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Abstract

Studies of area patterning of the neocortex have focused on primary areas, concluding that the
primary visual area, V1, is specified by transcription factors (TFs) expressed by progenitors.
Mechanisms that determine higher-order visual areas (VHO) and distinguish them from V1 are
unknown. We demonstrated a requirement for thalamocortical axon (TCA) input by genetically
deleting geniculocortical TCAs and showed that they drive differentiation of patterned gene
expression that distinguishes V1 and VHO, Our findings suggest a multistage process for area
patterning: TFs expressed by progenitors specify an occipital visual cortical field that
differentiates into V1 and VHO; this latter phase requires geniculocortical TCA input to the
nascent V1 that determines genetic distinctions between V1 and VVHO for all layers and ultimately
determines their area-specific functional properties.

The neocortex is patterned into functionally distinct fields that include primary sensory
areas, which receive modality-specific sensory input from thalamocortical axons (TCAS)
that originate from the principal sensory nuclei of the dorsal thalamus (dTh), and higher-
order sensory areas that are connected with the primary areas through intracortical
projections (1). Studies of mechanisms that pattern the neocortex into areas, known as
arealization, have focused on primary areas and have led to the prevailing model that genetic
mechanisms intrinsic to the neocortex are predominant in arealization (2). Transcription
factors (TFs) expressed in neocortical progenitors determine the size and position of primary
areas (2-5) and regulate guidance information that governs the area-specific targeting of
TCAs (6). However, roles for TCAs in arealization remain vague (7-10), and important
features of arealization, such as differential gene expression in the embryonic neocortex that
relates to nascent areas, develop independently of TCA input (9, 10).

1C0rresponding author. doleary@salk.edu.

These authors contributed equally to this work.

Present address: Institute of Cellular and Organismic Biology, Academia Sinica, Taipei, Taiwan.

Present address: University Cancer Center Hamburg, University Medical Center Hamburg-Eppendorf, Hamburg, Germany.
8present address: Institute of Biology Valrose, iBV, UMR INSERM1091/CNRS7277/UNS, Nice, F-06108, France; and University of
Nice Sophia-Antipolis, UFR Sciences, Nice, F-06108, France.
lIPresent address: Department of Neuroscience, Stem Cell Institute and Developmental Biology Center, University of Minnesota,
Minneapolis, MN 55455, USA.

Supplementary Materials
www.sciencemag.org/cgi/content/full/340/6137/1239/DC1
Materials and Methods

Figs. S1to S9

References (28-31)



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chouetal.

Page 2

Higher-order areas outnumber primary areas by roughly 10-fold; for example, in mouse,
nine higher-order visual areas (VHO) are positioned around the primary visual area (V1)
within the occipital neocortex (11). However, mechanisms that specify and regulate
differentiation of the particular properties of higher-order areas and distinguish them from
primary areas have yet to be explored (11, 12). To perform genetic manipulations of dTh
neurons required for these studies, we created RORa-IRES-Cre mice (RORaC'; fig. S1, A
and B) with RORa function intact and expression of Cre recombinase driven by RORa
regulatory elements (13). Crossing this RORa." mouse to conditional reporter lines (fig.
S1) revealed Cre-mediated recombination in neurons of the principal sensory nuclei in dTh
at embryonic day 14.5 (E14.5), shortly after they become postmitotic (14), with robust
recombination in the dorsal lateral geniculate nucleus (dLG) (fig. S1, C to K), which forms
the geniculocortical TCA projection that relays visual information from the eyes selectively
to V1. Little or no recombination was detected in the neocortex through the end of the first
postnatal week, encompassing the differentiation of cortical areas and the time frame of our
study (fig. S1, C to K).

We crossed RORa.®" mice to mice in which the third exon of the COUP-TF1 gene is
flanked by loxP sites, i.e. floxed (fl) COUP-TF1 [COUP-TF1%/ is described in (5)],
because COUP-TF1 is strongly expressed in dLG, COUP-TF1 deletion diminishes axon
growth (15), and most TCAs fail to reach the cortex in COUP-TF1-null mice (16). COUP-
TF1-null mice are not useful for our studies because of viability issues and defects in
cortical development (16). In contrast, the conditional knockout (cKO) mice (RORaC™/* or
RORaCe/Cre; cOUP-TF1/M) were viable and retained robust COUP-TF1 expression in the
neocortex (fig. S2, A and B), but COUP-TF1 was deleted from dLG by E15.5 (fig. S2, A
and B), and dLG size in cKO mice progressively decreased from the wild-type (WT) size
embryonically to virtually absent by postnatal day 7 (P7) (figs. S2, C and D, and S3).

To visualize TCA projections in the cortex, we first used serotonin [5-hydroxytryptamine (5-
HT)] immunostaining on tangential sections of flattened P7 cortices. In P7 WT mice, 5-HT
staining revealed the geniculocortical TCA projection from dLG to V1, as well as TCA
projections from the ventroposterior nucleus (\VVP) to the primary somatosensory area (S1)
and from the medial geniculate nucleus (MG) to the primary auditory area (Al) (Fig. 1A). In
P7 cKO mice, 5-HT staining showed that TCA projections to S1 and Al were intact, but the
geniculocortical TCA projection to V1 was absent (Fig. 1A). The loss of geniculocortical
input to V1 in P7 cKO mice was confirmed by anterograde and retrograde axon tracing from
dLG and V1 (fig. S4, A and B) and by crossing the cKO mice to a ROSA26-GAP43-eGFP
reporter line that labels TCAs by RORaC'e reporter activation (fig. S5A). Thus, conditional
deletion of COUP-TF1 from dLG using the RORaC'® line resulted in deletion of the
geniculocortical TCA projection by P7, but COUP-TF1 remained intact in the cortex.

To determine the time course of the geniculo-cortical TCA projection in cKO mice as
compared to WT mice, we bred RORaC'® mice on either a WT (COUP-TF1f/*; RORaCrel)
or cKO (COUP-TF1/fl: RORaCe* or COUP-TF1/fl: ROR.Ce/Cre) background, to a
conditional reporter line (Ail4 tdTomato) (17). Activation of the tdTomato reporter with the
RORaC' line labeled, at high resolution, geniculocortical TCAs from the dLG and TCAs
from VP and MG projecting to S1 and Al (Fig. 1B). Geniculocortical TCAs extend
tangentially in the subplate and underlie the cortical plate (CP) of nascent V1 by E16.5,
invade after birth the overlying V1 CP, and over the first postnatal week arborize in V1 layer
4, their predominant target layer (18). At E16.5, before TCAs invade the CP, the appearance
of tdTomato-labeled TCAs was indistinguishable between WT and cKO mice, with a high
density of labeled TCAs present in the occipital cortex of both (Fig. 1B). At P1, when
geniculocortical TCAs normally invade the CP of V1, the density of labeled axons in the
occipital cortex was substantially decreased in cKO mice as compared to WT mice (Fig.
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1B). By P3, labeled geniculocortical TCAs were robustly arborizing in layer 4 of V1 of WT
mice but were virtually absent from V1 and from the entire occipital cortex of cKO mice
(Fig. 1B). These findings were corroborated by retrograde axon tracing from V1 and S1
(figs. S4 and S6). Thus, geniculo-cortical TCAs appeared WT in embryonic cKO mice but
were eliminated early postnatally before significantly invading the CP or arborizing in layer
4 of V1.

Retrograde labeling from V1 and S1 showed that the area specificity of TCA input in the
cKO mice was similar to that in the WT mice (19, 20) (figs. S4 and S6). Overall size,
surface area, and tangential dimensions of the cortex were also similar between WT and
cKO mice, as was S1 position in the cortex and occipital cortex size, which in WT mice is
primarily V1 and VHO (fig. S5). Other features of the occipital cortex, including thickness,
cell density, and lamination, had similar appearances in adult cKO and WT mice (fig. S7).
Thus, mechanisms intrinsic to the cortex determine the overall size of the occipital visual
cortical field and of S1 relative to it, independent of geniculocortical TCA input.

This cKO line provided a model to address whether geniculocortical TCA input to V1
differentiates the occipital visual cortical field into V1 and VHO and whether its early
postnatal deletion disturbs this patterning. The distinct properties and functions that
distinguish V1 from VHO are largely determined by their genetic profiles; i.e., differences in
their patterned expression of sets of genes. Therefore, we developed gene markers that
distinguished V1 and VVHO and were exemplary of their distinct genetic profiles. We
assessed in WT mice when area patterning is mature, at P7 and later, the expression of
candidate genes to identify those that marked V1 or VHO in patterns that distinguished them
and fully delineated one or the other, or both uniquely, using tangential sections of flattened
cortices and cortical whole mounts, augmented with sagittal sections to also assess laminar
expression. The majority of genes expressed in visual areas did not delineate nor distinguish
V1 and/or VHO, but we identified a set of genes that did, and by definition they are among
those that generate the distinct properties that define and distinguish V1 and VHO (21-27).

Figure 2A illustrates the two types of expression patterns that delineated V1 and 5-HT
staining to mark geniculocortical TCAs terminating in layer 4 of V1. In P7 WT mice, RORp
was highly expressed in V1 layer-4 neurons but at low levels in VHO, whereas in P14 WT
mice, Igfbp4 expression was not detected in V1 but was robust in layers 2/3 of VHO. The
relationship of these expression patterns to geniculocortical TCA input to V1 suggests that
this input induces the patterned expression of genes such as RORp and represses the
patterned expression of genes such as Igfbp4. In P7 cKO mice, coincident with loss of
geniculocortical TCA input to V1, RORp expression exhibited a significant reduction in V1,
complemented by a significant increase of RORP expression in VHO, whereas Igfop4
expression exhibited a strong up-regulation in V1 of P14 cKO mice (Fig. 2A). We
performed densitometry of RORp expression to quantify its areal expression in P7 WT and
cKO mice (Fig. 2B). In P7 WT mice, V1 and S1 had similar high levels of ROR[ expression
and significantly lower expression in VHO, resulting in a trough in expression intensity
coincident with VHO (Fig. 2C). In P7 cKO mice, S1 had high expression similar to that in
WT mice, but the high expression in V1 and the low expression trough coincident with \VHO
were replaced by flattened RORP expression across the occipital visual cortical field of VHO
and V1. The absence in cKO mice of RORp expression differences between VHO and V1
characteristic of WT mice was due to both increased expression in VHO and decreased
expression in V1, and unlike WT mice, no significant difference was evident in expression
levels between VHO and V1 in the cKO mice (Fig. 2C,D).

Gene markers in our panel suitable for whole-mount in situ hybridization (WMISH) at P7
delineated V1 and VHO in the intact brain, while retaining the natural shapes and positions
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of areas. In P7 WT cortices, moderate expression of 1gfbp5 selectively marked the entire V1
and distinguished it from VHO, which had nondetectable levels of lgfbp5. In P7 cKO
cortices, 1gfbp5 expression in V1 was diminished to a level indistinguishable from that in
VHO, and the entire occipital visual cortical field had low or nondetectable 1gfbp5
expression. In P7 WT mice, both cadherin8 (Cad8) and Lmo4 showed opposing expression
patterns as compared to lgfbp5, with higher expression in VHO than V1, in distinct patterns
that fully delineated V1 and VHO independently. In cKO mice, the patterned expression of
Cad8 and Lmo4 was lost, and neither distinguished VHO from V1; instead, the occipital
visual cortical field exhibited a homogeneous expression across its full extent, due in large
part to increased expression of both genes throughout V1 to a level equivalent to that in \VHO

(Fig. 3).

The expression of the type 2 muscarinic acetylcholine receptor (m2AChR) and distinct
phosphorylation forms of neurofilaments (SMI-32) in adult WT mice delineate and
distinguish V1 and VHO and contribute to their specific functional properties (11, 26, 27).
Immunostaining for m2AChR revealed low or nondetectable labeling of VHO between the
strongly labeled VV1 and S1 (Fig. 4A). In adult cKO mice, immunostaining for m2AChR was
substantially diminished in layer 4 throughout V1, coupled with significantly increased
staining of layer 4 in VHO, resulting in homogeneous low staining across the entire occipital
visual cortical field normally composed of V1 and VHO (Fig. 4B). In situ hybridization for
m2AChR recapitulated both the WT and cKO expression patterns observed with m2AChR
staining patterns (Fig. 4B), showing that the changes in the cKO mice reflected a reduction
of m2AChR expression by V1 layer 4 neurons rather than the loss of presynaptic m2AChR
protein (27). Immunostaining for SMI-32 in adult WT mice also delineated V1 from VHO
with robust staining of V1 and low staining of VHO, but with staining predominantly
localized to projection neurons in layers 3 and 5. Deletion of geniculo-cortical TCAs to V1
in the cKO mice produced a substantial reduction in SMI-32 staining of both layer-3 and -5
projection neurons in V1 of adult cKO mice as compared to WT mice, resulting in
homogeneous staining of layers 3 and 5 across the occipital visual cortical field and an
inability to distinguish V1 from VHO (Fig. 4, A and B).

We have shown a prominent role for TCA input and redefined the role of intrinsic genetic
regulation of the differentiation of higher-order sensory areas from primary sensory areas
(fig. S8A). We selectively deleted geniculocortical TCA input to V1 early in postnatal
development to accomplish two goals: (i) to assess the requirement of geniculocortical TCA
input for the differentiation of genetic profiles that distinguish V1 from VHO and establish
their specific functional properties; and (ii) to isolate the function of intrinsic genetic
mechanisms to assess their role relative to geniculocortical TCAs in the specification and
differentiation of V1 and VHO. Isolating in cKO mice the function of intrinsic genetic
mechanisms in patterning V1 and VVHO redefined their roles in arealization and showed that
they specify an occipital visual cortical field that has a similar genetic profile over its extent.
Geniculocortical TCA input is required postnatally to differentiate the visual cortical field
into V1 and VHO and establish the genetic profiles that delineate and distinguish them.
Regardless of whether in WT mice the gene and protein markers were mare highly
expressed in V1 than VHO, or vice versa, they exhibited significant changes in their
patterned expression in cKO mice in which geniculocortical TCA input was deleted,
resulting in a uniform intermediate level of expression across the occipital visual cortical
field that would normally differentiate into V1 and VHO (fig. S8B). The change from
patterned to uniform expression occurred through bidirectional changes in expression, with
both down-regulation of expression in V1 and up-regulation in V1O, or vice versa, to
produce intermediate expression levels across the occipital visual cortical field despite the
selective targeting in WT mice of geniculocortical TCAs to only part of the occipital visual
cortical field; i.e., the nascent V1. These changes in patterned gene expression occurred not
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only in the primary TCA target layer 4, but also in layers 2, 3, and 5, which receive little or
no direct TCA input.

Our findings require a revision of the prevailing model of arealization and indicate a
working model with distinct stages: Intrinsic genetic mechanisms specify an occipital visual
cortical field with a relatively uniform genetic profile, followed by its differentiation into V1
and VHO driven by geniculocortical TCA input targeted selectively to the nascent V1 (fig.
S9). This multistage process of arealization creates the hierarchical cortical organization of
primary and higher-order visual areas that is required for proper visual perception and
behavior.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Selective deletion of geniculocortical TCA projection to V1in RORa-IRES-Cre floxed
COUP-TF1 cKO mice occursearly postnatally

(A) Geniculocortical projection to V1 is selectively absent in P7 cKO mice. 5-HT
immunostaining on tangential sections through layer 4 of P7 WT (COUP-TF1fl/+:
RORaC™®*) and cKO (COUP-TF1f/fl: RORaCre*) flattened cortices is shown. Rostral is at
left and medial at the top. 5-HT staining reveals TCA input from principal sensory thalamic
nuclei to primary sensory areas: dLG to V1, VP to S1, and MG to the primary auditory area
(A). The 5-HT-negative region surrounding V1 is composed of VHO. In P7 cKO mice, 5-HT
immuno-stained geniculocortical TCA input to V1 is absent. 5-HT staining of S1 appeared
modestly diminished in cKO as compared to WT mice probably because COUP-TF1 may
influence TCA input from VP, which expresses Cre (fig. S1) and exhibits COUP-TF1
deletion (fig. S2), but VP is less affected than dLG by COUP-TF1 deletion (figs. S2 and S4
to S6). (B) Time course of the deletion of geniculocortical TCA projection from dLG to V1
revealed in WT (COUP-TF1f*; RORaC™®*; Ai14) and cKO (COUP-TF1f/fl: RORCre/;
Ail4) mice crossed to the Ail4 line with the Cre-inducible axon reporter tdTomato. Sagittal
sections from E16.5, P1, and P3 WT and cKO cortices, showing TCAs labeled by tdTomato
reporter activated by Cre expressed in dLG and VP (anterior to the left, dorsal at the top) are
shown. At E16.5, labeled TCAs (arrows) are densely packed in the subplate underlying the
cortical plate of nascent V1, with the TCA projection being indistinguishable between WT
and cKO mice. At P1, the geniculocortical TCA projection is beginning to invade the
overlying CP of V1 in WT mice but is retarded in the cKO mice. By P3, the geniculocortical
TCA projection is densely terminating in V1 of WT mice but is virtually absent from V1 in
c¢KO mice. Abbreviations are as follows: 4, layer 4; ic, internal capsule; arrowheads
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approximate the anterior (A) — posterior (P) extent of nascent V1. Scale bars, 0.5 mm in (A)
and 0.2 mm in (B).
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Fig. 2. Differentiation of complementary gene markersthat distinguish V1 from vHO requires
the postnatal influence of geniculocortical TCA projection

(A) 5-HT immunostained tangential sections of flattened cortices to reveal TCA input and
RORB and Igfbp4 in situ hybridization (ISH) from WT (COUP-TF1f*; RORaC"®*) and
cKO (COUP-TF1f/fl: RORaCre*) mice; the field shown is indicated in the schematic. 5-HT
and RORP labeling were performed on sections through layer 4 of P7 cortices; Igfbp4
labeling was done on sections through layers 2/3 of P14 cortices. In WT mice, RORp is
strongly expressed in V1 and low in VHO, whereas Igfbp4 expression is low in V1 and high
in VHO, The lack of TCA input in cKO V1 (*) is accompanied by a loss in differential
expression patterns of RORP and Igfbp4 that distinguish V1 from VHO in WT mice. Scale
bar, 1 mm. (B) RORp expression at P7 from collapsing all tangential sections through layer
4. The rectangles are 100 um wide and 2700 um long and indicate the area used for pixel
intensity measurements shown in (C) and (D). (C) Plot of the normalized pixel intensity
(mean £ SEM) in the rectangular field shown in (B). Each bin is 100 pm wide and 20 pm
long and encompasses expression throughout layer 4 (z axis). The expression of RORp in
barrel B1 in the posterior medial barrel subfield of S1 is set at 100; other data are normalized
to it. In WT (black, n = 4) mice, the RORp expression is high in S1 and V1 and low in VHO,
whereas in cKO mice (red, n = 4), expression is flattened across the occipital visual cortical
field due to up-regulation in VHO and down-regulation in V1. (D) Bar graph of the statistical
analysis performed with data from (C). Significant difference in RORp expression intensity
between VHO (white) and V1 (black) was observed in WT mice (*P < 0.0001), but not in
cKO mice (n.s., not significant).
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Fig. 3. Vland vHO delineated by complementary gene expression patternsarereplaced with a
uniform occipital visual cortical field after deletion of geniculo-cortical TCA input

Photos show the posterior part of P7 WT (COUP-TF1f*; RORaC"®*) and cKO (COUP-
TF1/1l: RORACTe*) cortices, as in the schematic at top left, processed using whole-mount
in situ hybridization (WMISH) for Igfbp5, Cad8, and Lmod4. Igfbp5 expression specifically
delineates V1; Cad8 and Lmo4 show lower expression in V1 and higher expression in VHO
and delineate both. These differential expression patterns in WT mice are lost in the cKO
cortex and replaced with a uniform expression field that encompasses the entire occipital
visual cortical field (marked with *). Scale bar, 0.5 mm.
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Fig. 4. Geniculocortical input drives differential patterning of genesand proteinsthat contribute
to functional distinctions between V1 and VMO in the adult cortex

Immunostaining for m2AChR and the SMI-32 epitope (a nonphosphorylated epitope on
medium and heavy chains of neurofilaments that distinguishes functionally different forms)
and ISH with an m2AChR probe on flattened tangential (A) and sagittal sections (B) of WT
(COUP-TF1f*: RORaC™®*) and cKO (COUP-TF1f/fl: RORaCT®™*) cortices from adult (3—
month-old) mice is shown. Rostral is to the left. In WT mice, m2AChR is highly expressed
in layer 4 of V1, and SMI-32 is highly expressed in layers 3 and 5 of V1; both are expressed
at low or nondetectable levels in VHO of WT mice. In the cKO occipital cortex, m2AChR
and SMI-32 are greatly down-regulated in V1 and modestly up-regulated in VHO, resulting
in uniform expression across the occipital visual cortical field (marked with *) posterior to
S1 that would normally differentiate into V1 and VVHO. Scale bars, 0.5 mm.
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