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Fibroblast Growth Factor 8 Regulates Neocortical Guidance
of Area-Specific Thalamic Innervation
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Thalamic innervation of each neocortical area is vital to cortical function, but the developmental strategies that guide axons to specific
areas remain unclear. We took a new approach to determine the contribution of intracortical cues. The cortical patterning molecule
fibroblast growth factor 8 (FGF8) was misexpressed in the cortical primordium to rearrange the area map. Thalamic axons faithfully
tracked changes in area position and innervated duplicated somatosensory barrel fields induced by an ectopic source of FGF8, indicating
that thalamic axons indeed use intracortical positional information. Because cortical layers are generated in temporal order, FGF8
misexpression at different ages could be used to shift regional identity in the subplate and cortical plate either in or out of register.
Thalamic axons showed strikingly different responses in the two different conditions, disclosing sources of positional guidance in both
subplate and cortical plate. Unexpectedly, axon trajectories indicated that an individual neocortical layer could provide not only laminar
but also area-specific guidance. Our findings demonstrate that thalamocortical axons are directed by sequential, positional cues within
the cortex and implicate FGF8 as an indirect regulator of thalamocortical innervation.
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Introduction
Each neocortical area is characterized by a particular pattern of
innervation from the thalamus. The functional specialization of
each area depends on this input, as does the development of area-
specific functional architecture (Rakic, 1988; Sur et al., 1988;
Erzurumlu and Jhaveri, 1990; Sur et al., 1990; Rakic et al., 1991;
Iwasato et al., 2000; Sharma et al., 2000; Guillery and Sherman,
2002; Kahn and Krubitzer, 2002; Sherman and Guillery, 2002).
How thalamocortical innervation is set up in development re-
mains a focus of concentrated investigation (Garel et al., 2002;
Hevner et al., 2002; Lopez-Bendito et al., 2002; Dufour et al.,
2003; Seibt et al., 2003; Garel and Rubenstein, 2004).

It is clear, however, that, for proper function, thalamocortical
innervation and the cortical area map must be in register. Recent
studies support a classic proposal (Rakic, 1988) that the neocor-
tical area map is set up by mechanisms inside the cortical primor-
dium (Rakic, 1988; Donoghue and Rakic, 1999a,b; Miyashita-Lin
et al., 1999; Bishop et al., 2000, 2002, 2003; Mallamaci et al., 2000;
Fukuchi-Shimogori and Grove, 2001, 2003; Nakagawa and
O’Leary, 2001; Muzio et al., 2002; Garel et al., 2003; Yun et al.,
2003; Hamasaki et al., 2004; Huffman et al., 2004). Positional
identity in the neocortex is partly independent of and precedes
thalamic innervation, suggesting that intracortical guidance cues
could direct thalamic input.

Mechanisms that pattern the neocortical area map include
signaling from an anterior telencephalic source of fibroblast
growth factor (FGF) 8 and the activity levels of the transcription
factor Emx2 (Bishop et al., 2000, 2002, 2003; Mallamaci et al.,
2000; Fukuchi-Shimogori and Grove, 2001; Muzio et al., 2002;
Fukuchi-Shimogori and Grove, 2003; Garel et al., 2003; Ha-
masaki et al., 2004; Huffman et al., 2004). FGF8 and Emx2 inter-
act by each regulating the expression of the other (Fukuchi-
Shimogori and Grove, 2003; Garel et al., 2003). These early
patterning events set into motion a developmental cascade that
leads to the differentiation of area-specific features (Fukuchi-
Shimogori and Grove, 2001; Hamasaki et al., 2004; Huffman et
al., 2004), strikingly including intra-neocortical projections
(Huffman et al., 2004).

Although not yet directly tested, it is highly likely that a major
feature regulated by FGF signaling is area-specific thalamic in-
nervation. For example, changes in FGF8/17 signaling in the
mouse cortical primordium can shift the whisker barrel fields of
primary somatosensory cortex (S1) in either direction along the
anterior-to-posterior (A/P) cortical axis or even partially dupli-
cate fields (Fukuchi-Shimogori and Grove, 2001, 2003). Simi-
larly, when the transcription factor Emx2 is overexpressed in the
cortical neuroephithelium by transgenesis, the barrel fields shift
anteriorly in the neocortical map (Hamasaki et al., 2004). Ectopic
barrels are almost certainly innervated by the somatosensory
thalamus, given that, in normal development, formation and
early maintenance of barrels depend on functional connectivity
(Woolsey and Van der Loos, 1970; Van der Loos and Woolsey,
1973; Jeanmonod et al., 1981).

Together, these findings prompt the hypothesis that early pat-
terning events provide positional information to the cortical pri-
mordium and thereby influence the distribution of molecular
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axon guidance cues. After thalamic axons have arrived beneath
the cortex, these intracortical cues direct area-specific input. To
test this possibility, we rearranged the neocortical area map by
altering FGF8 signaling in the cortical primordium, using
electroporation-mediated gene transfer.

Materials and Methods
Animals. CD-1 or R26R mice (The Jackson Laboratory, Bar Harbor, ME)
were used in compliance with National Institutes of Health guidelines,
and with approval of the University of Chicago Institutional Animal Care
and Use Committee. For timed pregnancies, noon of the day on which a
vaginal plug was detected was considered E0.5.

In utero electroporation. The abdomen was surgically opened in timed-
pregnant mice, without opening the uterus itself. Embryos at E10.5–
E12.5 were viewed with a fiber optic light source through the uterine wall.
Expression plasmids, carrying Fgf8, sFgfr3c (encoding a soluble, trun-
cated form of FGF receptor 3c, a high-affinity receptor for FGF8),
Cre recombinase, or human placental alkaline phosphatase (AP) as a
control (Fukuchi-Shimogori and Grove, 2001, 2003), were injected
into one cerebral vesicle of each embryo. Fine tungsten and platinum
electrodes were positioned inside the uterus, on either side of the
tissue to be transfected. Electroporation was directed either anteriorly
or posteriorly in the dorsal cerebrum. In the former case, both elec-
trodes were positioned in the telencephalic vesicles; in the latter, the
negative electrode was outside the brain. After electroporation, em-
bryos were allowed to develop in utero with 60% survival beyond
birth.

In most experiments described here, brains were harvested at postna-
tal day 0 (P0) to P1 or at P5–P6 and fixed by transcardial perfusion with
4% paraformaldehyde (PFA). After this 1–2 week delay, transgene ex-
pression is no longer seen with our method of electroporation. In exper-
iments performed in parallel, transgene expression was tested 2 d after
electroporation. Findings confirmed that efficient electroporation, di-
rected to the anterior pole of the telencephalon, occurs in 50% of surviv-
ing mouse embryos (Fukuchi-Shimogori and Grove, 2001, 2003). Con-
sistent with this, when brains were examined at P1 or P5 after anterior
electroporation of Fgf8 or sFgfr3c, appropriately directed shifts were seen
in gene expression domains and S1 in �50% of surviving mouse pups.

Histology. Section in situ hybridization followed described procedures
(Grove et al., 1998), as did cytochrome oxidase (CO), 5-bromo-4-
chloro-3-indolyl-�-D-galactopyranoside (X-gal), and AP histochemistry
(Fukuchi-Shimogori and Grove, 2001, 2003). Immunochemical localization
of 5-HT transporter (5-HTT) and growth associated protein 43 (GAP43)
used, respectively, primary antibodies 849-6 (diluted 1:500; DiaSorin, Still-
water, MN) and G9624 (diluted 1:15,000; Sigma, St. Louis, MO).

Labeling thalamocortical projections from the thalamus. Postnatal
brains were harvested and fixed, and a crystal of the fluorescent carbo-
cyanide dye 1,1�-dioctadecyl 3,3,3�,3�-tetramethylindocarbocyanine
perchlorate (DiI) Molecular Probes, Eugene, OR) was positioned in the
somatosensory, ventrobasal nuclei of the thalamus (VB), with the aid of
a dissection scope equipped for fluorescence (Leica, Nussloch,
Germany).

After incubation for 2– 4 weeks at 37°C in 4% PFA, distinctive S1
barrels labeled with DiI could be seen in the intact forebrain, thus allow-
ing selection for additional processing of those brains in which DiI had
been accurately deposited in the VB. Brains were vibratome sectioned,
examined with an Axoskop microscope, and photographed with a digital
camera using Axiocam software (Zeiss). The site of the DiI deposit in the
VB thalamus was confirmed in Nissl-stained sections.

Selection of brains for analysis. For thalamocortical tracing experi-
ments, 14 Fgf8-electroporated, postnatal brains were selected for addi-
tional analysis based on apparent shifts or partial duplications in S1,
visible by DiI fluorescence in intact brains. Duplications only appeared in
brains in which Fgf8 electroporation had been directed to the posterior
pole of the hemisphere. Similarly, posterior shifts in S1 were evident only
when Fgf8 electroporation was aimed at the anterior pole. In the control
brains selected, S1 was visible by DiI labeling, but no shifts or duplica-

tions appeared. Brains with too little DiI labeling, or labeling elsewhere,
were not further analyzed.

The number of selected brains compared with the total number of
available brains reflects the practical success of several experimental
steps: efficient electroporation, accurate placement of DiI into the VB,
and effective diffusion of DiI to the cortex (which, in the myelinating
P5–P6 brains, was not completely reliable). After photographing DiI-
labeled axonal trajectories, sections from all brains were Nissl stained (see
Fig. 6 D). In all cases, histology showed the same barrel shifts and dupli-
cations that had been indicated by DiI labeling. Control brains showed a
normally positioned S1 in Nissl-stained sections and no evidence of bar-
rel duplication.

Labeling thalamocortical projections from the cortex. Crystals of DiI or
4-4-dihexadecyl aminostyryl N-methyl-pyridinium iodide (DiA) (Mo-
lecular Probes) were placed in two locations in the neocortical primor-
dium. After incubation and processing as above, the distribution of label
in different thalamic nuclei was compared between control brains and
those with cortical regional shifts.

Cre-lox recombination and R26R reporter mice. To follow the fate of
transfected cells and their progeny, Cre-lox recombination and R26R
reporter mice were used (Fukuchi-Shimogori and Grove, 2003). R26R
mice carry lacZ encoding �-galactosidase (�-gal) at the Rosa26 locus, but
�-gal is not produced until a sequence upstream of lacZ, containing stop
codons and surrounded by loxP sites, is removed by Cre-mediated re-
combination (Soriano, 1999). Subsequently, those cells in which recom-
bination occurred, together with their progeny, are permanently labeled
by production of �-gal. In the present study, the Cre recombinase gene
(Cre) was introduced into the telencephalon of R26R embryos via micro-
electroporation. Brains were harvested at a range of ages, depending on
the specific experiment, and stained with an X-gal procedure (see above)
that turns �-gal-expressing cells blue.

Identifying spread of transfection outside the dorsal telencephalon. A
concern in this study was that the thalamus or ventral telencephalon
might be inadvertently transfected, potentially allowing FGF8 manipu-
lations to affect other known sites of thalamocortical axon guidance. The
high efficiency and accuracy of microelectroporation regionally directed
to the anterodorsal telencephalon has been assessed previously in several
hundred embryos (Fukuchi-Shimogori and Grove, 2001, 2003). Here we
reanalyzed 50 embryos, 2–5 d after microelectroporation had been di-
rected to the anterodorsal telencephalon, and found four with additional
transgene expression elsewhere in the forebrain, only one of which in-
cluded dorsal thalamus. It appeared that to transfect thalamus, micro-
electrodes must be placed specifically to direct electroporation there. As a
second way to identify sites of electroporation, R26R embryos were elec-
troporated with Cre and analyzed 2 d later or at postnatal ages when
individual thalamic nuclei can be identified. Blue, �-gal-expressing cells
were seen in the embryonic or postnatal neocortex and hippocampus but
not in thalamus (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). Finally, FGF8 manipulations did not alter the
initial trajectory of axons from the thalamus (see Results), further indi-
cating that no subcortical site of guidance cues was inadvertently
affected.

Results
To shift or duplicate areas, expression plasmids carrying Fgf8,
sFgfr3c, encoding a truncated, soluble FGF8 receptor, or AP as a
control were microelectroporated into the anterior telencepha-
lon of mouse embryos at E10.5 or E11.5 (Fgf8, sFgfr3c, and AP) or
into the posterior telencephalon at E10.5 (Fgf8 and AP). Electro-
poration was regionally directed by positioning the microelec-
trodes under visual control. Several approaches confirmed that
the electroporation site was confined to dorsal telencephalon and
did not encroach on the thalamus or any other structure (see
Materials and Methods) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). We therefore presume
that the primary effects of FGF8 manipulations were confined to
the cortical primordium.

Observations cited above support the somatosensory barrel
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fields of S1 as a focus for investigating the
rerouting of thalamic axons. Electropo-
rated brains were therefore harvested at
P0 –P1, when thalamic axons have grown
into the cortex, or at P5–P6, when the bar-
rel fields have formed. As observed previ-
ously (Fukuchi-Shimogori and Grove,
2001), excess anterior FGF8 shifted S1
posteriorly, reduction of anterior FGF8/
17, using electroporated sFgfr3c, shifted S1
anteriorly, and introducing a second, pos-
terior source of FGF8 duplicated a portion
of the S1 barrel fields. Specifically dupli-
cated was all or part of the posteromedial
somatosensory barrel field, which repre-
sents the five rows of large whiskers on the
animal’s face, and is abbreviated here as
the “whisker pad” (Wp) barrel subfield.

Positional information in the cortex
directs thalamic innervation
To analyze the distribution of axons from
the somatosensory ventrobasal thalamus
in rearranged maps, tangential sections
through layer IV of electroporated P5–P6
cortices were immunohistochemically
stained for 5-HTT and GAP43. The latter
appear transiently after birth in the axons
of sensory thalamic nuclei, including VB
(Erzurumlu et al., 1990; Maier et al., 1999;
Zhou et al., 2000). Shifted S1 barrel fields
labeled for both neurochemical markers
(Fig. 1A–C,E–G,I–K) and additionally
displayed a typical barrel histology (Fig.
1D,H,L) that requires NMDA-mediated
thalamocortical activity (Iwasato et al.,
2000). Duplicated barrels were also identi-
fiable in sections through layer IV by im-
munoreactivity for 5-HTT and GAP43
(Fig. 1N–P) and by barrel morphology
(data not shown).

Shifts in S1 were seen in the expected
50% of brains (n � 26 brains electropo-
rated anteriorly with Fgf8 or sFgfr3c; a sim-
ilar number showing no shifts). Duplicate
barrels were seen more rarely because of the difficulty of placing
microelectrodes for posterior electroporation (see Materials and
Methods). Barrels could be distinguished in unstained sections,
however, and, whenever duplicates were detected, histology and
immunostaining indicated duplicate thalamic innervation.
These observations are highly suggestive of repositioned, func-
tionally active thalamic innervation, even in the extraordinary
case in which a new FGF8 source generates partial duplicate areas
(Fukuchi-Shimogori and Grove, 2001).

Intracortical positional information is both global
and graded
An additional question is whether thalamic axons are instructed
simply to respect area boundaries or transitions or whether posi-
tional values intrinsic to the cortex define more precisely the
territory that axons innervate. Observations of the shape and size
of barrels in shifted S1 support the second alternative. When the
anterior source of FGF8 was reduced, the entire Wp subfield was

stretched anteriorly, in some cases resulting in a reversal of the
curvature of the most anterior, D and E, rows (Fig. 1 J). Individual
Wp barrels appeared thinner, “stretched” along the A/P axis (n �
10 brains) (Fig. 1B–D,J–L), and these effects increased in the
more anterior rows of Wp (Fig. 1B,D, J,L). Excess anterior FGF8
had the opposite result, compressing the barrels (n � 10 brains).

Qualitatively, the shape changes observed were consistent. In-
dividual barrel changes appeared in all brains with shifted barrel
fields, and the direction of shape change was strictly dependant
on whether the shift was anterior or posterior. No obvious differ-
ences in barrel shape were seen between nonelectroporated
brains and brains electroporated with the control construct AP
(n � 10) or with another developmental control gene, Wnt3a
(n � 5) (Fig. 1A–D, and data not shown).

We quantified the shape change, comparing brains with ante-
riorly shifted barrel fields with control brains. Barrels of row C,
the central row in the Wp subfield, were selected. The more an-
terior rows of the Wp subfield appear more affected (Fig. 1), and

Figure 1. Thalamic innervation is histochemically labeled in shifted and duplicated S1 barrels. A–P, Tangential sections
through layer IV of flattened cortices processed for Nissl (D, H, L), CO histochemistry (M ), or 5-HTT (brown) or GAP43 (blue)
immunoreactivity. Both 5-HTT and GAP43 immunoreactivity transiently mark VB axons. B, F, J, and O are higher-magnification
views of A, E, I, and N. Anterior (a), posterior (p), and lateral (l) are indicated in A and N. Embryonic mouse brains were electro-
porated with alkaline phosphatase (�AP) as a control (A–D, M ), Fgf8 anteriorly (E–H ), sFgfr3c anteriorly (I–L), or Fgf8 poste-
riorly (N–P) and perfused at P6. M, CO activity marks individual barrels in layer IV of a control S1. Wp barrel rows A–E are indicated,
as is a landmark (M–P, black arrows). A white arrowhead in N indicates the border between native and induced Wp barrels (Wp1,
Wp2), and pairs of arrowheads indicate the ectopic barrels in O and P. Barrels are 5-HTT immunoreactive in a control brain (A, B)
and in brains with shifted (E, F, I, J; n�9) or partially duplicated S1 (N, O; n�2). Control, shifted (n�12), and duplicated barrels
(n � 3) are also GAP43 immunoreactive (C, G, K, P). In layer IV of a control S1, cell-rich barrel walls surround cell-poor hollows (D);
this structure develops only if VB afferents interact with S1 neurons (Iwasato et al., 2000). Shifted cortices display barrels with the
same histology, compressed (H; n � 8) or elongated (L; n � 3) (see also B, C, F, G, J, K ), according to the direction of shift. In
brains electroporated with sFgfr3, elongation of individual barrels increases in the C–E rows of Wp (compare B–D, J–L). Crossed
white lines (D, L) indicate axes measured to quantify this effect. Scale bar (in D): A, D, E, H, I, L, 2.0 mm; B, C, F, G, J, K, M, O, P, 0.7
mm; N, 1.2 mm. As, Anterior snout subfield.
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the posterior rows somewhat less; therefore, the C row represents
“moderate” shape change. In six flattened cortices, we obtained
the ratio of length to width for barrels C1 to C6 (axes used for
measurement illustrated in Fig. 1D,L). When the aspect ratios of
specific barrels were directly compared between groups, 83%
were larger in experimental animals than in controls. Statistical
analysis further indicated a significant difference between the
experimental group and controls (t test, two-sample, p �
0.0003).

These observations help to characterize the positional infor-
mation that FGF8/17 confers. FGF8/17 manipulations not only
shift or duplicate areas. Our findings suggest an A/P gradient of
positional values across the cortical sheet that can be skewed,
stretched, or compressed.

Duplicate innervation of duplicate barrels
The presumption of thalamic innervation based on histochemis-
try was confirmed by direct axonal tracing. Most striking, dupli-

cate barrel fields reflected a transforma-
tion of the innervation of the posterior
cortex. Small crystals of DiI were deposited
into the VB at P5–P6. After diffusion of the
tracer from the VB, duplicated fields were
visible by DiI fluorescence in whole-brain
specimens (n � 3). These brains were se-
lected for sectioning in the sagittal plane,
together with control brains with single
barrel fields. Labeled axon trajectories ex-
amined in these P5–P6 brains revealed the
result of growth cone decisions made some
days previously as axons entered the corti-
cal plate. Thus, the dynamic quality of
decision-making was not captured, but fi-
nal choices were.

The distribution of DiI-labeled axons
between duplicate barrel fields suggested
an intracortical sorting of VB axons into
two separate bundles. After exiting the in-
ternal capsule (IC), labeled VB axons sep-
arated in the region of layer VIb, the
former subplate (Allendoerfer and Shatz,
1994), to form two distinct fields of axonal
arbors (Fig. 2A–C�). Within the former
subplate, labeled axons crisscrossed be-
neath the duplicate fields (Fig. 2H) and
bifurcated, with branches directed toward
each of the two fields. Such bifurcations
were particularly clear in a brain with
sparse DiI labeling (Fig. 2D–G) or in
brains viewed by confocal microscopy
(Fig. 2H–K). This rich meshwork of cross-
ing and branching axons in layer VIb was
notably absent in control brains. In P5–P6
controls, layer VIb contained sparsely ar-
borizing axons in transit to upper layers
(Fig. 2C�) (see Fig. 5B). Finally, in a brain
in which duplicate fields formed close to
one another, additional bifurcating axons
were seen in layer IV (Fig. 2 I,L).

No overt changes could be identified in
the VB of these mice or when duplicate
barrels were identified by histochemistry
(Fig. 1) (n � 8 P5–P6 mice). In particular,

we found no duplication of thalamic barreloids. The results
therefore suggest that duplicate cortical barrels in S1 receive in-
nervation from a common source of VB neurons, whose axons
bifurcate within the cortical primordium. Duplication of barrel
innervation appears highly likely to be attributable to a duplica-
tion of intracortical guidance cues.

Shifting regional identity in the subplate and cortical plate
These findings beg the question of which intracortical cell popu-
lations carry positional information and provide guidance. A ser-
endipitous discovery was that FGF8 manipulations at different
embryonic ages shift molecular regional identity in the subplate
and cortical plate either in or out of register. This new tool was
used to reveal separate guidance functions in the subplate and
cortical plate.

Subplate cells are among the earliest born cortical neurons in
several species (Luskin and Shatz, 1985; Kostovic and Rakic,
1990; Allendoerfer and Shatz, 1994). In the present study, bro-

Figure 2. VB axons branch within the cortex to innervate duplicate barrel fields. A–L, Sagittal sections at P5 through three
cortices with barrel field duplicates. C and D are Nissl-stained sections, serial to C� and E, respectively; these indicate the location
of layers, including the former subplate, layer VIb (sp/VIb). Other panels illustrate axons labeled by DiI deposits in the VB. A–C, C�,
C�, One brain is illustrated at increasing magnification to show the separation between the duplicate barrel subfields. Wp1 is the
native field, and Wp2 is the ectopic field. Double arrowheads in C� and C� indicate dense axonal arbors in the sp/VIb underlying the
duplicate fields (C�) in contrast with little arborization in a control brain (C�). D–G, In a second brain with fewer labeled axons,
individual VB axons can be discerned branching in the sp/VIb (E–G). F, G, White arrows indicate points of bifurcation; yellow
arrows indicate branches heading in the direction of each field. H, I, Dense, labeled VB axons in a brain with duplicate subfields;
confocal view. J–L are higher-magnification views of boxed areas in H and I. Axons form a meshwork in sp/VIb, aligned toward
different barrel duplicates (H, white arrows), crossing one another (yellow arrow), and branching toward different duplicates (J,
K, white, yellow arrows). I, L, Duplicate barrels in close proximity; axons cross and branch between duplicates in layer IV. Scale bar
(in A): A, 0.6 mm; B, 0.25 mm; C, 0.2 mm; D, E, 0.1 mm; F, G, L, 30 �m; H, 60 �m; I, 90 �m; J, K, 20 �m.
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modeoxyuridine (BrdU) labeling indicated a conspicuous lag be-
tween E10.5 and E11.5, separating the onset of generation of the
subplate and the cortical plate (Fig. 3A). Electroporation of Cre
into R26R reporter mice suggested that this lag might be critical,
allowing electroporation at E10.5, but not E11.5, to affect sub-
plate cells.

Although electroporation-mediated transfection is itself tran-
sient, the daughters of transfected progenitors can be labeled per-
manently in R26R mice. As in other electroporation experiments,
biological effects on the embryo do not begin until a few hours
after the procedure, when the protein product of the transfected
gene is expressed (Yasuda et al., 2000; Tabata and Nakajima,
2001). In R26R mice, the production of Cre recombinase protein
and Cre-mediated recombination at loxP sites activate expres-
sion of �-gal, thereby labeling transfected cells and their progeny.
The distribution of �-gal-positive cells in R26R cortex therefore
provides insight into which cortical cell layers can be influenced
by electroporation at a given embryonic age.

After Cre electroporation at either E10.5 or E11.5, �-gal-
positive cells were seen at P6 throughout layers II–VIa (Fig.
3B,E). Importantly, this observation suggests that Fgf8 electro-
poration at E11.5 is early enough for excess FGF8 to influence the
progenitors of cells in deep neocortical layers. Supporting this
conclusion, Fgf8 electroporation at E11.5 caused equivalent shifts
of gene expression in deep, mid, and upper layers of the neocor-
tex (Fig. 4, and data not shown).

In contrast, �-gal-positive cells outlined the subplate in mice
electroporated with Cre at E10.5 but were sparse after electropo-
ration at E11.5 (Fig. 3C,D,F,G). Consistent with this, Fgf8 elec-
troporation at E10.5 or E11.5 had markedly different effects on
regional gene expression in the subplate. Electroporation at E10.5
generated a posterior shift in expression of ephrinA5 or p75 in
both the subplate and the cortical plate (Fig. 3H–K). After Fgf8
electroporation at E11.5 or E12.5, however, ephrin and p75 ex-
pression shifted posteriorly in the cortical plate but not the sub-
plate (Fig. 3L–N) (supplemental Fig. 2, available at www.jneuro-
sci.org as supplemental material).

A shift in the cortical plate alone reveals area-specific
guidance by layer IV
We next tested the effects of shifting regional identity in or out of
register in the subplate and cortical plate. In control brains exam-
ined at P5–P6, DiI-labeled VB axons left the IC and crossed the
subplate/VIb to form axonal arbors in VIa and in the barrel hol-
lows of layer IV. Arborization in layers IV and VIa was aligned
along the A/P axis (Fig. 5A–C). As anticipated, after Fgf8 electro-
poration at E11.5, the anterior boundary of S1, histologically
identifiable at P5–P6, shifted posteriorly; furthermore, labeled
VB axon arbors filled individual barrels in layer IV of shifted S1
(Fig. 5E,G), confirming and extending previous findings
(Fukuchi-Shimogori and Grove, 2001).

Other findings were more surprising. The overall laminar pat-
tern of VB innervation of S1was not simply shifted, but skewed.
VB axons invaded from the IC anterior to the histological bound-
ary of S1 (Fig. 5F). A dense plexus of labeled VB axons formed
ectopically immediately above the entry point in layer VIa and
VIb. Like the meshwork of layer VIb axons that appears in brains
with duplicate barrels, this dense arborization in layer V1b is not
seen in S1 of control mice. VB axons then tracked posteriorly to
enter shifted S1 and innervate layer IV (Fig. 5F,G). A similar
misaligned laminar pattern of innervation appeared in brains
analyzed at P1 (Fig. 5D,H). Regional shifts in these P1 brains

Figure 3. Regional identity in the subplate and cortical plate can be shifted in or out of
register. A, Early formation of the subplate (sp) versus the cortical plate (cp) detected by BrdU
immunohistochemistry at P1, after single BrdU injections at E10.5, E11.5, and E12.5 (left to
right). Newborn subplate cells appear at E10.5 and peak in number at E11.5. At E11.5 and E12.5,
both subplate and cortical plate postmitotic cells are detected. In situ hybridization reveals
ephrinA5 expression in both the cortical plate and subplate (A, far right). B–G, Coronal sections,
medial to left. After Cre electroporation into R26R embryos at either E10.5 or E11.5, �-gal-
positive daughter cells are seen at P6 throughout layers II–VIa. sp/VIb is outlined by blue cells
after Cre electroporation at E10.5; fewer labeled subplate cells appear after electroporation at
E11.5 (B–G). H–N, Sagittal sections of P1 brains, anterior to left. H, I, Expression of ephrinA5,
marked in developing S1 (H ), is shifted posteriorly after Fgf8 electroporation at E10.5 (I ). J, K,
EphrinA5 expression is in register along the A/P axis in the subplate and developing layer IV
(arrowheads) in control cortex (J ) and remains in register after Fgf8 electroporation at E10.5,
with a posterior shift in both layers (K ). Electroporation of Fgf8 at E11.5 (M ) or E12.5 (L, N)
shifts layer IV but not subplate expression (L–N ) (n�11). Arrowheads indicate displaced
subplate expression in L and the gap between expression in subplate and layer IV in M and N.
Scale bar (in A): A, C, D, F, G, J, K, M, N, 0.2 mm; B, E, 0.3 mm; H, I, 0.5 mm; L, 0.4.
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were confirmed by posterior shifts in the expression of ephrin-A5,
expressed in perinatal S1, and COUP-TF1.

Skewed innervation represented a route correction by VB ax-
ons and indicated redirection by area-specific cues within the
developing cortex. Furthermore, these cues appeared specifically
associated with the cells of developing layer IV. Redirection to
shifted layer IV was consistent across all brains assessed after
anterior Fgf8 electroporation at E11.5 (n � 6) and indicates that
area-specific guidance cues in the cortical plate can also be asso-
ciated with the cells of particular emerging neocortical layers.

Shifts in cortical plate and subplate produce a coordinated
shift in S1 innervation
Why were VB axons able to redirect fully to layer IV of shifted S1,
but not to layer VI, given that regional identity appears to shift
(Fig. 4) in both neocortical layers after Fgf8 electroporation at
E11.5? One possibility is that regional cues in the subplate are
required for a normal laminar pattern of innervation in the
cortex.

The distorted innervation pattern is interpretable if Fgf8 elec-
troporation at E11.5 caused a mismatch in positional values be-
tween the subplate and cortical plate. VB axons crossed the sub-
plate anterior to S1 and arborized immediately because guidance
cues associated with the subplate had not shifted. Indeed, axons

traversed a region of the subplate that presumably retained its
“S1” identity. To test this interpretation, Fgf8 was electroporated
at E10.5. In this case, regional identity is predicted to shift, in
register, in both subplate and cortical plate. Thalamic axons
should successfully seek out their target area in the subplate, re-
sulting in a wholesale shift of S1 innervation.

The results supported both this prediction and the general
hypothesis that the subplate and cortical plate contain distinct
guidance cues that can be teased apart but normally act in con-
cert. In all brains analyzed at P5 after electroporation at E10.5, VB
axons emerged from the IC in approximately the same position as
in control brains and brains electroporated at E11.5 (Fig. 6, com-
pare A,C) but then curved sharply (Fig. 6A, white arrow, B,

Figure 4. FGF manipulations at E11.5 influence regional identity in deep neocortical layers.
A–F, Sagittal sections through electroporated and control brains harvested at P6 and processed
with in situ hybridization to reveal regional and laminar transitions in Tbr1 and COUP-TF1 gene
expression. A transition in Tbr1 expression appears in the midlayers of anterior cortex (A, arrow-
head); this coincides approximately with a transition in COUP-TF1 expression in layer VIa (D,
arrowhead). The transition in expression of both genes is shifted posteriorly by excess anterior
FGF8 (arrowheads, B, E) and anteriorly by reduced FGF8/17 activity (arrowheads, C, F ). Notably,
the extent of the shift appears equivalent in both midlayer Tbr1 expression and layer VIa COUP-
TF1 expression (B, E and C, F ). Regional transitions in expression also shift in upper layers. For
example, a region of low Tbr1 expression (arrows in A) is shifted posteriorly by excess FGF8
(arrows in B). In a brain with reduced FGF8/17, anterior and posterior regions of high Tbr1
expression appear to merge (arrow in C). Scale bar (in C): A–F, 1.0 mm.

Figure 5. A regional shift in the cortical plate alone leads to skewed innervation of S1. A–H,
Sagittal sections through two control brains (A–D) and two brains electroporated with Fgf8
anteriorly at E11.5 (E–H ). Anterior is to the left. Brains were harvested at P5 (A–C, E–G) or P1
(D, H ). A, E, Nissl-stained sections show the transition (arrowheads) at P5 between S1 and
motor cortex. Layers IV and V are distinct in S1 but not in motor cortex, anterior to S1. As
expected, the anterior boundary of S1 is shifted posteriorly in the Fgf8-electroporated brain
(compare arrowheads in A, E). B, C, In the control P5 brain, DiI-labeled VB axons enter S1 (B,
arrowhead marks anterior S1 boundary) and form axonal arbors that lie in register in layers VIa
and IV (arrowheads, C). F, G, After electroporation of Fgf8 at E11.5, VB axons enter the cortex
(arrow in F ) anterior to the S1 boundary (arrowheads in E, F ) and travel posteriorly through
layers V and VI before correctly forming barrel arbors in layer IV of shifted S1 (G). Consequently,
axonal arbors in layers VI and IV are out of register (compare C, G). D, H, A similar contrast in VB
axon trajectory is seen at P1 between control and electroporated brains. Scale bar (in E): A, B, D,
E, F, H, 0.5 mm; C, G, 0.3 mm. SP, Subplate; As, anterior snout subfield.
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arrowhead) to run posteriorly in the subplate/VIb (Fig. 6B), to-
ward the new anterior boundary of S1. VB axons then exited the
subplate into shifted S1 to form aligned axonal arbors in layers IV
and VIa (n � 5) (Fig. 6A), resembling the alignment seen in
control brains (Fig. 5B,C). Notably, the aligned pattern in layers
IV and VI was also seen in duplicated barrel fields after posterior
Fgf8 electroporation at E10.5, early enough to alter regional iden-
tity in the subplate. In the latter brains, the subplate/VIb was
marked by profuse axon branching in the direction of each du-
plicate field.

Reproducibility of altered thalamocortical trajectories
As noted in Materials and Methods, Fgf8-electroporated and con-
trol hemispheres were selected for additional analysis based on
DiI labeling of the distinctive S1 barrels, visible in intact brains.
The ratio between total and selected brains therefore reflects the
practical success of several sequential experimental steps, not the
reproducibility of FGF8-induced effects on thalamocortical in-
nervation. Several other considerations, however, indicate that
the effects are highly reproducible.

First, we observed a one-to-one correlation, in both control
and experimental groups, between the site of DiI-labeled VB in-
nervation and the position of S1 barrel fields indicated by Nissl
staining. This suggests that the sampling procedure did not ex-
clude brains with shifted S1 but no shift in innervation or brains
with VB axons misdirected to the wrong area. Rather, the process
consistently selected brains with shifts or duplications in mor-
phologically identifiable S1 barrel fields.

Second, selection was not based on detailed features of
thalamocortical innervation, which were not visible until the
brains were sectioned. Thus, in the absence of an obvious selec-
tion bias, we saw distinctive VB thalamocortical axon trajectories
that were qualitatively consistent, in detail, within an experimen-
tal group. Brains electroporated with Fgf8 at E10.5 showed a fully
shifted VB innervation of S1 (n � 5), whereas those electropo-
rated at E11.5 showed a skewed pattern (n � 6). In the latter,
axons crossed the subplate anterior to S1, formed abnormal ar-
bors in layer VIb, and then traveled posteriorly to innervate the
barrels of shifted layer IV. In brains with duplicate barrels (n � 3),
VB axons divided in the subplate/layer VIb, forming a network of
crossing and dividing axons that is not seen in control P5 brains.

Third, shifts in VB innervation of layer IV barrels were con-
sistent in size across brains electroporated with Fgf8 at either
E10.5 or E11.5 and analyzed at P5. In six P5 brains, DiI labeled the
most anterior large barrels of the Wp subfield. We measured
shifts in the A/P position of these barrels in sagittal sections,
matched for mediolateral position in the hemisphere. The most
anterior Wp barrel in Fgf8-electroporated brains was shifted pos-

Figure 6. Regional shifts in both the subplate and cortical plate gives a wholesale shift in
innervation of S1. A–D, Sagittal sections, P5 brains. A, P5 brain electroporated at E10.5 [sub-
plate (sp) and cortical plate presumed shifted in register]. B, Image of DiI-labeled axons in A
superimposed onto a Nissl-stained section from the same brain. C, P5 brain electroporated at
E11.5 (subplate and cortical plate presumed out of register; higher magnification of Fig. 5G). D,
Sections stained for Nissl to indicate the anterior boundary of S1 (black arrows). From left to

4

right, Control brain also shown in Figure 5A; brain electroporated at E10.5 shown in top panels;
brain electroporated at E11.5 also shown in Figure 5E. In the latter two brains, the S1 boundary
is shifted posteriorly, to approximately the same extent, to a point above the lateral ventricle
(LV). White arrowheads and asterisks indicate anterior barrels. After electroporation at either
E10.5 or E11.5, VB axons arrive beneath the cortical primordium anterior to the shifted S1
boundary, but the pattern of VB innervation is skewed only in C, not A. VB axons in the E10.5
electroporated brain curve toward the correct target area just beneath the subplate (arrow in A)
and complete their route correction primarily within sp/VIb (asterisks). A white arrowhead in A
indicates one of the few stray axons entering the wrong part of the cortex. In B, sp/VIb is a dense
line of cells; labeled axons change course close to or within this layer. Axons enter the cortex
proper near the anterior S1 border to form arbors in layers IV and VIa. In sharp contrast with the
brain electroporated only 1 d later (C), arbors in layers IV and VIa are aligned (A) as in control
brains. Scale bar (in A): A–C, 0.5 mm; D, 0.6 mm.
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teriorly compared with controls, by a mean of 1.1 � 0.1 mm. For
scale, the mouse cortical hemisphere at P5 is �7 mm in length.
The A/P position of the most anterior Wp barrel differed signif-
icantly between control and Fgf8-electroporated brains (paired t
test, p � 0.0001).

Independence of intracortical and subcortical guidance cues
Previous studies indicate that, as axons exit the thalamus and
traverse the IC toward the cortex, they are directed and sorted by
subcortical guidance mechanisms (Braisted et al., 2000; Garel et
al., 2002; Hevner et al., 2002; Lopez-Bendito et al., 2002; Dufour
et al., 2003; Seibt et al., 2003; Garel and Rubenstein, 2004). In this
way, thalamic axons are appropriately distributed beneath the
cortical mantle by guidance cues outside the developing cortex.
After leaving the IC, however, thalamocortical axons have farther
to travel before they reach their target areas, requiring continued
guidance. Present and previous findings indicate a degree of in-
dependence, at least initially, between the subcortical and intra-
cortical mechanisms that guide thalamocortical axons.

In neonatal mice that are FGF8 hypomorphs, the cortical area
map is rearranged with respect to area and regional gene expres-
sion patterns (Garel et al., 2003), as well as intracortical connec-
tions (Huffman et al., 2004), but not with respect to the pattern of
thalamocortical projections, labeled from the cortex (Garel et al.,
2003). An electroporation experiment at E11.5, in which we la-
beled thalamocortical axons at E17.5, produced similar results

(Fig. 7A–P). As in the previous study
(Garel et al., 2003), DiI and DiA crystals
were deposited in the same relative posi-
tions in control cortex, and cortices in
which presumptive areas were shifted. In
both sets of brains, the same thalamic nu-
clei and axon trajectories were labeled, al-
though in brains with shifted area maps,
this pattern of thalamic label was now
inappropriate.

At E17.5 in the mouse, most thalamic
axons are still growing toward the cortex;
only a few have entered the deep cortical
plate, whereas others “wait” in the sub-
plate (Molnar et al., 2002). Based on our
findings, we expect electroporation at
E11.5 to be too late to change the regional
identity of the subplate. Thus, if axons
have not been resorted subcortically, they
will arrive and wait in an unshifted, inap-
propriate position, leading to the observed
pattern of thalamic labeling. A second ex-
planation for our results is that DiI and
DiA deposits primarily labeled the extra-
cortical section of the thalamocortical
pathway. Together with previous findings
axons (Garel et al., 2003), these observa-
tions strongly suggest that FGF8-regulated
positional cues in the cortical primordium
neither require nor immediately elicit
changes in the initial subcortical trajectory
of thalamocortical axons.

Discussion
Previous findings appeared to pit against
one another the importance of factors in-
trinsic to the cortical primordium in set-
ting up the neocortical area map (Rakic,

1988; Rubenstein et al., 1999; O’Leary and Nakagawa, 2002;
Grove and Fukuchi-Shimogori, 2003) versus the control of
thalamocortical innervation, a signal feature of area identity, by
subcortical mechanisms (Lopez-Bendito and Molnar, 2003;
Garel and Rubenstein, 2004). A more comprehensive view is that
several positional guidance cues direct thalamic axons to specific
areas. Initially, thalamocortical axons are sorted in the IC by
subcortical molecular guidance cues that are themselves inde-
pendent of the cortex (Braisted et al., 2000; Garel et al., 2002;
Hevner et al., 2002; Lopez-Bendito et al., 2002; Dufour et al.,
2003; Seibt et al., 2003; Garel and Rubenstein, 2004) and from
intracortical FGF8/17 signaling (present study). Once axons
reach the subplate, they are guided sequentially by positional
information in the subplate and the developing layers of the cor-
tical plate (Ghosh et al., 1990, 1993; present study). Intracortical
and subcortical mechanisms can function together to guide
thalamocortical innervation because they are normally in spatial
register. The multiplicity of guidance steps is disclosed, as in the
present study, when the cues are pulled out of register (Fig. 8).

A surprising observation was that cortical plate cues not only
directed axons to area S1 but also, more specifically, to layer IV of
S1. This may be an example of a general association between
area-specific guidance and particular cortical layers, a phenome-
non that does not appear to have been described previously.
Strong previous evidence for area-specific, thalamic axon guid-

Figure 7. Thalamocortical projections labeled just before birth appear unchanged by intracortical FGF8 manipulations. A–P,
Sagittal sections, E17.5 brains, anterior to the left. Each row of panels illustrates sections from a single brain. Brains electroporated
anteriorly with Fgf8 or sFgfr3c were matched with controls, and DiI and DiA crystals were placed in comparable cortical locations
in matched pairs (A–D/E–H and I–L/M–P). DiI crystals (red) were positioned in parietal and DiA (yellow) in occipital (A, E) or
frontal (I, M ) domains. Assessed by regional expression of Cdh6 (B, F, J, N ), cortical domains were shifted posteriorly by Fgf8
electroporation and anteriorly by sFgfr3c. Consequently, in each matched pair, dye deposits were placed in the same relative
positions but in different cortical domains (compare A, B with E, F and I, J with M, N ). DiI and DiA labeling in the thalamus reflected
only the position of the dye deposit, not shifts in domain identity. DiA and DiI labeled the dorsal lateral geniculate nucleus (dLGN),
lateral dorsal (LD), and ventrobasal (VB) nuclei (C, D, G, H ) or VB and ventrolateral (VL) (K, L, O, P) in both control and shifted (n �
16) brains (white lines indicate outline of the thalamus and relevant nuclei). Sections counterstained with Hoechst. Scale bar (in
M ): A, B, E, F, I, J, M, N, 0.65 mm; C, D, G, H, K, L, O, P, 0.2 mm. Fi, Fimbria; Hi, hippocampus.
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ance cues in the cortical primordium came from studies in rat in
which explants of the embryonic cortical primordium were
grafted ectopically into a newborn host cortex (Barbe and Levitt,
1992, 1995; Frappe et al., 1999, 2001; Gaillard and Roger, 2000).
These explants exerted a robust attraction for input from the host
thalamus, but axon termination within the explant was diffuse,
giving no clues to the cellular basis of the attraction.

The suggestion that individual cortical layers provide area-
specific guidance to thalamic axons fits well with a classic, pri-
mary definition of an area. In traditional cortical maps, areas
were distinguished by differences in layer morphology, one of the
clearest transitions being that from the agranular layer IV of pri-
mary motor cortex to granular layer IV of primary somatosen-
sory cortex (Brodmann, 1909; Nauta and Feirtag, 1986). That is,

individual neocortical layers have area boundaries themselves,
with layer IV as a marked example. In this context, layer-derived,
area-specific guidance cues are not surprising. Particularly given
the present findings, these cues deserve additional study.

An unexpected finding was that the laminar pattern of tha-
lamic innervation in an area depends on a match between posi-
tional cues in the subplate and cortical plate. When regional iden-
tity was shifted in the cortical plate alone, the normally aligned
layer pattern of input to S1 was skewed. VB axons innervated the
barrels in layer IV of shifted S1 but not layer VI. Instead, arbors
formed in deep layers well outside the boundaries of S1. This
finding appeared to defy evidence that regional identity in layers
IV and VI themselves had been shifted equivalently. Only when
regional identity in the subplate was shifted as well did the nor-
mal, aligned laminar pattern of VB innervation reemerge in S1.
These observations suggest that the subplate regulates the lami-
nar pattern of thalamic innervation. The subplate might, for ex-
ample, prepare VB axons to respond to deep layer guidance cues.
Alternatively, VB axons may arborize in deep layers as a default,
once the axons cross what they read as the “correct” area of
subplate.

Previous findings show that thalamic axons must interact with
subplate cells to recognize target areas (Ghosh et al., 1990; Ghosh
and Shatz, 1993; Allendoerfer and Shatz, 1994; O’Leary et al.,
1994; Molnar et al., 1998b). When the subplate beneath primary
sensory cortex was ablated in the cat, axons from sensory thala-
mus did not enter the cortical plate, either in the target area or in
other areas with an intact subplate (Ghosh et al., 1990; Ghosh and
Shatz, 1993). In the present study, regional identity in the sub-
plate was shifted, and thalamic axons altered their trajectory to
match this shift. Current findings therefore complement previ-
ous observations and support the general hypothesis that the
subplate is needed for spatial guidance of thalamic axons in a
variety of species.

Thalamic axons interact with subplate cells via functional syn-
apses (Friauf et al., 1990; Ghosh and Shatz, 1993; Allendoerfer
and Shatz, 1994), leading to the proposal that activity-based com-
petition among axons could prune collaterals and determine the
site of entry for thalamic axons (Friauf et al., 1990; Ghosh and
Shatz, 1993; Allendoerfer and Shatz, 1994) (but see Molnar et al.,
2002). In this way, position across the cortical sheet could be
determined by an interaction between thalamic axons and sub-
plate cells. We suggest that the subplate already contains posi-
tional cues that provide thalamic axon guidance.

Previous and present findings further combine to indicate the
primacy of subplate cues over those in the cortical plate. Lacking
a subplate, presumptive visual cortex fails to attract axons from
the lateral geniculate nucleus, despite normal target neurons in
developing layer IV (Ghosh et al., 1990; Ghosh and Shatz, 1993).
Thalamic axons are also indifferent to potential cortical plate cues
in the reeler mutant mouse, until the axons reach an ectopic
subplate, or superplate, near the pial surface of the cortex (Mol-
nar et al., 1998a). Our observations, too, suggest that layer IV cells
are associated with strong, area-specific attractant cues but that
thalamic axons are unresponsive before crossing the subplate.

Overall, our findings implicate FGF8/17 signaling in initiating
developmental events that, in turn, position axon guidance sig-
naling molecules and growth factors in the cortical primordium
(Fukuchi-Shimogori and Grove, 2001; 2003; and present study).
FGF8/17 signaling has been shown to regulate gene expression of
appropriate adhesion and guidance molecules, such as cadherins
and ephrin/Ephs (Fukuchi-Shimogori and Grove, 2001, 2003;
Garel et al., 2003) (our unpublished data), that are regionally

Figure 8. Regional identities in the subplate (sp) and cortical plate (cp) define axon trajec-
tories. A–C, A region of neocortex in sagittal section; posterior is to the right. Presumptive S1 is
dark gray, an area posterior to S1 is light gray, and other areas are white. A dark gray line
represents the VB axon trajectory. A, In a nonelectroporated brain, VB axons exit the white
matter (WM) and travel through the subplate to the dark gray region, in which they enter the
cortical plate and form aligned axon arbors in layers IV and VIa. B, Only the cortical plate is
shifted posteriorly. VB axons enter the cortex through dark gray subplate, form ectopic arbors in
the white cortical plate immediately above, and finally grow posteriorly toward dark gray
cortical plate. Once there, axons form appropriate arbors in layer IV, but not VIa. In C, both the
cortical plate and the subplate have shifted in register. VB axons find the posteriorly shifted dark
gray region of the subplate, enter the cortical plate, and form normally aligned axon arbors.
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distributed (Suzuki et al., 1997; Inoue et al., 1998; Mack-
arehtschian et al., 1999; Miyashita-Lin et al., 1999; Nakagawa et
al., 1999; Yun et al., 2003) and associated with thalamocortical
axon growth and guidance (Gao et al., 1998; Takemoto et al.,
2002). Ephrin-A5 is one example of a likely mediator of FGF8/17
signaling. Altering FGF8/17 levels shifts the neocortical
ephrin-A5 expression gradient (Fig. 4C, and data not shown).
Mice lacking ephrin-A5 show abnormalities in the targeting of
thalamic axons to somatosensory cortex (Uziel et al., 2002), as
well as differences in the size and shape of S1 barrels (Prakash et
al., 2000; Vanderhaeghen et al., 2000).

Neurotrophins and their receptors form another category of
area-specific regulators of thalamic innervation. No longer com-
monly associated with directional axon guidance, neurotrophins
and their receptors may be present at the right time and place to
promote the growth of axons into a target. Thus, both p75 and
neurotrophin 3 (NT3) influence thalamic innervation of specific
areas (Mackarehtschian et al., 1999; McQuillen et al., 2002). Re-
gional gene expression of both p75 and NT3 supports their re-
gional effects (Lee et al., 2000; Vigers et al., 2000; Ma et al., 2002)
and can be regulated by FGF8 (present study; our unpublished
data).

In summary, our findings clarify the relationship between
subcortical and intracortical guidance of thalamocortical projec-
tions and reveal sequential, positional cues in the subplate and
cortical plate. Early patterning events, associated with FGF8/17
signaling (Fukuchi-Shimogori and Grove, 2001), lead to the
postnatal differentiation of many neocortical area-specific fea-
tures, including barrel histology and histochemistry, early intra-
neocortical projections and a defining feature of a cortical area-
specific, patterned innervation from the thalamus (Fukuchi-
Shimogori and Grove, 2001; Hamasaki et al., 2004; Huffman et
al., 2004; present study). The challenge now is to identify the steps
between FGF8/17 regulation of the initial neocortical map and
area differentiation.
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