently expressed in cortical progenitors at the apical side of the VVZ during the transition
period when NCs differentiate into RG, signaling the onset of the neurogenic phase. The
restricted localization of Fgf10 transcripts suggest that Fgf10 is expressed by NCs at a specific
stage of differentiation, most likely M phase.

Fgf10 promotes RG differentiation

Our findings indicate that Fgf10 is expressed in progenitors during the period that they
differentiate from NCs into RG, which go on to produce neurons and BPs, and subsequently
glia (Anthony et al., 2004; Malatesta et al., 2003). To address whether Fgf10 influences the
differentiation of RG from NCs, we analyzed the expression of the RG-specific markers BLBP
and GLAST in the cortex of Fgf10 —/— mice compared to wild type (wt) using specific
antibodies (Hartfuss et al., 2001). Previous studies have reported that BLBP expression can be
detected using immunostaining at E12.5 (Anthony et al., 2004). Therefore we analyzed mice
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between E10.5 and E13.5. We find no detectable staining in the cortex of either wt or Fgf10
—/— mice at E10.5 (data not shown). However, by E11.5, we readily detect BLBP in wt mice
with the strongest immunostaining in ventrolateral and dorsomedial cortex (Figure 2A) and
mild expression in dorsolateral cortex (Figure 2A, D). In wt, BLBP immunostaining is stronger
and more extensive in the cortex at E12.5 (Figure 2B, E). In contrast, BLBP immunostaining
in the cortex of Fgf10 —/— mice is deficient relative to wt (compare Figures 2A, B, D, and E
to 2A’,B’, D’ and E’). By E13.5, BLBP immunostaining is found throughout the cortical VZ
in wt, and in contrast to earlier stages, immunostaining for BLBP in Fgf10 —/— cortex at E13.5
is indistinguishable from wt (compare Figure 2C and C’).

Immunostaining for GLAST corroborates our findings with BLBP. We find that GLAST
immunostaining is more modest than that for BLBP during the transition period and is most
detectable in lateral cortex (Figure 2F). Like BLBP, GLAST is also downregulated in Fgf10
—/—cortex (Figure 2F”). We conclude from these findings that Fgf10 is required for the
differentiation of NCs into RG.

In addition to the induction of RG markers, we also examined within the VVZ the expression of
Occludin, a tight-junction marker localized to the surfaces of NCs, particularly their apical
surface near the lumen of the lateral ventricle, that is characteristically downregulated as they
differentiate into RG (Aaku-Saraste et al., 1996). At E11.5, we observe strong expression of
Occludin at the apical surface of the VZ in the cortex of both wt and Fgf10—/— mice (Figure
S1A, A’). This expression is strongly diminished by E12.5 in wt cortex (Figure S1B, C),
whereas in contrast, in Fgf10—/—mice it is diminished in caudal cortex at E12.5 but is aberrantly
sustained in rostral cortex (Figure S1B’, C’, E). By E13.5, Occludin expression is
downregulated throughout the cortex of Fgf10 —/— mice and resembles wt (Figure S1D, D’).
Thus, downregulation of the expression of the tight-junction marker Occludin that occurs
throughout wt cortex between E11.5 and E12.5 is delayed selectively in rostral cortex of Fgf10
—/— mice, which correlates both spatially and temporally with the delay in upregulation of the
expression of the RG markers BLBP and GLAST. These complementary sets of findings
indicate that the deletion of Fgf10 delays the differentiation of RG from NCs in vivo.

To test whether Fgf10 is sufficient to promote RG differentiation, we performed gain-of-
function experiments by overexpressing Fgf10 using in utero electroporation. An expression
vector with Fgf10 under the control of the CAG promoter was co-electroporated at E11.5 with
an EGFP expression vector as a reporter to reveal the electroporation domains in the brains
analyzed at E12.5. BLBP immunostaining in control vector-electroporated domains is identical
to unelectroporated brains (n=3, Figure 3B, C, E, F and data not shown). In contrast, when
Fgf10 is overexpressed, we find a higher level of BLBP immunostaining coincident with the
ectopic domain of Fgfl0 expression (n=3, Figure 3B’, C’, E’, and F’). In summary, our gain-
of-function analyses indicate that Fgf10 is sufficient to promote the differentiation of NCs into
RG, whereas our loss-of-function analyses show that Fgf10 is required for the appropriate
timing of this differentiation event.

The loss of Fgf10 delays RG differentiation in rostral dTel

As described above, Fgf10 expression is first detected in rostral cortex, and then expands
caudally (Figure 1A and B). Therefore, we speculated that the diminished expression of BLBP
that we observe in Fgf10—/— cortex compared to wt may also be graded, resulting in a more
pronounced effect on RG differentiation in rostral cortex. To address this issue, we compared
the expression of BLBP across the rostral-caudal cortical axis in Fgf10 —/— mice to their wt
littermates at E11.5. Qualitatively, we find that BLBP immunostaining is substantially
diminished rostrally in mutant cortex compared to wt, but that caudally the staining is similar
(Figure 4Aand A’). This impression is corroborated by quantification of fluorescence intensity
of the BLBP immunostaining at five positions along rostral-caudal cortical axis (Figure 4B).
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Thus, BLBP expression is significantly diminished in rostral cortex of Fgf10 mutants compared
to wt.

To extend these findings, we performed two additional quantitative analyses of cortical BLBP
expression in wt and Fgf10 —/— littermates. First, we measured overall intensity of the
fluorescence immunostaining at a mid-rostral level and find that relative to wt, the staining in
Fgf10 —/— cortex is diminished by 82% at E11.5 and 57% at E12.5, whereas the staining
intensity is comparable in wt and mutant cortex at E13.5 (Figure 4C, n=4). To address this
issue at a cellular level, we dissociated, plated and immediately immunostained cells from the
rostral half of the cortex of wt and Fgf10 —/— littermates at E11.5, E12.5 and E13.5 (Figure
4D-F). At E11.5, 30% of wt cortical cells are BLBP positive, whereas only 10% of cells from
Fgf10 —/— cortex are BLBP positive (Figure 4F). At E12.5, 49% of cells are BLBP positive in
wt cortex, compared to only 28% in Fgf10 —/— cortex (Figure 4F). By E13.5, 48% of wt cortical
cells are BLBP positive, compared to 52% in Fgf10 —/— cortex (Figure 4F). These data show
a67% decrease in the percentage of cells that are BLBP positive in Fgf10 —/— cortex compared
towt at E11.5, and a 42% decrease at E12.5. To restate this data, in the presence of Fgf10, we
observe a 300% increase in VZ cells that are BLBP positive at E11.5 and a 175% increase at
E12.5. By E13.5, BLBP immunostaining is virtually indistinguishable between wt and Fgf10
—/— cortex.

These quantitative data indicate that in wt cortex, BLBP expression progressively increases
between E11.5 and E13.5, both in overall intensity and in the proportion of VVZ cells expressing
BLBP, overlapping with the transient expression of Fgf10. However, this progressive increase
in BLBP immunostaining is delayed and transiently diminished in rostral cortex of Fgf10 —/—
mutants, but that by E13.5, when Fgf10 expression is normally down-regulated in wt cortex,
BLBP staining in Fgf10 —/— cortex has increased and is comparable to wt. Thus, Fgf10
expression by NCs is required for their timely differentiation into RG in rostral cortex during
the transition period.

Early production of neurons and BPs is delayed and diminished in Fgf10 rostral mutant

cortex

Our findings indicate that Fgf10 controls the differentiation of NCs into RG, and that in the
absence of Fgf10, this differentiation process is delayed. We predicted a similar delay in the
production of the earliest generated neurons and BPs by differentiated RG. To address this
issue, we used specific markers to compare wt and Fgf10 —/— mice beginning at E10.5, when
preplate neurons are first generated, through to E14.5, encompassing the period when neurons
that will form layers 5 and 6 of the cortical plate are generated.

Cortical preplate neurons, which arise from BLBP-positive RG (Anthony et al., 2004), are
generated between E10.5 and E12.5 and are uniquely marked by the T-box transcription factor,
Thrl (Hevner et al., 2001). In E10.5 wt mice, a low density of Tbrl-positive neurons forms
the nascent preplate just beneath the pial surface (Figure 5A). In Fgf10 —/— mice, we find a
significant reduction in the number of Thrl-positive neurons in rostral cortex compared to wt
littermates (compare Figure 5A to 5A’, and G). In contrast to wt, sections through rostral cortex
of Fgf10 —/— mice have at most only one Thr1-positive neuron, many have none. We continue
to observe a significant reduction in the number of Thrl-positive neurons at E11.5, with 83%
fewer in the rostral cortex of Fgf10 —/— mice compared to wt littermates (Figure 5B, B’, and
G, n=4). The difference in the numbers of Tbrl-positive neurons found in Fgf10 —/— cortex
compared to wt is less significant at E12.5, the last day of significant production of preplate
neurons in wt, following which RG generate cortical plate neurons. This trend continues over
the next two days with the Thr-1 positive cortical plate of the Fgf10 —/— mice coming to more
closely resemble that in wt (Figure 5D-E’, and G). We confirmed the reduction in numbers of
preplate neurons at E12.5 by TuJ1 immunostaining, which labels type Il beta tubulin
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characteristic of all postmitotic neurons, and reveals a significant reduction in neuronal density
in Fgf10 —/— cortex (Fig. 5F and 5F”). In conclusion, in Fgf10 —/— mice, cortical neurogenesis
lags behind wt by about a day and a half to two days, a delay similar to that observed in the
differentiation of their RG progenitors.

We also analyzed the generation of BPs, which arise from RG and form the SVZ, a second
germinal zone outside of the VVZ that produces superficial layer neurons. For this analysis, we
performed immunostaining from E11.5 through E17.5 using a marker specific for BPs, the T-
box transcription factor Thbr2 (Englund et al., 2005) (Figure S2). We find a significant reduction
of BPs in Fgf10—/— cortex compared to wt littermates at E11.5 and E12.5 (Figure S2A, B, A’
and B’, n=4, 42% reduction for E11.5, 40% for E12.5). In contrast, at E13.5, the number of
BPs is the same in Fgf10 —/— cortex as in wt, but between E14.5 and E17.5, we find a trend
toward an increase in BPs, with the difference being statistically significant at E15.5 (Figure
S2H). These findings indicate that the delay in the differentiation of NCs into RG within the
cortical VZ is accompanied not only by a delayed onset of the production of neurons, but also
by a diminished production of BPs. However, as for neurons, at later stages, production of BPs
is increased in Fgf10 —/— cortex compared to wt.

Delayed differentiation of NCs into RG in Fgf10-/- mutants results in over-production of
progenitors in rostral cortex

Our findings above show that the differentiation of NCs into RG in the VVZ is delayed in rostral
Fgf10 —/— cortex and is paralleled by a delay and reduction in both early neurogenesis and the
initial production of BPs. We carried out additional analyses to assess potential implications
of these findings. We first addressed whether the delay in RG differentiation and / or the Fgf10
deficiency results in a defect that alters cell cycle kinetics or survival of progenitors in the
cortical VZ. Our analyses though indicate that the length of the cell cycle measured with the
thymidine analog, BrdU, and apoptotic cell death revealed by immunostaining for activated
Caspase 3, are indistinguishable between wt and Fgf10 —/— mice (Figure S3).

To address whether the delay in RG differentiation may affect the mode of cell division of
progenitors, we first examined the ratio of cells that exit or re-enter the cell cycle at early stages
of neurogenesis. We exposed proliferating cells to a pulse of BrdU at E11.5 and 24 hrs later
fixed the mice and immunostained for Ki67 to mark actively proliferating cells. Cells that are
singly labeled with BrdU have exited the cell cycle over the 24 hr period to become preplate
neurons (Takahashi et al., 1999), whereas those that are double labeled with BrdU and Ki67
are proliferating progenitors. We find that in rostral cortex, 66% fewer progenitors exit the cell
cycle by E12.5 in Fgf10 —/— mice compared to wt (Figure 6A, A’ and B, n=4, p<0.05). This
result indicates that in Fgf10 —/— cortex, at early stages of cortical neurogenesis, progenitors
are more likely to remain in the proliferative mode than exit it and become neurons. This finding
provides a mechanism to account for the reduced number of preplate neurons in Fgf10 —/—
cortex compared to wt, and is consistent with the delayed differentiation of NCs into RG in
Fgf10 —/— cortex and the accompanying switch from symmetric to asymmetric division
marking the onset of the neurogenic phase.

Our findings show that in Fgf10—/— cortex, progenitors remain in a mode of symmetric division
for an extended period, resulting in the production of two progenitors when they divide, and
exhibit a delay in becoming neurogenic and exhibiting asymmetric division. To address this
issue, we examined the mode of cell division by following in vitro the fate of rostral cortical
progenitors that were dissociated from E12.5 cortex and plated at clonal density; isolated
individual cells were verified and followed over time (Figure 6C and D) (Qian et al., 1998).
After 24 hours, cultured cells were immunostained with TuJ1 to selectively mark neuronal
progeny to distinguish them from progeny that continue as progenitors, and each pair of
daughter cells were scored (Figure 6C). We find a significant increase in symmetric divisions
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of progenitors in rostral cortex of Fgf10 —/— mutants compared to wt, all of which produce two
progenitors, typifying them as NCs (Figure 6D). Coincident with this change, the frequency
of asymmetric divisions by progenitors is significantly decreased in rostral cortex of Fgf10 —/
— mutants compared to wt. These significant changes in the division mode and output of
progenitors in rostral cortex of Fgf10 mutants results in a selective expansion of the progenitor
pool at early stages of corticogenesis compared to wt. This increased production of progenitors
in Fgf10 —/— cortex occurs during an age that in wt coincides with the transition period when
Fgf10 is transiently expressed and NCs differentiate into RG, and is consistent with both the
delayed differentiation of NCs into RG and the concomitant delay in neuronal production in
Fgf10 —/— cortex.

Based on these in vitro findings, we predicted an increase in progenitors in the rostral cortex
of Fgf10 —/— mice compared to wt. To confirm this predicted increase, we used BrdU to label
S-phase progenitors at E13.5 and E14.5 and analyzed the number of cells labeled in the cortical
VZ one hour after BrdU exposure (Figure 7A, A’, B, B’, and Figure S4). We choose these ages
because they are shortly after the stage that cortical Fgf10 expression ceases in wt, the
differentiation of RG in Fgf10 mutants is indistinguishable from wt, and they are near the mid-
point of cortical neurogenesis. Counts of BrdU labeled cells show a significant increase in the
number of progenitors in rostral cortex of Fgf10 —/— mice compared to their wt littermates of
33% at E13.5 (Figure S4, n=4) and 40% at E14.5 (Figure 7C, n=4, p<0.01). To confirm the
increase of progenitors in Fgf10—/— rostral cortex, we performed double immunostaining at
E14.5 for the two types of neurogenic progenitors, using an antibody for the paired-box
transcription factor Pax6 that marks RG and the Thr2 antibody that marks BPs (Figure7D, D’
and E). The number of Pax6 labeled cells exhibits a significant increase of 37%, similar to the
40% increase in numbers of progenitors determined using BrdU labeling of all proliferating
cells. In summary, two independent methods of marking cortical progenitors confirm the in
vitro prediction that the Fgf10 —/— mutant has an increased population of progenitors in the
cortical VZ compared to wt.

Over-production of cortical progenitors and neurons in rostral cortex of Fgf10-/- mice
results in a selective increase in laminar thickness and frontal areas

As described above, in Fgf10 —/— mice the differentiation of RG is preferentially delayed in
rostral cortex, resulting in a lengthening of the expansion phase characterized by an increase
in symmetric divisions that produce two progenitors, resulting in an increase in the progenitor
pool within rostral cortex. Consistent with this expanded progenitor pool in rostral cortex, we
find that the cortical hemisphere of Fgf10 —/— mice is significantly larger than that of wt
littermates at PO (Figure 8A —C). In addition, compared to wt, the radial thickness of the cortical
wall in Fgf10 —/—mice is significantly increased selectively in rostral (frontal) cortex (Figure
8D and 8E), due largely to a 40% increase in the thickness of the cortical plate (Figure 8F, F’,
H, and I; p<0.01, n=8); in contrast, the thickness of caudal (occipital) cortex is virtually
indistinguishable between mutant and wt (Figure 8D — I, n=8). Cell counts show that the
increased thickness of the cortical plate in rostral cortex is due at least in part to a 33% increase
in the number of cells in a radial traverse through it (Figure 8C, p < 0.01, n=4). In situ analysis
at PO (when the mutant dies) using the laminar-specific markers RORp (predominantly marks
layer 4; Figure S5B, B”), otx1 (predominantly marks layer 5; Figure S5C, C’), and Tbrl
(predominantly marks layer 6; Figure S5D, D’), suggests that layers that have been fully
generated by birth in the Fgf10 —/— cortex (because of the delay in neurogenesis, generation
of superficial layers is still ongoing at P0) are expanded to a roughly equal proportional extent
in rostral cortex of Fgf10 —/— mice compared to wt. These findings suggest that the increased
generation of neurons in the Fgf10 —/— cortex is made up of a roughly proportional increase
in numbers of neurons of different laminar identities.
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The cortical plate in the Fgf10 mutant exhibits a relatively uniform increase in thickness over
the rostral half of the cortex (Figure 8) indicating that the increase in the numbers of cortical
progenitors in the Fgf10 mutant has a similar uniformity over rostral cortex. We therefore
addressed whether the increase in rostral cortical progenitors results in a preferential increase
in the size of frontal cortical areas; if it does, we can conclude that area patterning information
inherited by progenitors is fixed at early stages in corticogenesis, coincident with the transition
period of differentiation of NCs into RG.

To address this issue, we performed a marker analysis of area size and patterning on PO Fgf10
—/—mice and wt littermates. To analyze the size of frontal areas size, we first used whole mount
in situ hybridization (WMISH) for cadherin8 (cad8), which selectively marks frontal/motor
areas (Suzuki et al., 1997), and measured frontal area size. We find that the absolute size of
the frontal Cad8 domain is expanded 63% compared to wt; importantly, even the relative size
of the frontal cad8 domain is expanded by 45% in Fgf10—/— mutant, following correction for
the 37% increase in overall cortical surface area in the Fgf10 mutant (Figure 9A-B, n=4). We
also examined changes in area patterning by analyzing on sagittal sections through Fgf10
mutant and wt cortex the expression of Cad8 as well as other areal markers, including Lmo4,
which marks borders between frontal/parietal cortex (i.e. frontal/motor with somatosensory
areas) and parietal/occipital (somatosensory with visual areas) cortex (Bulchand et al., 2003),
and ephrin-A5 (Figure 9E, E’), which is preferentially expressed in parietal (somatosensory)
cortex (Mackarehtschian et al., 1999). Consistent with the cad8 WMISH, the caudal border of
the Cad8 expression domain, which marks the frontal-parietal border, is shifted caudally,
resulting in an increase in the frontal area domain. Similarly, we find that a similar border
marked by Lmo4 and ephrin-Ab5 is also shifted caudally in the Fgf10 —/— cortex compared to
wt. In contrast, the more caudal border (near the parietal-occipital junction) of each marker
expression pattern remains relatively constant between Fgf10 mutant and wt cortex (Figure
9C-E’). These findings indicate that more rostral cortical areas, such as the frontal / motor
areas, exhibit a preferential increase in the Fgf10 mutant compared to wt, whereas more caudal
areas, such as visual, exhibit little significant change. Again these findings are consistent with
a preferential expansion of the progenitor pool that gives rise to rostral (frontal) cortex, and
indicates that area patterning information is fixed at the time the progenitor pools are expanded
in the Fgf10 mutant cortex.

The size of frontal areas is regulated by the secreted morphogens Fgf8, Fgf17 and Fgf18,
expressed in the CoP (Cholfin and Rubenstein, 2007; Fukuchi-Shimogori and Grove, 2001;
Storm et al., 2006), in part by regulating in cortical progenitors the graded expression of
transcription factors that specify area identities, such as Pax6, Emx2 and Coup-Tf1 (O'Leary
et al., 2007; Sahara et al., 2007). Therefore, the increase in frontal areas in the Fgf10 mutant
might be due to the Fgf10 deficiency resulting in changes in the expression of Fgfs expressed
by the CoP or transcription factors that specify area identities within cortical progenitors. To
address this issue, we used in situ hybridization to analyze the expression of these morphogens
(Figure S6) early in corticogenesis, and find that the expression of each is indistinguishable
between wt and Fgf10 mutants. Thus, we conclude that area identity is fixed at the time the
excess progenitors are generated in the Fgf10 —/— cortex. Further, these findings indicate that
Fgf10 expressed in the cortical VZ does not influence the expression of Fgfs in the CoP.

Discussion

In this study, we show that Fgf10 regulates the timely differentiation of NCs into RG, and
through this function, determines the timing and length of key phases of corticogenesis, the
size of cortical progenitor pools and neuronal number, and as a consequence cortical size,
laminar thickness, and area patterning. Corticogenesis can be divided into a few sequential
phases, beginning with the expansion phase characterized by NCs undergoing symmetric

Neuron. Author manuscript; available in PMC 2010 July 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sahara and O’Leary

Page 9

divisions to expand the proliferative population, followed by the transition period during which
NCs differentiate into RG, the neurogenic phase during which RG exhibit asymmetric divisions
and generate neurons as well as basal progenitors, which themselves generate additional
neurons, and finally the terminal phase during which progenitors undergo a terminal symmetric
division and become quiescent.

We find that in mouse, Fgf10 is transiently expressed by progenitors in the VZ for two to three
days beginning late in the expansion phase and continuing through the transition period during
which NCs differentiate into RG. We used loss- and gain-of-function approaches to determine
roles for Fgf10 in this differentiation process by analyzing mice with a targeted deletion of
Fgf10 and the effect of in utero electroporation of Fgf10 expression constructs into the VZ.
Fgf10 deletion causes a delay in the expression of markers for differentiated RG such as BLBP
and GLAST and is complemented by a delay in the downregulation of a marker of NCs,
Occludin, whereas overexpression of Fgf10 induces a significantly higher expression of BLBP.
These results indicate that Fgf10 enhances the differentiation of NCs into RG and by its control
of the timing of RG differentiation, Fgf10 determines both the end of the expansion phase and
the beginning of the neurogenic phase. The delay in RG differentiation in Fgf10 mutants occurs
preferably in rostral cortex and is paralleled by a comparable delay in neurogenesis and a
lengthening of the phase of progenitor expansion within the cortical VZ through the symmetric
division of NCs. This change is characterized by an increase in the proportion of progenitors
that undergo symmetric divisions to produce two progenitors, a feature characteristic of NCs,
at a stage during the transition period when asymmetric divisions to produce one progenitor
and one neuron, a feature characteristic of RG, normally become predominant, resulting in a
significant overproduction of progenitors in rostral cortex.

At early stages of neurogenesis, the production of both neurons and BPs is diminished in Fgf10
deficient cortex. However, when RG eventually differentiate, their numbers are significantly
increased, subsequently resulting in an excess production of neurons and BPs, manifested by
an increase in the radial thickness of the cortical plate as well as an increase in cortical surface
area due primarily to a preferential increase in the size of frontal areas. These results
demonstrate a central role for Fgf10 in controlling cortical neurogenesis by regulating the
transition of NCs into RG, and through this regulatory process, determining the length of the
phase of progenitor expansion exhibited by NCs. The bias of these functions of Fgf10 for rostral
cortex implicates Fgf10 as a key regulator of the size of progenitor pools and neuronal number
allocated to specific areas in the developing cortex.

The vertebrate family of Fgfs is comprised of twenty-two members, several of which have
been reported to participate in cortical development, but our findings show that Fgf10 has
unique functions distinct from these other Fgfs. Of these Fgfs, only Fgf10 and Fgf2 are
expressed by progenitors in the cortical VZ. Whereas Fgf2 transcripts are broadly distributed
over the VZ (Vaccarino et al., 1999), we find that Fgf10 transcripts are localized to the apical
aspect of the VZ, resembling the labeling pattern obtained with JONES, an antibody against
the 9-O-acetylated GD3, reported to mark early progenitors in the cortical VZ (Maric et al.,
2007). This distinct localization of Fgf10 transcripts suggest that Fgf10 is expressed at a
specific mitotic stage or by NCs at a specific stage of differentiation. Based upon our findings
that Fgf10 enhances the differentiation of NCs into RG, we speculate that Fgf10 may be
expressed as an NC undergoes its final symmetric division, promoting the differentiation of
the daughter cells into RG.

Fgf2 has been reported to be a potent mitogenic factor for telencephalic progenitors in vitro
(Murphy et al., 1990) and functions in this capacity by acting through Fgfrl and Fgfr3 (Maric
et al., 2007). Loss of Fgf2 results in a reduction in the number of progenitors subsequently
leading a significant reduction in neuronal density and cortical thickness (Raballo et al.,

Neuron. Author manuscript; available in PMC 2010 July 16.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sahara and O’Leary

Page 10

2000). In vitro studies, and the cortical phenotype of the Fgf2 knockout, suggests that it acts
to expand the progenitor population, a function that would oppose that which our analysis of
the Fgf10 knockout suggests for Fgf10.

Three related Fgfs are expressed within the CoP, Fgf8, 17 and 18, and any direct influence that
they exert on cortical progenitors must be through their secretion and migration from the CoP.
Fgf8 has been implicated in the proliferation and survival of cortical progenitors. Mice with
lower levels of Fgf8 expression have a much smaller cortex (Storm et al., 2006), whereas
overexpression of Fgf8 results in a substantial increase in size of the targeted brain structure
(Crossley et al., 1996), including cortex, where focal overexpression of Fgf8 early in
corticogenesis results in a local increase in cortical size (Fukuchi-Shimogori and Grove,
2001). Fgf8 has also been reported to increase the mitotic index of cortical progenitors in vitro
(Borello et al., 2008) as well as control apoptosis among progenitors (Storm et al., 2003).
Neither Fgf8, nor any Fgf, has been reported to affect RG differentiation. Thus, the available
evidence indicates that Fgfs expressed in the CoP, and in particular Fgf8, have functions in
corticogenesis that are distinct from those of Fgf10. Our findings indicate that Fgf10 does not
influence the proliferative capacity of progenitors per se, as we detect no effect of the deletion
of Fgf10 on cell cycle kinetics and cell death. In contrast to the other Fgfs that affect cortical
size, our findings show that Fgf10 does so by regulating the timing of RG differentiation, and
as a consequence, Fgf10 controls the length of an early phase of corticogenesis during which
the size of the progenitor population is expanded by symmetric division of NCs prior to RG
differentiation and the onset of neurogenesis. Subsequent to this phase regulated by Fgf10, RG
progenitors exhibit normal proliferation kinetics, and the expanded size of rostral cortex, both
radially and tangentially, is due to the increased number of progenitors. Our results are
consistent with the finding of a modest increase in proliferating progenitors in Fgfr2 mutant
mice (Ever et al., 2008).

Our findings that RG differentiation is delayed rather than prevented in the Fgf10 knockout
indicates that Fgf10 is sufficient to direct the differentiation of RG, but that it is not required
per se for RG to eventually differentiate; thus, other factors can eventually bring about RG
differentiation in rostral cortex. To date, though, little is known about the mechanisms
controlling this differentiation process, and few players in this process have been defined.
Identified players in the differentiation of RG include Notch and its downstream target erbB2,
expressed by progenitors (Patten et al., 2003; Schmid et al., 2003). How these components
mesh with the function of Fgf10 is presently unclear. For example, our findings from the Fgf10
knockout indicate that Fgf10 promotes the differentiation of NCs into RG, whereas analysis
of mice deficient for Notch or its signaling components suggest that Notch acts to maintain the
progenitor state (Anthony et al., 2005). The function of Fgf10 in facilitating RG differentiation
also seems to be distinct from that of the signaling of neuregulins through ErbB2 and ErbB4
to maintain RG identity. For instance, the intracellular domain of ErbB4 forms a complex with
TAB2 and N-CoR that represses astrocyte markers and maintains RG identity (Sardi et al.,
2006). Furthermore, re-induction of ErbB2 in astrocytes in adult brain is sufficient to induce
BLBP expression characteristic of RG fate (Ghashghaei et al., 2007). Thus a function of ErbB-
neuregulin signaling is to control the transition of RG to astrocytes by suppressing astroglia
fate, whereas our findings show that a function of Fgf10 is to control the transition of NCs to
RG by promoting RG fate.

Curiously, the delay that we observe in RG differentiation is biased for rostral cortex, although
Fgf10 is more-or-less uniformly expressed over the rostral-caudal cortical axis. Thus, other
factors operating in caudal cortex can compensate for the loss of Fgf10 and direct differentiation
on a relatively normal time schedule. Potential candidates are the Whnts, which are expressed
in the cortical hem, a patterning center positioned at the caudal and midline margins of the
nascent cortex (Grove et al., 1998). Wnts are implicated because they regulate expression of
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j-catenin, a canonical Wnt signaling component, which itself can regulate the symmetric versus
asymmetric balance in the mode of cell divisions (Chenn and Walsh, 2002); however, Wnts,
nor the Wnt pathway, have been implicated in RG differentiation per se.

Fgf10 functions at least in part through its high affinity receptor Fgfr2, which is expressed
throughout the cortical VZ over the same period as Fgf10 (Maric et al., 2007). A recent in vitro
study using antisense oligonucleotides to diminish expression of Fgfrl, r2 and r3 in cortical
NCs shows that Fgfr2 promotes NC differentiation into RG, as well as other cell types,
including intermediate states in progenitor differentiation (Maric et al., 2007). This result is
consistent with our finding that Fgf10 controls differentiation of progenitor states at the step
that naive progenitors, i.e. NCs, differentiate into RG.

A prominent phenotype of Fgf10 —/— mice is the significant increase in the thickness of the
cortical plate in the rostral half of cortex due at least in part to about a third more neurons in a
radial traverse through the cortical plate, and a significant increase in the size of the cortical
hemisphere, largely due to the preferential tangential expansion of rostral cortex. These
increases are in turn due to an increased number of cortical progenitors due to the delay in the
transition of NCs into differentiated RG and the resulting expansion of progenitors through the
symmetric division of NCs. Models of corticogenesis suggest that early changes in symmetric
cell divisions that expand the progenitor pool size would result in a increase in cortical surface
area, whereas a later increase in asymmetric cell divisions to add neurons onto pre-existing
columns would result selectively in an increase in cortical thickness (Caviness et al., 1995;
Rakic, 1995).

As predicted by these models, we find that the increase in progenitors within rostral cortex
does correlate with, and likely produces, the significant increase in the tangential area of rostral
cortex in the Fgf10 mutant. However, we also find a significant increase in the radial thickness
of cortical layers and the overall cortical plate in the Fgf10 mutant, but we do not find significant
changes of cell cycle length, a mechanism proposed to increase asymmetric cell divisions by
reducing cycle time and thereby increase the thickness of cortical layers (Caviness et al.,
1995; Rakic, 1995). Indeed, mice deficient for the cell cycle inhibitor, p27, have increased
radial thickness of the cortical plate whereas transgenic mice that overexpress p27 have reduced
radial thickness, suggested to be due to altering the number of asymmetric cell divisions that
produce a neuron by altering the length of the cell cycle (Caviness et al., 2003). Thus, a
mechanism other than cell cycle control must be responsible for the increase in radial thickness
of layers in Fgf10—/—cortex.

A likely mechanism is suggested by our finding of an increased number of progenitors in a
radial traverse through the cortical wall. Based on the radial unit model and observations that
neurons produced by progenitors migrate radially and stack upon one another to form radial
columns (Kornack and Rakic, 1995; Luskin et al., 1988; Noctor et al., 2001), we would
anticipate that an increase in progenitors, both RG and BPs, in a radial traverse would translate
into a thicker “radial column” within the overlying cortical plate, as we observe for rostral
cortex in the Fgf10 mutant. The increase in RG would result in a subsequent increased
generation of deep layer neurons, as well as BPs, and the increase in BPs would result in an
increased generation of superficial layer neurons (Sessa et al., 2008). Thus, the increase in
radial thickness of rostral cortex is due to a delay in the differentiation of RG from NCs
selectively in rostral cortex, resulting in an increase in the progenitor pool in the VZ and of
BPs in the SVZ, which together lead to an increase in the production of cortical neurons.

An interesting issue is whether the mechanisms that generate layer-specific neuronal types are
faithfully recapitulated within the expanded population of progenitors that generate the radially
expanded rostral cortex. This issue cannot be fully addressed in the constitutive Fgf10 knockout

Neuron. Author manuscript; available in PMC 2010 July 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sahara and O’Leary

Page 12

mouse because at the time the mice die at PO, proliferation is still ongoing and neurons are still
migrating to the cortical plate. Nonetheless, we have obtained some insight into this issue by
performing a preliminary analysis of laminar fate comparing wt and Fgf10—/— cortex using
layer-specific markers (RORp, Otx1 and Thr1), along with Nissl-stained sections. We find that
each marker is properly expressed in the Fgf10 null cortex and that the thickness of each layer
and associated marker expression appears to be proportionally increased in a qualitatively
equivalent manner. Thus, although neurogenesis is delayed in the Fgf10 mutant and the
population of progenitors is increased, laminar specification appears to be retained in a
proportionally normal fashion.

Our analyses using markers of area identity show that underlying the preferential tangential
expansion of rostral cortex in the Fgf10 mutant is the selective expansion of a cortical field
with the composite identity of frontal areas. In others words, frontal areas are disproportionately
represented in the expanded Fgf10 deficient cortex in both absolute and relative size. This
finding indicates that even the early generated neurons exhibit the expanded frontal area
identities in the Fgf10 deficient cortex, indicating that the area identities of progenitors become
fixed before they enter the neurogenic phase. Further, because area identities are not
“recalibrated” proportionally across the cortical VVZ to account for the expanded population of
progenitors within rostral cortex of Fgf10 mutants, we conclude that area identities are already
established and fixed within the progenitor population as the extended period of the lengthened
expansion phase begins.

Our findings on the area patterning of the Fgf10 deficient cortex have potential implications
for how cortical areas have evolved. The neocortex of each mammalian species has a distinct
pattern of areas. From a phylogenic point of view, these distinct patterns are proposed to have
evolved from the area template of a common ancestor (Krubitzer, 2007). The frontal lobe, to
which many components of intelligence and higher level cognition have been attributed, is a
cortical field that exhibits tremendous expansion over phylogeny, with a substantial leap in its
expansion and specialization in the great apes and humans (Hill and Walsh, 2005). The genetic
mechanisms responsible for such a disproportional expansion of frontal areas are unknown.
However, our findings suggest a model in which alterations in the regulation of the transition
period of NCs to RG by Fgf10, or other factors, and the concomitant overproduction of
progenitors, both RG and BPs, can account for the selective expansion of specific cortical areas,
such as the expansion of frontal areas seen in apes over evolution.

METHODS

Animals

Timed pregnant ICR mice and Fgf10 +/— mice (Min et al., 1998) were used in accordance with
Institution guidelines. Fgf10 +/— mice were maintained on a C57BL/6 background. The day
of insemination and the day of birth are designated as embryonic day 0.5 (E0.5) and postnatal
day 0 (PO0), respectively.

In situ hybridization

In situ hybridization was done using digoxigenin (DIG)-labeled riboprobes for Fgf8, Fgf10,
Fgfl7, Fgfl8, ephrinA5 (image clone 4954342), Cad8, Lmo4, ROR, Otx1 (image clone
6416436), and Tbrl, on whole brains or 20 um cryostat sections as described previously
(Sahara et al., 2007). In situ hybridization was done with the as described previously (Sahara
et al., 2007). For in situ analysis of Fgf10, TSA Plus DNP system (Perkin Elmer) was used by
following the manufacture’s protocols.
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In utero electroporation

Expression constructs of EGFP, Fgf10 was made by subcloning into pCAG vector and the
surgery was done as described previously (Sahara et al., 2007).

Histochemistry

For immunostaining on sections, brains were fixed in 4% PFA in PBS, cryoprotected in 20%
sucrose/PBS, cut at 20um, and immunostained as described previously (Bishop et al., 2002).
Dissociated cells were prepared by dissecting our the rostral half of cortices at indicated stages,
treated with 0.2% trypsin for 5 min in HBSS, subsequently added DMEM containing 10% calf
serum and dissociated by pipetting. Cells are fixed in 4% PFA immediately and centrifuge at
200 x g for 5 min in 24 well plates containing cover glasses, and immunostained. The following
antibodies were used; rat anti-BrdU (Accurate), rabbit anti-cleaved caspase3 (Cell signaling),
rabbit anti-Ki67 (Vector), rabbit anti-BLBP (Chemicon), guinea pig anti-GLAST (Chemicon),
rabbit anti-Occludin (Zymed), rabbit anti-Tbrl (Hevner et al., 2001), rabbit anti-Tbr2
(Chemicon), mouse anti-TuJ1 (Covance), mouse anti-Pax6 (Developmental Studies
Hybridoma Bank). The size of cortex and areas were measured by NIH images software.
Quantitative analyses of BLBP immunostaining intensity were done with NIH Image and
Photoshop on images of four forebrain sections. Each photoimage was taken under the same
conditions with a Q-Imaging Retiga-EX digital camera on a Nikon Microphot-FX microscope,
imported into NIH Image as a grayscale eight-bit TIF. The dTel region was traced and digitally
measured its size and intensity, and the “histogram” function in NIH Image was then used to
generate a pixel and intensity count. Total intensity was determined by the number of pixels
at each intensity multiplied by the actual intensity value of each pixel and summed; intensity
levels from background pixels were subtracted from the total to yield signal intensity.

Determination of Cell cycle length

Cell cycle length was calculated by plotting of cumulative number of BrdU positive cells after
0.5, 1.5, and 4h of BrdU injection. Additional BrdU injection at 2h later was done for the data
of 4h. At indicated time points, embryos are fixed in 4% PFA, cryoprotected in 20% sucrose,
sectioned in 20 um, and stained with anti-BrdU antibody.

Pair-cell analysis

Clonal culture and pair-cell analysis were done according to Qian et al (Qian et al., 1998).
Briefly, the rostral half of cortices of wt or Fgf10 —/— embryos at E12.5 were dissected and
dissociated in single clones as described (Qian et al., 1998). Single cells were plated in poly-
L-lysine coated 60-well Terasaki plates or 8-well culture slides and incubated at 35°C, 6%
C02, and 100% humidity. Pair cells were identified after 24 h incubation by fixing with 4%
PFA and stained with TuJ1 antibody and DAPI for nuclear staining.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Transient expression of Fgfl10 at apical aspect of cortical VZ

Tangential (A, A’), and coronal (B-E, B’-E”) sections from wt brains processed for in situ
hybridization using DIG-Fgf10 probes at ages indicated. Boxed areas in A—E are shown at
higher magnification in A’-E’. At E9.5 (A, A’), Fgf10 expression is robust in hypothalamus,
but is not detectable in dTel, other than very weak expression near rostral midline (arrowhead).
Strong Fgf10 expression is detected at apical surface of dTel (arrow in B-D; arrowhead in B’—
D’) at E10.0 (B, B’) and E10.5 (C, C’), and is sustained at E11.5 (D, D’), but downregulated
to non-detectable by E13.5 (E, arrow; E’, arrowhead). Scale bars: 0.2 mm (A-E), 0.1 mm (A’-
E’). dTel: dorsal telencephalon, HT: hypothalamus, Ctx: cortex, GE, ganglionic eminence.
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Figure 2. Loss of Fgf10 delays radial glia differentiation

(A-F") Immunofluorescence staining of wt (wt) (A-F) and Fgf10 —/— (A’—F’) brains at ages
indicated with antibodies against radial glia markers, BLBP (A-E’) and GLAST (F, F’). At
E11.5 in wt, stronger staining for BLBP and GLAST was detected in medial and ventrolateral
cortex (arrowheads in A, F) and moderate staining elsewhere in cortex (arrow). Same staining
pattern is evident at E12.5, but overall staining levels are higher (B). By E13.5, staining
becomes relatively high throughout cortex, and the radial glia fibers emanating from the pallial-
subpallial boundary are particularly intensely labeled (arrow in C). Compared to wt, in the
Fgf10 —/—cortex, BLBP staining (A’, B”) and GLAST staining (F’) is substantially diminished.
By E13.5, staining is comparable between wt (C) and Fgf10 —/— cortex (C’). Arrowheads and
arrows mark same relative positions in Fgf10 —/— cortex (A’-C’) as in wt cortex (A-C).
Moderate BLBP staining in mid cortex of wt at E11.5 and E12.5 (arrow in A, B, respectively)
is shown at higher magnification in D and E. Diminished BLBP staining in mid cortex of Fgf10
—/—cortex at E11.5 and E12.5 (arrow in A’, B’, respectively) is shown at higher magnification
in D’ and E’. Scale bars: 0.5 mm (A, A”), 0.5 mm (B, B’), 0.5 mm(C, C’), 50 um (D-F’), 0.5
mm (F, F’). Ctx: cortex, GE, ganglionic eminence, VZ ventricular zone, PP: preplate.
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Figure 3. Fgf10 promotes radial glia differentiation in vivo

Fgf10 expression construct or empty vector was co-electroporated at E11.5 with an eGFP
expression vector to confirm site, and BLBP staining was assessed at E12.5 on coronal sections.
(A-C) Sections of E12.5 brains electroporated with empty vector at E11.5, stained with anti-
BLBP antibody, exhibit staining similar to non-electroporated wt (not shown) (n=3): eGFP
labeling reveals electroporation site; (B) BLBP immunostaining; (C) merged image. (A’-C”)
Sections of E12.5 brains electroporated with Fgf10 expression vector at E11.5, stained with
anti-BLBP antibody, exhibit enhanced staining compared to empty vector cases (n=4): (A’)
eGFP labeling reveals electroporation site; (B’) BLBP immunostaining; (C”) merged image.
Higher magnification images of empty vector-transfected cases shown in A-C and Fgf10-
transfected cases shown in A’-C” are shown in D-F and D’-F’, respectively. Scale bars: 0.1
mm (A-C’), 50 um (D’-F’). VZ, ventricular zone; PP, preplate; SVZ, subventricular zone.
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Figure 4. Loss of Fgf10 delays radial glia differentiation preferentially in rostral cortex

(A,A’) BLBP immunostaining of series of coronal sections along rostral-caudal axis of wt (wt)
(A) and Fgf10 —/— cortex (A’). (B) Quantification of BLBP staining intensity of wt and Fgf10
—/—cortices (n=4); mean + s.e.m. is plotted at 120 pm intervals along the rostral-caudal cortical
axis. BLBP staining is significantly diminished in rostral sections of Fgf10 —/— cortex
compared to wt, but staining is comparable in caudal sections (also compare A to A’) (Actual
data for each plotted point in B, Rostral to Caudal and signifcanace, unpaired Student’s t-test:
wt 24.8 + 2.3, KO 4.8 1.8, p<0.001; wt 14.8 £3.5,9.9+ 1.1, p< 0.01; 12.9 £ 1.4, 10.2 + 3.4,
n.s.;16.7+2.1,13.8+2.9,ns.; 82+ 3.4,7.2+3.0,n.s.) (C) Fluorescence intensity of BLBP
staining in rostral cortex at E11.5, E12.5 and E13.5 in wt and Fgf10 —/— mice (n=4, 1.0 £ 0.051
s.e.m.atE11.5,1.0+0.064 s.e.m.at E12.5, 1.0 £ 0.041 s.e.m. at E13.5 for wt, and 0.18 + 0.038
s.e.m. at E11.5, 0.48 £ 0.028 s.e.m. at E12.5, 0.99 + 0.09 s.e.m. at E13.5 for Fgf10 —/—,
respectively. Significance between wt and Fgf10 —/—mice in unpaired Student’s test is p<0.001
atE11.5, p<0.001 at E12.5, and n.s. at E13.5). The difference in BLBP expression between wt
and Fgf10 —/—rostral cortex is substantial at E11.5 and E12.5, but is indistinguishable at E13.5;
thus, the delay in upregulation of BLBP expression in Fgf10 —/— cortex is transient. (D-F)
Quantification of BLBP positive cells in rostral cortex of wt or Fgf10 —/— littermates.
Dissociated cells from E11.5 rostral cortex of wt (D, E, F) or Fgf10 —/— (D’, E’, F’) were
immunostained by BLBP antibody (E, E”) and counterstained with DAPI (D, D). Merged
images are shown in F and F’. (G) Total cells of E11.5, E12.5 and E13.5 stained by DAPI and
positive cells for BLBP staining were counted, respectively (three independent experiments,
10 fields examined per experiment, 29.7 + 3.6% s.e.m. at E11.5, 48.8 + 4.0 % s.e.m. at E12.5,
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69.5+ 2.9 % s.em. at E13.5 for wt, 9.7 + 0.8 % s.e.m. at E11.5, 28.2 + 1.6 % s.e.m. at E12.5,
64.0 £ 2.3 % s.e.m. at E13.5 for Fgf10 —/—, respectively. Significance between wt and Fgf10
—/— mice in unpaired Student’s test is p<0.001 at E11.5, p<0.001 at E12.5, and n.s. at E13.5).
Scale bar: 0.5mm (A-E”), 0.1mm (D-F"). Ctx: cortex, GE: ganglionic eminence.
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Figure 5. Fgf10 deletion delays onset of cortical neurogenesis with initially diminished neuronal
production followed by enhanced production

(A-G) Early neurogenesis in wt and Fgf10 —/— cortex. Sections of wt (A-F) and Fgf10—/-
(A’-F") brains at ages indicated were stained with a preplate and layer 6 marker, Tbrl antibody
(A-E"), or a pan-neuronal marker, TuJ1 (F, F’). At E10.5, a low density of Thrl+ neurons
(arrows) is evident in the preplate (PP) on each section through wt cortex (A), but only one
neuron (arrow), or more typically, none are found in each section in Fgf10 —/— cortex (A’).
From E10.5 through E13.5, fewer Thrl+ neurons are evident in Fgf10—/— cortex than in wt
(A-E”), with a delay of approximately one and a half to two days in neuronal production;
however, by E14.5, more neurons are found in cortical plate (CP) of Fgf10 —/— cortex than wt
(E, E"). (F, F") Tujl immunostaining also reveals lower density of preplate neurons in Fgf10
—/— cortex than wt. (G) Quantification of Thri+ neurons. (n=4, 0.85 + 0.16 /0.01lmm? s.e.m.
at E11.5, 2.98 + 0.31/0.01 mm? s.e.m. at E12.5, 9.78 + 0.16 /0.01mm?2 s.e.m. at E13.5, 42.1 +
0.47 /0.01mm? s.e.m. at E14.5, 45.9 + 1.04 /0.01mm? s.e.m. at E15.5 for wt, 0.14 + 0.04 /
mm? s.e.m. at E11.5, 0.57 + 0.01 mm?2 s.e.m. at E12.5, 7.37 + 0.17 /0.01mm? s.e.m. at E13.5,
30.5 +0.75 /0.01mm? s.e.m. at E14.5, 52.9 + 2.1 /0.01mm? s.e.m. at E15.5 for Fgf10—/—,
respectively. Significance between wt and Fgf10—/— mice in unpaired Student’s test is p<0.05
at E10.5, p<0.01 at E11.5, p<0.001 at E12.5, p<0.01 at E13.5, and p<0.05 at E14.5). VZ
ventricular zone. Scale bar: 50 pum.
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Figure 6. Delayed radial glia differentiation results in greater percentage of progenitors undergoing
symmetric division producing two progenitors

(A-B) Cell cycle exit of early cortical progenitors in Fgf10—/— cortex. BrdU was injected into
pregnant females at E11.5 and embryos were collected 24 hrs later at E12.5. Sections of E12.5
brains of wt (A) or Fgf10—/— (A”) stained with BrdU antibody (red) and Ki67 antibody (green);
examples of double labeled cells (arrows) and cells single labeled with BrdU (arrowheads) are
marked. (B) Fewer cells leave cell cycle in Fgf10 —/— cortex than in wt. Percentage exit was
calculated by dividing number of cells single labeled by BrdU by total number of cells single
labeled by BrdU and double labeled by Ki67 in addition. Abut 34% fewer cells exit the
proliferative cell cycle in rostral Fgf10 —/— cortex than wt (n=4, 18.7 = 1.80% s.e.m. for wt,
12.4 £ 0.86% s.e.m., p<0.05 for —/-), whereas exit in caudal cortex is indistinguishable (B,
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n=4,19.9 + 1.60% s.e.m. for wt, 22.0 + 1.27% s.e.m. for —/=). Abbreviations: M, meninges;
PP, preplate; VZ, ventricular zone. (C-D) Pair-cell analysis of wt and Fgf10—/— cortex in vitro.
(C) Output of divisions by cortical progenitors in clonal culture. Rostral halves of cortices from
wt or Fgf10 —/—embryos at E12.5 were dissected, dissociated, plated at clonal density, followed
for 24 hours in culture, and then immunostained with TuJ1 antibody. Shown are pairs of
progeny from progenitor division: phase contrast image, DAPI staining (blue), and TuJ1
staining (green). Examples of three types of progeny pairs are shown: neuronal pairs (N-N,
upper panels) generated by terminal symmetric division, progenitor pairs (P-P, middle panels)
generated by expansion symmetric division, or neuron-progenitor pairs (N-P, lower panels)
generated by asymmetric division. (D) In Fgf10—/— clones, P-P pairs are increased (n= 351,
38.7 £ 2.96% s.e.m. for wt, n= 251, 49.5 + 5.1 s.e.m. for Fgf10 —/—, from three independent
experiments, P<0.05) and P-N pairs are reduced (20.7 £ 0.56% SEM forwt, 11.7 £ 2.1 % s.e.m.
for Fgf10 —/—, p<0.01) compared to wt, but N-N pairs are not significantly different (40.6 =
2.4% s.e.m. for wt, 38.8 + 4.9 % s.e.m. for Fgf10 —/=). Thus, compared to wt, 35% more
progenitors from Fgf10 —/—cortex produce a pair of progenitors by symmetric division
(p<0.05), whereas 47% fewer produce a progenitor and a neuron by asymmetric division
(p<0.01), with no difference between wt and Fgf10—/— progenitors that produce two neurons
by symmetric division (Figure 6D, n=351 pairs for wt, n=251 pairs for Fgf10—/-). Scale bars:
25 um (A, A’), 20 pm (C). *p<0.05; **p<0.01, compared to wt by unpaired Student’s t test.
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Figure 7. Fgf10 —/— cortex has significantly more progenitors in radial column than wild type cortex
Short-pulse BrdU labeling of wt and Fgf10—/— cortex at E14.5. BrdU was injected to pregnant
females and E14.5 embryos were collected after 1 hour, and coronal sections through cortex
were immunostained with anti-BrdU antibody. (A—B”) More BrdU+ cells are evident in a radial
traverse through Fgf10—/— cortex (A’, B’) than in wt (A, B). B and B’ are higher power of
boxed areas in A and A’. (C) Counts of BrdU positive cells in a 100 um wide radial traverse
across 20 um thick sections (n=4, 187 + 7.9 s.e.m. for wt, 265 * 15.3 s.e.m. for Fgf10 —/-,
unpaired Student’s test, p<0.001 for both). (D, D’) Double immunostaining of E14.5 wt and
Fgfl10 —/— rostral cortex with Pax6 antibody (red) specific for radial glia and Thr2 antibody
(green) specific for basal progenitors. (E) Counts of Pax6+ cells showing a significant increase
in Fgf10 —/—rostral cortex compared to wt (p<0.001). VZ ventricular zone, SVZ subventricular
zone, CP: cortical plate. Scale bars: 0.1 mm (A, A’), 20 um (B, B’), 20 um (D, D’).
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Figure 8. Fgf10 —/— mice exhibit overall increase in cortical surface area and increased laminar
thickness preferentially in rostral cortex

(A, B) Dorsal views of P0 brains of wt (A) and Fgf10—/—mice (B). (C) Quantitative comparison
of brain size between wt (n=4) and Fgf10 —/— mice (n=4) at P0. Area size: dorsal cortical
surface area is 18.6 + 2.93 % greater in Fgf10 —/— than wt; length from the top of the rostral
pole to the caudolateral pole is 7.3% + 0.88% greater in Fgf10 —/— than wt; length of midline
structure across anterior/posterior axis is 32.4 £ 9.45% greater in Fgf10 —/— than wt; number
of cells in a 100 um wide radial traverse in 20 um thick sections in rostral cortex is 34% +
4.8% greater in Fgf10 —/— than wt. (D, E) Nissl staining of sagittal sections of PO brain of wt
(D) and Fgf10—/— mice (E). Rostral cortex is significantly thicker in Fgf10 —/— mice than in
wt. (F — G”) Higher power views of Nissl stained sections through rostral and caudal cortex of
wt and Fgf10 —/— mice. Laminar patterning in Fgf10 —/— cortex resembles wt, but the cellular
layers are thicker in Fgf10 —/— rostral cortex compared to wt; no difference is evident between
wt and Fgf10 —/— caudal cortex. (H) Quantification of cortical laminar thickness. Measurement
were done at five different position as indicated (a to e) of the radial thickness from bottom of
the subplate to the pial surface. (1) Percentage increase of cortical radial thickness in Fgf10—/
— cortex compared to wt (Student’s test; p<0.001 for position a to d, and p<0.01 for €). Scale
bars: 0.5 mm (A. B), 0.5 mm (D, E), 0.1 mm (F-G’).
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Figure 9. Frontal areas are preferentially expanded in Fgf10 —/— cortex

(A, A’) Dorsal views of PO brains of wt (A) or Fgf10—/— (A”) mice processed for whole mount
in situ hybridization with DIG-labeled cad8 riboprobes. (B) Quantification of the frontal cad8
expression domain in wt or Fgf10—/— cortex as indicated in drawing. Both absolute and relative
areas and lengths, for both overall and Cad8 domain measurements, are increased in the Fgf10
—/— cortex compared to wt: Overall area, 12.0 + 4.0%, unpaired Student’s t-test, n.s.; Overall
length, 6.36 + 4.8%, n.s.. Cad8 domains: Absolute sizes (64.0 + 3.1% increase for area,
p<0.001; 34.0 = 3.0% for length, p<0.001), Relative sizes / corrected for overall (36.9 + 2.6%
increase for area, p<0.01; 26.0 = 2.8% increase for length, p<0.05). (C-E”) In situ hybridization
analysis of sagittal sections of PO wt and Fgf10 —/— brains with cad8, Lmo4, and ephrin-Ab,
as indicated. Black arrowheads mark the caudal border of the frontal expression domain of
cad8 (C,C’) and Lmo4 (D,D’), and the rostral border of the mid-cortex expression domain of
ephrin-A5. The gray arrowheads mark the rostral border of the occipital expression domain of
cad8 (C,C’) and Lmo4 (D,D’), and the caudal border of the mid-cortex expression domain of
ephrin-A5. Scale bars: 0.5mm (A, A’), 0.5 mm (C-D’).

Neuron. Author manuscript; available in PMC 2010 July 16.




