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Neocortex Patterning by the
Secreted Signaling Molecule FGF8

Tomomi Fukuchi-Shimogori and Elizabeth A. Grove*

A classic model proposes that the mammalian neocortex is divided into areas
early in neurogenesis, but the molecular mechanisms that generate the area
map have been elusive. Here we provide evidence that FGF8 regulates devel-
opment of the map from a source in the anterior telencephalon. Using elec-
troporation-mediated gene transfer in mouse embryos, we show that aug-
menting the endogenous anterior FGF8 signal shifts area boundaries posteri-
orly, reducing the signal shifts them anteriorly, and introducing a posterior
source of FGF8 elicits partial area duplications, revealed by ectopic somato-
sensory barrel fields. These findings support a role for FGF signaling in specifying

positional identity in the neocortex.

The mammalian cerebral cortex is divided
into anatomically and functionally distinct
areas, forming a species-specific area map
across the cortical sheet (/). Identifying the
mechanisms that generate the map is thus key
to understanding the development of cortical
function and may clarify how different maps
are generated in different species. In a classic
model, an area “protomap” is set up in the
proliferative cell layer of the neocortex (2).
Recently, it has been proposed that the pro-
tomap could be specified by signaling pro-
teins secreted from nearby signaling centers,
a patterning strategy used elsewhere in the
embryo (3-7). Candidate sources have been
identified of proteins implicated in vertebrate
and invertebrate embryonic patterning, in-
cluding members of the fibroblast growth
factor (FGF), Wingless-Int (WNT), and bone
morphogenetic protein (BMP) families (8—
11). In this study we sought direct evidence
that such a patterning strategy is used to
generate the neocortical area map.
Patterning roles for the FGF family mem-
ber FGF8 have been reported for the first
branchial arch, the midbrain, and the initial
formation of the telencephalon (10, 12-16).
Indicating that FGF8 could also be a regula-
tor of anterior/posterior (A/P) neocortical pat-
tern, FGF8 is expressed close to the anterior
pole of the neocortical primordium (4, 8, 17)
(Fig. 1B), and the primordium itself shows
A/P graded expression of genes encoding
FGF receptors FGFR1, 2, and 3 (18). To test
this hypothesis, we analyzed the effects on
the area map of augmenting the anterior
FGF8 source in the embryonic mouse cere-
brum, sequestering endogenous FGF8 with a
soluble FGF receptor construct, or introduc-
ing a second, posterior source of FGF8. To
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direct gene misexpression to select sites in a
single cerebral hemisphere, we adapted the
method of microelectroporation (/9, 20) for
gene transfer in mice in utero (Fig. 1A). Mice
are born normally and can be analyzed at any
age, making this method a useful adjunct to
the generation of genetically engineered
mice, which often do not survive past birth.

Expanding the anterior FGF8 source
shifts cortical area boundaries posterior-
ly. FGF8 was initially overexpressed in the
anterior cortical primordium, just posterior to
the endogenous source (Fig. 1C). We predict-
ed that augmenting the endogenous FGF8
signal in this way would distort the area map
along the A/P axis. Embryos were electropo-
rated at embryonic day 11.5 (E11.5)—early
in neocortical neurogenesis, before neocorti-
cal area identity is determined (2/-23)—and
analyzed postnatally. At postnatal day 0 (P0),
several neocortical gene-expression patterns
indicate emerging area boundaries along the
A/P axis, although true cytoarchitectonic
boundaries are not yet visible. Ephrind5 en-
codes an Eph ligand and is expressed most
strongly in presumptive somatosensory cor-
tex; sFrp2 encodes secreted frizzled related
protein 2 and is expressed anterior to Eph-
rinAS; and Rzr-beta encodes an orphan nu-
clear receptor and is expressed in both do-
mains (4, 5, 24) (Fig. 2, A to C). As predict-
ed, in Fgf8-electroporated hemispheres (n =
6), these expression domains shift in a coor-
dinated manner toward the posterior pole of
the cortex (Fig. 2, D to F). By P6 in the
mouse, a true area boundary, defined by cy-
toarchitecture (), appears between primary
somatosensory and motor areas (Fig. 2G). In
Fgf8-electroporated hemispheres analyzed at
P6 (n = 10), this area boundary, also distin-
guished by transitions in gene expression (4),
is shifted posteriorly (Fig. 2, J to L).

For a global view of the changes in the
area map caused by anterior FGF8 overex-
pression, we examined expression of the type
II classic cadherins, Cadherin-6 (Cdh6) and

Cadherin-8 (Cdh8), in P6 brain whole
mounts. At this age, differential expression of
Cdh6 and Cdh8 distinguishes a frontal do-
main composed of cingulate, prefrontal, and
motor areas; a parietal domain that contains
somatosensory areas; and an occipital domain
that includes visual areas (5, 6, 25) (Fig. 3, A
to C). In Fgf8-electroporated P6 left hemi-
spheres (n = 12), the frontal domain is ex-
panded at the apparent expense of parietal
and occipital domains, which are shrunken
and shifted back (Fig. 3, B and D). Thus,
consistent with the hypothesis that FGF8 reg-
ulates pattern along the A/P axis, augmenting
the endogenous FGF8 source results in an
expansion of an anterior neocortical domain
with a concomitant shifting and shrinkage of
more posterior areas.

Area boundary shifts are not due to a
simple growth effect. FGF8 can regulate
cell proliferation in vivo and shows trans-
forming potential in vitro (15, 26-28). How-
ever, the expansion of anterior neocortex seen
with FGF8 overexpression is not a simple
growth effect. Although the anterior domain
expands, more posterior domains contract, so
that Fgf8-electroporated hemispheres do not
show gross overall increases in A/P length
compared with control hemispheres (Fig. 2,
A to F, and Fig. 3, B and D). By contrast,
anterior overexpression of another growth
factor, WNT3A, implicated in hippocampal
cell proliferation (29), expands the frontal
Cdh8-expressing cortical domain by causing
a marked overgrowth at the frontal pole of the
hemisphere (n = 5) (Fig. 3G). Anterior over-
expression of FGF8 appears, instead, to shift
the position of areas within the hemisphere.

Reducing the endogenous FGF8 sig-
nal shifts cortical area boundaries ante-
riorly. To test whether an endogenous FGF
signal coordinates the area map, we ex-
pressed a soluble form of FGFR3c
(sFGFR3) close to the anterior FGF8
source. FGFR3c is a high-affinity FGF8
receptor isoform, and the soluble form is
expected to sequester endogenous FGF8,
and potentially other FGF family members,
blocking their ability to activate endoge-
nous receptors (/4, 30, 31). sFGFR3-elec-
troporated hemispheres show no gross de-
crease in overall size, but the frontal Cdh§-
expressing cortical domain shrinks (n = 7)
(Fig. 3F) and other gene expression do-
mains shift anteriorly (32). These observa-
tions and others cited below indicate that an
endogenous FGF signal regulates neocorti-
cal pattern and that it is still active at E11.5.

A signal feature of neocortical sensory
and motor areas is that they contain topo-
graphic, functional representations of the
body. We examined the effects of augment-
ing or reducing FGF8 signaling on this fea-
ture of area identity, focusing on the modular
organization of primary somatosensory cor-
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tex (S1). In rodent S1, an array of barrels
reflects the pattern of whiskers on the ani-
mal’s snout, each barrel innervated by
thalamocortical axons carrying sensory infor-

Fig. 1. (A) In utero electroporation-mediated
gene transfer used to modify FGF8 signaling in
mouse cortical primordium. Laparotomies were
performed at E11.5 (38), and embyros were
visualized through the uterus with a fiber optic
light source. Plasmid DNA (0.5 to 1.0 pg/pl)
(39) was mixed with 1% fast green (Sigma) and
injected into the left cerebral ventricle of each
embryo through a glass capillary. A fine tung-
sten negative electrode and a platinum positive
electrode were inserted into the left and right
hemispheres, respectively, and a series of three
square-wave current pulses (7 to 10 V, 100 ms)
were delivered, resulting in gene transfection
into the medial wall of the left hemisphere. The
surgical incision was closed and embryos were
allowed to develop in utero, with 50 to 60%
survival beyond birth (40). (B) An untreated
E10.5 forebrain viewed from the dorsal side,
anterior to the top, processed for whole-mount
in situ hybridization (77). Fgf8 is expressed in
the anteromedial telencephalon in continuity
with the neocortical primordium (Ncp, arrow).
Other sites of expression, separated from the
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mation from a single whisker (33-35). The
barrel fields are normally located in a central
position along the A/P axis of the neocortex
(Fig. 4A). Anterior electroporation of Fgf8
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cortical primordium, are the face primordia and diencephalon. (C) E13.5 left cerebral hemispheres
viewed from the medial face, anterior to the right, electroporated with Alkaline Phosphatase (AP+)
or Fgf8 (Fgf8+) constructs at E11.5. +AP hemispheres display limited endogenous expression of
Fgf8 and Sprouty1 (Spry1), a rapid response gene in the FGF signaling pathway (47), by this age.
+Fgf8 hemispheres show localized anterior overexpression of Fgf8 and up-regulation of Spry7
(arrowhead), indicating expression of functional FGF8 protein (42). Bar in (B) is 0.25 mm for (B) and

0.65 mm for (C).

Fig. 2. Anterior overexpres-
sion of FGF8 results in a A
posterior shift of cortical
domains. (A to L) Saggittal
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sections (anterior to the
left) through PO (A to F) or
P6 (G to L) brains pro-
cessed for in situ hybridiza-
tion (Ato F, Hand |, K and
L) or Niss! stain (G and J).
Each brain was electropo-
rated with Fgf8 in one
hemisphere at E11.5. (D) to
(F) and (J) to (L) are sec-
tions from the +Fgf8
hemispheres; (A) to (C) and
(G) to (1) are from matched
medial-lateral levels in the
nonelectroporated  (con-
trol) hemisphere. In the PO
+Fgf8 hemisphere (D to F),
compared with the control
(A to C), domains of RZR-
beta, EphrinA5 and sfrp2
expression are shifted pos-
teriorly by 1 to 1.5 mm,
one-quarter to one-third of
the total neocortical A/P
length [arrowheads in (B)
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and (E) indicate the frontal pole of the neocortex for reference]. The EphrinA5 expression domain shrinks
as it is shifted back, as if running out of available neocortical territory (D). At P6, the boundary between
somatosensory and motor cortex is marked by the anterior limit of a lightly Nissl-stained layer Vand
by transitions in the expression of Rzr-beta and the T-box transcription factor Tbr-1 [arrows in (G) to
(1)]. The somatosensory/motor boundary is shifted posteriorly in an +Fgf8 hemisphere [arrows in (J) to
(1)] by about 1.5 mm (total neocortical length, about 6 mm), and a region displaying the Tbr-7 and Nissl
layer pattern typical of frontal cortex is expanded (K and L). Abbreviations: Hp, hippocampus; Ncx,
neocortex; S, striatum; Th, thalamus; V, layer five of neocortex. Bar in (C) is 0.5 mm for (A) to (L).
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shifts the fields posteriorly and compresses
them (n = 9) (Fig. 4, D and E), whereas
electroporation of sFGFR3 shifts them ante-
riorly (n = 12) (Fig. 4, .G and H). Suggesting
that FGF signaling regulates neocortical pat-
terning not only-at a broad scale, but also at a
fine scale, the latter manipulation also skews
the outline of both barrel subfields and indi-
vidual barrels, elongating them along their
A/P axis (compare Fig. 4, B and H).
Introducing a second FGF8 source re-
sults in duplicate somatosensory barrel
fields. These effects on the cortical map
could reflect a role for FGF8 in modulating
the relative size of neocortical areas along the
A/P axis, or a more fundamental role in spec-
ifying area identity itself. To distinguish be-
tween these possibilities, we introduced a
new source of FGF8 into the posterior corti-
cal primordium, i.e., at the opposite pole from
the endogenous source. Posterior electropo-
ration of Fgf¥ elicits a partial duplication of
S1: New whisker barrels appear ectopically
in posterior neocortex (n = 10) (Fig. 5). In
some cases, extra barrels form a distorted
subfield that merges with the native Sl
(Fig. 5, B and C). Most striking, in some
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Fig. 3. Expression of th6 and 8 reveals global
shifts in area pattern. (A to G) Dorsal views of
P6 (A to D) or PO (E to G) brains, anterior to the
top. Left hemispheres were electroporated at
anterior sites with AP (A, C, and E), Fgf8 (B and
D), sFgfr3 (F), or Wnt3a (G); right hemispheres
serve as internal controls. In P6 Fgf8+ hemi-
spheres, a frontal domain (Fr) marked by low
Cdh6 expression and high Cdh8 expression is
expanded [arrows in (A) to (D)], and a Cdh6-
high/Cdh8-low parietal domaln (Pa) is shifted
back and shrunken, as is an occipital domain
(Oc) that expresses both cadherins. AP+ hemi-
spheres show no shifts (A and C). At PO, the left
frontal Cdh8-high domain is unchanged by AP
(E). reduced by sFgfr3 (F), and expanded by
Wnt3a electroporation (G). WNT3A-induced
expansion correlates with an overgrowth of the
left frontal pole [arrow in (G)]. Bar in (G) is 2.8
mm for (A) to (D) and 2 mm for (E) to (G).
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animals, a second, entirely separate whis-
ker pad subfield is generated (Fig. 5, A, D,
and E). Whereas the native subfield is di-
vided into five curving rows, from A to E,
with A most posterior (Fig. 4B and Fig. 5,
D and E), in ectopic subfields, the curve
and order of the rows appears reversed
(Fig..5, D and E). Thus, a posterior source
of FGF8 appears to create a local reversal
of A/P positional ‘values in ‘the cortical
primordium. A posterior region of the pri-
mordium is specified to take on a more ante-
rior identity and form a new, inverted Sl
subfield. The most parsimonious interpreta-
tion of our results is that an FGF signal
specifies positional identity in the cortical
primordium, and that the area map distortions
caused by our experimental manipulations
reflect changes in this specification.
Discussion. We present here direct ev-
idence that a secreted signaling molecule can
regulate the neocortical area map and, in
particular, that an FGF signal controls pat-
terning along the A/P axis. Patterning along
the medial-lateral axis of the cerebral cortex
could be regulated by other signaling mole-
cule families. Candidates include epidermal
growth factor (EGF) proteins expressed near
the lateral boundary of the cortical primordi-
um and shown to regulate expression of the
limbic area marker LAMP (3, 36), and BMP
and WNT proteins expressed in the medially
positioned cortical hem (9, 11, 29, 37). Sup-
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Fig. 4. Anterior electroporation of Fgf8 or sFGFR3 causes oppo-

+SFQ fr3 site shifts of the S1 barrel fields. (A, B, D, E, G, H) Tangential

G sections through layer 4 of flattened P6 cortices processed for
cytochrome oxidase (CO) histochemistry. Patches of high CO

activity mark individual barrels in S1 (43). Anterior (a) and

lateral (|) are indicated in (A). White arrows in (A), (D), and (G)

As . mark the midpoint between anterior and posterior poles of the
neocortex. (B), (E), and (H) are higher magnification views of (A),
Wp- (D), and (G). (C, F, and 1) A model of FGF8 signaling effects on

S1. The whisker pad (Wp) and anterior snout (As) subfields are

centrally positioned in an +AP cortex (A) with a presumed

normal anterior FGF8 source [red oval in (C)]. An augmented

FGF8 source (F) pushes the Wp and As fields into the posterior

half of the neocortex and compresses them (D and E). Reduction

H of the source (I) draws.the fields into the anterior. half of the
; neocortex (G) and elongates individual Wp barrels along the A/P

axis [compare barrels marked by white arrows in (B) and (H)].

The Wp subfield is also skewed and elongated along the A/P axis

[compare the relative positions of three barrels marked with

* » asterisks in (B) and (H)). Bar in (B) is 2.0 mm for (A), (D), and (G),

Tir/ and 0.7 mm for (B), (E), and (H).
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Fig. 5. A posterior source of Fgf8 generates ectopic S1 barrels. (A to E) Four flattened cortices
analyzed at P6 after electroporation of Fgf8 into the posterior cortical primordium at E11.5. (E) is
a rotated, higher magnification view of (D). Anterior is as indicated in (A) for (A) to (D), and is to
the left for (E). Ectopic barrels (A to E, arrows) appear posterior to the native S1, forming subfields
that merge with the native S1 (B), partially merge (C), or are entirely separate (A, D, and E). (D and
E) A partial second Wp subfield ( Wp2), the number and pattern of its barrels indicating rows A, B,
and C [compare (E) with Fig. 4B]. The curved fan shape and apparent row order of Wp2 suggest that
it is A/P reversed with respect to the native Wp1 (D and E). Bar in (D) is 1.5 mm for (A), 0.6 mm
for (B), (C), and (D), and 0.25 mm for (E).
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port is therefore growing for a new model of
area specification in which patterning of the
part of the brain responsible for our higher
functions is coordinated by the same basic
mechanisms and signaling protein families
used to generate patterning in other embry-
onic organs (3-7).

Our findings further suggest one type of
mechanism by which the area map might be
altered in evolution. Area maps in different
species share topological features, suggest-
ing broad similarities in patterning mecha-
nism, but they also differ in area position,
size, and number (/). In primate cortex, for
example, multiple visual sensory areas ap-
pear to have been added in evolution, each
characterized by separate retinotopic maps
that show abrupt mirror-image reversals at
area boundaries. Our observations suggest
that the template of a new area could be
generated by a local modulation in signal-
ing by a single growth factor.
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Universality and Scaling in the
Disordering of a Smectic Liquid
Crystal

Tommaso Bellini,’? Leo Radzihovsky,! John Toner,?
Noel A. Clark’

We present experimental and theoretical studies of the effects of quenched
disorder on one-dimensional crystal ordering in three dimensions. This fragile
smectic liquid crystal layering, the material with the simplest positional order,
is also the most easily deformed periodic structure and is, therefore, profoundly
affected by disorder, introduced here by confinement in silica aerogel. Theory
and experiment combine to characterize this system to an extraordinary
degree, their close accord producing a coherent picture: crystal ordering is
lost, giving way to extended short-range correlations that exhibit universal
structure and scaling, anomalous layer elasticity, and glassy dynamics.

A major part of condensed matter physics is
directed toward understanding the effects of
disorder, defects, and impurities, which are re-
sponsible for many materials properties and
failures. Theoretical models, which systemati-
cally introduce disorder into well-understood
clean systems, reveal rich and complex phe-
nomena that challenge and broaden our under-
standing of statistical physics. The effects of
disorder can be dramatic, destabilizing phases
(1-3) and producing new ones (4—7), as well as
altering otherwise “universal” behavior near
transitions (8, 9). Liquid crystals (LCs), by vir-
tue of their fluidity, their intrinsically soft elas-
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ticity, and their experimental accessibility, offer
exceptional opportunites for the study of the
structural and dynamical effects of quenched
disorder, which can be readily introduced, for
example, by confinement within appropriate
random porous media. Such studies are also of
interest in connection with composite electro-
optic materials in which randomness is imposed
on the LC, for example, by introduction of
polymer or nanoparticles (/0). The starting
point for developing a theoretical description of
LCs confined in a random environment is to
study the effects of weak random point forces
and torques on the LC order, an idealized dis-
ordering mechanism that affects molecular lo-
cation and orientation in random ways but oc-
cupies as little physical space as possible. This
situation can, in fact, be approached in the
laboratory by incorporating the LC into the
connected void space of an aerogel, a highly
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