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LIM homeodomain transcription factors are critical regulators of
early development in multiple systems but have yet to be exam-
ined for a role in circuit formation. The LIM homeobox gene Lhx2 is
expressed in cortical progenitors during development and also in
the superficial layers of the neocortex in maturity. However, anal-
ysis of Lhx2 function at later stages of cortical development has
been hampered by severe phenotypes associated with early loss
of function. We identified a particular Cre-recombinase line that
acts in the cortical primordium after its specification is complete,
permitting an analysis of Lhx2 function in neocortical lamination,
regionalization, and circuit formation by selective elimination of
Lhx2 in the dorsal telencephalon. We report a profound disruption
of cortical neuroanatomical and molecular features upon loss of
Lhx2 in the cortex from embryonic day 11.5. A unique feature of
cortical circuitry, the somatosensory barrels, is undetectable, and
molecular patterning of cortical regions appears disrupted. Sur-
prisingly, thalamocortical afferents innervate the mutant cortex
with apparently normal regional specificity. Electrophysiological
recordings reveal a loss of responses evoked by stimulation of
individual whiskers, but responses to simultaneous stimulation
of multiple whiskers were present, suggesting that thalamic affer-
ents are unable to organize the neurocircuitry for barrel formation
because of a cortex-specific requirement of Lhx2. We report that
Lhx2 is required for the expression of transcription factor paired
box gene 6, axon guidance molecule Ephrin A5, and the receptor
NMDA receptor 1. These genes may mediate Lhx2 function in the
formation of specialized neurocircuitry necessary for neocortical
function.

he formation of a functional brain structure is a stepwise

process starting with the specification of a particular region
of neuroepithelium, followed by the production of the correct
types and numbers of neurons, and finally the assembling of the
circuitry so that innervation to and from other structures is
connected properly. The mammalian neocortex is unique be-
cause of its complex six-layer architecture, and its development is
particularly complex because not only do neurons in different
layers have unique identities and innervation patterns, but also
the cortex as a whole is patterned into discrete regions sub-
serving distinct functions. Several transcription factors known to
have roles in neocortical patterning display graded expression in
the dorsal telencephalon. Paired box 6 (Pax6), empty spiracles
homeobox 2 (Emx2), Nuclear receptor subfamily 2, group f,
member 1 (NR2fI; also known as Coup transcription factor 1,
COUP-TFI), and Specificity protein 8 (Sp8) are expressed in
graded pattern in the cortical ventricular zone. Sp§ and Pax6 are
expressed in a rostral (high) to caudal (low) gradient and im-
part rostral identity (1-3), whereas Emx2 and NR2fI are
expressed in the opposite pattern, caudal (high) to rostral (low),
and impart caudal areal identity to the cortical primordium (4-6).
LIM homeobox 2 (Lhx2) is expressed in a gradient similar to that
of Emx2 and NR2fI, but its role in cortical patterning remains to
be investigated because early loss of Lhx2 function results in se-
vere defects that prevent the formation of the neocortex (7-9).

www.pnas.org/cgi/doi/10.1073/pnas.1311158110

Lhx2 plays a fundamental role as a cortical selector gene,
permitting the specification of the cortical primordium as a whole
by suppressing alternative fates corresponding to the hem, anti-
hem, and the paleocortex. In the LAx2-null mutant, two non-
cortical structures, the hem and the antihem, expand at the
expense of the cortical primordium (7, 9, 10). Conditional de-
letion of Lhx2 at embryonic day (E) 10.5 using an EmxICre
driver (11) produces ectopic paleocortex instead of neocortex
(8). NestinCre acts from E11.5 and spares the neocortex (8), but
it also drives recombination in subcortical regions such as the
thalamus (12), preventing an analysis of Lhx2 loss of function
exclusively in the cortex.

We were able to circumvent these constraints using another
EmxICre line (13) which we found to act a day later (E11.5) than
the one commonly (11). This later-acting EmxICre line permits
the neocortex to form despite the loss of Lhx2, permitting an
analysis of Lhx2 function in neocortical lamination and re-
gionalization by selective elimination of Lhx2 in the dorsal tel-
encephalon. We report that loss of Lhx2 in the dorsal telencephalon
results in a profound disruption of neocortical regional charac-
teristics. Molecular and neuroanatomical features that distin-
guish the somatosensory cortex—the barrels—are not detectable
when Lhx2 is deleted in the cortical primordium. Surprisingly,
thalamocortical fibers extend to the cortex and demonstrate
apparently normal region specificity with respect to the somato-
sensory and visual projections, indicating that a broad areal map is
formed in the absence of Lhx2. Consistent with this observation,
stimulation of multiple whiskers together is able to drive cortical
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neurons in the mutant. However, responses evoked by the stim-
ulation of an individual whisker are not seen in the mutant cortex,
suggesting that the refinement of thalamocortical connectivity to
form barrels fails to occur. The barrels are a prominent example of
what may be a broader role for Lhx2 in the cortex, the organiza-
tion of normal neuroanatomical and connectional features of
mature cortical circuitry.

Results

EmxI1Cre transgenic mice have been used extensively to study
the functions of important developmental control molecules in
the cortical primordium. The advantage of such lines is that the
recombinase expression, like that of Emx! itself, is limited to
the cortical primordium in the forebrain. The timing of this
expression generally is considered to be effective at E10.5, al-
though in the most extensively used EmxICre line, in which Cre
recombinase is knocked into the 3’ UTR as an internal ribosome
entry site (IRES)-Cre construct, the initiation of recombinase ac-
tivity has been reported as early as E9.5 (11). We compared the
EmxICre line with another such line available to us in which an
IRES-Cre construct is knocked into exon 1 of the EmxI gene,
creating a null allele of EmxI (13). These lines henceforth are
referred to as EmxICre™ (for the 3’ UTR knockin) and Enux1Cre™™
(for the exon 1 knockin).

Animals homozygous for the floxed Lhx2 allele (conditional
knockout, cKO) were crossed with EnxICre™ or EmxICre*™ mice.
Embryos from each cross were harvested at different ages and
examined for the expression of Lix2 exon 2/3, which is lost in
floxed cells. Emx1Cre™ and EmxICre*™ mice also were crossed
to the membrane targeted tomato and membrane targeted
GFP (mTmG) reporter line in which GFP expression is seen
upon successful floxing (Fig. 1).

Embryos from both EmxICre®’ and EmxICre™™ crosses re-
veal intense L/x2 exon 2/3 expression at E9.5. Emx1Cre™;Lhx2
cKO embryos reveal a dramatic decline in LAx2 exon 2/3 ex-
pression in the dorsal telencephalon from E10.0 onwards.
Complete floxing of LAx2 in the dorsal telencephalon is seen by
E10.5-E10.75, corroborated by the mTmG reporter line which
displays strong GFP expression in the dorsal telencephalon
(Fig. 1D).
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In contrast, EmxICre";Lhx2 cKO embryos reveal strong ex-
pression of Lhx2 exon 2/3 in the dorsal telencephalon up to
E10.5. The mTmG reporter line shows only minimal GFP ex-
pression at 10.75. It is at E11.5 that the dorsal telencephalon
displays floxing of Lhx2 exon 2/3. Therefore, there is at least a 1-d
difference in the timing of action of the two EmxICre lines,
with the Emx1Cre® line acting earlier than the EmxICre™" line
(Fig. 1). Control embryos display intense expression of Lhx2 in
the dorsal telencephalon from E9.5 to E12.5 (Fig. S1).

This difference in timing has important consequences for the
Lhx2 cKO phenotype, because there are distinct critical periods
for different functions of Lhx2 in the cortical primordium: sup-
pression of hem/antihem fate (up to E10.5) (9) and suppression
of paleocortical fate (up to E11.5) (8). Therefore, the temporal
difference in the activity of the two EmxICre lines would be
expected to give different Lhx2 cKO phenotypes. We tested this
hypothesis by examining EmxICre®’;Lhx2 ¢KO and EmxI1Cre'%;
Lhx2 cKO embryos (Fig. 2) and littermate controls (Fig. S2) for
the expression of antihem marker developing brain homeobox
protein 1 (DbxI) at E12.5 and the paleocortex marker LIM do-
main only 3 (Lmo3) at PO. Emx! Cre%;thZ cKO embryos display
ectopic antihem dorsally in locations that normally would corre-
spond to the neocortical primordium. In contrast, EmxICre"’;
Lhx2 cKO embryos do not display ectopic antihem (Fig. 2 F-H).
There is no specific marker at E12.5 for the neuroepithelial
domain that will give rise to the paleocortex, but we examined
the postmitotic paleocortex using Lmo3 as a marker (14). In
Emx1Cre®™;Lhx2 ¢cKO mice, as previously described, the paleo-
cortex appears ectopically, and the neocortex is greatly shrunken
(Fig. 2 D and E) (8). In contrast, in EmxICre™;Lhx2 cKO brains,
an entire stretch of neocortex is present (blue dashed line, Fig. 2
I and J), and there is no ectopic paleocortex. In summary, the
EmxICre™™ line offers a unique tool to examine the effects of
cortex-specific deletion of LAx2 after the critical periods for hem,
antihem, and paleocortical fate restriction are past.

We examined EmxICre™";Lhx2 cKO brains at P5-P10 for two
major features of neocortical development, regional patterning
of the cortex into distinct areas and the production of layer-
specific neuronal fates. A unique feature of cortical area pat-
terning is the barrel cortex, consisting of an array of barrels that

E11.5

i,

S

Fig. 1. Time points of action of two different Emx1Cre lines. (A-E) Brains from embryos carrying Emx1Cre*’ together with Lhx2 cKO (A-C and E) or mTmG
reporter (D), harvested at different stages. Lhx2 is expressed in the dorsal telencephalon at E9.5 but decreases by E10.0 and is lost by E10.5 (arrowheads in B
and C). The mTmG reporter reveals extensive GFP expression in an E10.75 brain, an indication of Cre activity (arrowheads in D). An E11.5 brain shows
complete loss of Lhx2 expression in the dorsal telencephalon (arrowheads in E). (F-J) Brains from embryos carrying Emx1Cre"* together with Lhx2 cKO (F~-H
and J) or mTmG reporter (/), harvested at different stages. Lhx2 is expressed in the dorsal telencephalon at E9.5, E10.0, and E10.5 (open arrowheads in G and
H). The mTmG reporter reveals only a sparse sprinkling of floxed GFP-expressing cells at E10.75 (open arrowhead in /). The dorsal telencephalon displays
extensive floxing and loss of Lhx2 expression only by E11.5 (open arrowheads in J). (Scale bars: 500 pm.)
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Fig. 2. Ectopic antihem and paleocortex appear when Lhx2 is deleted using Emx1Cre®’ but not Emx1Cre*. (A-E) Emx1Cre*’;Lhx2 cKO brains reveal ectopic
antihem in the dorsal telencephalon at E12.5 (arrowheads in A-C) and ectopic paleocortex instead of neocortex at PO (D and E). (F-J) Emx1Cre";Lhx2 cKO
brains do not reveal ectopic antihem (F-H), and the neocortex is spared (dashed line in / and J). Open arrowheads in C and H identify the normal antihem. In E
and J, the white arrow indicates the basolateral amygdaloid complex, and the white open arrow indicates the nucleus of the lateral olfactory tract, layer 2/3.
(Scale bars: 500 pm.) OE, olfactory epithelium; S, septum; Str, striatum; vTel, ventral telencephalon.

receive sensory input from the whiskers. These barrels consist of
neuropil formed by the terminal arbors of thalamocortical affer-
ents (the “barrel core”) synapsing onto the dendrites of spiny
stellate neurons in layer 4 that form the cellular “wall” of each
barrel. Barrels appear in early postnatal life, with each barrel
representing a unique one-to-one association between input from
each whisker on the contralateral snout of the animal and the
corresponding barrel (15).

Cytochrome oxidase staining in tangential sections of control
cortices at P7 reveals the barrels in the somatosensory cortical
area (Fig. 34). These patches, corresponding to the barrel cores,
appear to be completely missing in LAx2 cKO brains (Fig. 3E).
Each barrel core also contains high levels of serotonin seen in
control brains (Fig. 3 B and C) but missing in the Lhx2 cKO
brains (Fig. 3 F and G). In control brains, growth-associated
protein 43 (GAP43) expression is specifically excluded from the
barrel core and is expressed in the cellular septae in between
them, but no such segregation is seen in Lhx2 cKO brains (Fig. 3
D and H). Molecular markers of cortical patterning also reveal
apparently disrupted patterning, with the somatosensory cortex
marker EphrinA5 being nearly undetectable in the LAx2 cKO
brains (Fig. 3L). LIM domain only 4 (Lmo4) and Cadherin8,
markers that in controls delineate the somatosensory cortex by
a sharp boundary and a gap in expression (Fig. 3/ and K), display
no such gap in the Lhx2 cKO brain (Fig. 3 M and N).

Because barrel formation is an interactive process between
thalamocortical afferents and cortical neurons, we examined
projections between the ventrobasal nucleus of the thalamus and
the presumptive somatosensory area. We injected 0.5% Dil and
DiD in the somatosensory and visual cortex, respectively, of live
control pups at postnatal day (P) 9-P12, when barrel formation is
complete, and made similar placements in EmxICre*";Lhx2 cKO
pups. After 3 d of active transport, the brains were sectioned
coronally or sagittally. A total of six controls and five Lhx2cKO
animals were examined. In control brains, the Dil label was
detected broadly in both parts of the somatosensory nuclei, the
ventroposterior and posterior nuclei. The DiD label was seen in

Shetty et al.

the lateral geniculate nucleus (Fig. 4). Surprisingly, a very similar
pattern was seen in all 5 Lhx2 cKO brains. Thus, despite the
disruption of molecular patterning of the cortex and the loss of
the barrels, the projections between the thalamus and cortex
maintained their area-specific patterns (Fig. 4).

This finding prompted us to examine whether the thalamo-
cortical arbors made functional synaptic contacts onto the cor-
tical neurons. We performed extracellular, multineuron recordings
in adult animals under urethane anesthesia to determine sponta-
neous and stimulus-driven activity from the region that was shown
to be innervated by the neurons from the somatosensory thalamic
nuclei. Three EmxICre";Lhx2 ¢KO and three control animals
were examined. Penetrations were made in the barrel column of
controls and compared with recordings from LAx2 ¢cKO animals at
comparable depths. Spontaneous discharges of neurons in the
Lhx2 cKO cortex displayed high burst rates, with large amplitude
spike, whereas controls displayed a more uniform rate of spon-
taneous activity (Fig. S3).

We mapped the receptive fields of neurons at various depths
in multiple radial penetrations in control brains, in the area ~1.5
mm posterior and ~3 mm lateral to bregma, corresponding to
area S1. The schema in Fig. 54 shows the somatotopic map in
control animals that has been well described in the literature
(16). Stimulation of individual whiskers in control mice gener-
ated responses that mapped to the whisker barrels (blue circles
in Fig. 54). In contrast, no responses to stimulation of individual
whiskers were obtained in the LAx2 cKO brain. Responses were
obtained only when all the large whiskers on the contralateral
whisker pad were stimulated together (blue circles in Fig. 5 C, E,
and N-P). Furthermore, these responses were restricted to
a small region of the Lhx2 cKO cortex. All three EmxICre*";
Lhx2 animals from the laboratory of Yuqing Li gave similar
results. In addition, we found robust responses to stimulation of
different parts of the animals’ body, such as parts of the face,
tail, and hind limb (Fig. 5 C and E). These responses were in
appropriate somatotopic locations with respect to the whisker-
responsive region.

PNAS | Published online November 21, 2013 | E4915
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Fig. 3. The somatosensory cortical barrels are missing upon loss of cortical Lhx2 function. Emx1Cre"";Lhx2 cKO and littermate controls were examined at P5-
P7. (A-D) Control brains display characteristic cytochrome oxidase staining in tangential sections (A) and serotonin immunostaining in sagittal sections (B and
C) in the barrel cores (asterisk in C). In situ hybridization for GAP43 (D) identifies cortical neurons that form the cellular barrel walls (arrows in D) and are
excluded from the cell-poor barrel core (asterisks in C and D). (E-H) In Lhx2 cKO brains, neither cytochrome oxidase histochemistry nor serotonin immu-
nostaining reveals detectable barrels, and GAP43 expression shows cortical neurons uniformly distributed with no sparing of barrel cores. (I-K) In sagittal
sections of control brains, the somatosensory cortex is marked by expression of EphrinA5 and also is delineated by a gap in the expression of Lmo4 and
Cadherin8 (the region between the arrowheads in J and K). (L-N) Lhx2 cKO sections reveal disrupted molecular regionalization with loss of EphrinA5 from the
superficial layers and reduced expression of EphrinA5 in the deep layers and no apparent boundaries in Lmo4 and Cadherin8 expression. A is a montage of

three tangential section images that have been assembled to display the barrel cortex. (Scale bars: 500 pm.)

In control brains, stimulus-evoked responses were obtained at
expected depths of penetration, consistent with the location of
layer 4 (Fig. 5 H-J). A surprising feature of evoked responses in
Lhx2 cKO brains was that activity usually was seen in very su-
perficial levels of penetration (Fig. 5 K, L, N, and O). The short
latencies of these responses (<10 ms after stimulus onset) are
indicative of functional thalamocortical inputs to the mutant
cortex, seen at levels of penetration more superficial than the
expected depth for layer 4. To understand the nature of this
defect, we first ascertained whether layer 4 neurons and other
cortical laminar-specific fates are specified and normally posi-
tioned in the EmxICre™;Lhx2 cKO brain. All layer-specific
markers were seen in the appropriate order, with deep-layer
markers T-box brain 1 (7brl), forebrain embryonic zinc finger
protein 2 (Fezf2), and Ets-related protein 81 (ER81) displaying
comparable expression in the mutant brains (Fig. 6). The ex-
pression of the layer 4 marker RAR-related orphan receptor B
(RORD) and the layer 2/3 marker cut-like homeobox 2 (Cux2)
reveals that, although these molecular identities are indeed
specified, these layers are thinner in the absence of Lhx2 (Fig. 6),

E4916 | www.pnas.org/cgi/doi/10.1073/pnas.1311158110

as is consistent with a recent report (17). Therefore it is rea-
sonable that layer 4 neurons reside more superficially in the Lhx2
cKO brain than in the control brain, and this more superficial
location could explain the functional responses seen in the mu-
tant. These deficiencies in the thickness of the superficial layers
are reminiscent of the phenotype reported for the loss of Pax6
(18). We examined Pax6 cKO brains using the same EnuwxlCre™™
driver. The laminar expression of Tbrl, Fezf2, ERSI, RORb, and
Cux2 in EmxICre¥’;Pax6 cKO brains is strikingly similar to the
EmxICre”;Lhx2 cKO phenotype (Fig. 6).

This finding motivated an examination of whether Lhx2 and
Pax6 may interact in an epistatic relationship. We examined
Lhx2 expression in Pax6-null mutant embryos (Pax6'??) at
E12.5 and found it to be comparable to that in control brains
(Fig. S4). In contrast, Pax6 expression is dramatically reduced in
the absence of Lhx2. Pax6 expression is depleted in much of the
dorsal telencephalon in both CreER;Lhx2 ¢cKO brains adminis-
tered tamoxifen at E10.5 and EnxICre™;Lhx2 cKO brains. Only
the extreme lateral antihem region is spared and continues to
express high levels of Pax6 even though LAx2 has been floxed in

Shetty et al.
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Fig. 4. Area-specific projections are formed between the thalamus and the
Lhx2 cKO cortex. (A-H) Dil and DiD injections were made in discrete locations
in the cortex of P9-P12 Emx1Cre" ;Lhx2 cKO pups and littermate controls
under anesthesia, and the brains were harvested after 3 d. Whole-brain
images (E and Insets in A and C) indicate the injection sites. Sagittal (A-D) and
coronal (G and H) sections were counterstained with DAPI. Confocal images of
the thalamus reveals Dil (red label) in the ventroposterior nucleus (VP) and
posterior (Po) nucleus and DiD (white label) in the lateral geniculate nucleus
(LGN) of both control (A and B) and mutant (C, D, G, and H) brains. (F) A
bright-field image of a section of the Lhx2 cKO brain in E and G, revealing the
injection site of Dil in cortex. A-D, G, and H are montages of multiple images
that have been assembled to display the entire brain section in A, C, and G
(low-magpnification epifluorescence images) and the entire labeled region in B,
D, and H (high-magnification confocal images). In each low-magnification
image (4, C, and G), the corresponding high-magnification confocal image (B,
D, and H, respectively) is overlaid in the appropriate location of the thalamus
to indicate the region in which the label was detected. (Scale bars: 500 pm.)

this region (Fig. 7B). These data indicate an interaction between
Lhx2 and Pax6 in the cortical primordium, with Lhx2 acting
upstream of Pax6. To test whether this interaction may be direct,
we performed ChIP from E12.5 cortex tissue. We focused on
a conserved Lhx2-binding site TAATTA within the Etel region,
a well-characterized telencephalon-specific enhancer of Pax6
transcription located between exon 0 and exon 1 of the Pax6
gene (19). Lhx2 binding to this site has been demonstrated in
human embryonic stem cells (20). We found a 3.5-fold enrich-
ment of Lhx2 binding at this site in E12.5 cortex tissue (Fig. 7D,
n = 4). These results, together with the strikingly similar reduced
upper-layer phenotypes seen in Lhx2 cKO and Pax6 cKO ani-
mals, suggest that Lhx2 may act via Pax6 to regulate the pro-
duction of cells in the superficial layers of the cortex.

When Pax6 is conditionally deleted in the cortex, cytochrome
oxidase patches are seen in the barrel cortex (21). We examined
Emx1Cre*";Pax6 cKO brains for evidence of cellular barrel walls
and found that GAP43 expression does indeed display a barrel-
like expression pattern in an appropriate region of the Pax6 cKO
cortex (Fig. 7 G and I), reduced in size as has been previously
reported (21, 22). Because both barrel walls and barrel cores

Shetty et al.

form in the absence of Pax6, it is unlikely that Pax6 is a major
target of Lhx2 with respect to the regulation of barrel formation.
We confirmed this notion by comparing GAP43 expression at P7
in Emx1Cre¥"-driven single- and double-cKO mutant brains. As
predicted, the double LAx2 cKO;Pax6 cKO phenotype (Fig. 7K)
closely resembled that seen in LAx2 cKO (Fig. 7/) but not in Pax6
cKO brains (Fig. 7 G and I).

We examined mechanisms that are known to regulate synaptic
maturation, NMDA receptor (NMDAR)- and serotonin-medi-
ated signaling. Barrel formation is known to require functional
NMDARsS (23, 24). It also is sensitive to enhanced levels of se-
rotonin (25), which may act via SHT1b receptors expressed by
thalamocortical afferents (25, 26). We examined NMDARI and
monoamine oxidase A (MAOA) mRNA levels in the EmxICre™™;
Lhx2 cKO cortex at P3, when the barrels have not yet formed
(Fig. 8). NMDARI mRNA levels are reduced to 48% of con-
trol levels, but the expression of MAO is unaffected, sug-
gesting that Lhx2 may specifically control NMDA-dependent
signaling mechanisms.

Discussion

LIM homeodomain (LIM-HD) genes regulate key steps in the
development of many systems, and the LIM-HD family members
LIM homeobox transcription factor la (LmxIa), Lhx2, and Lhx5
are known to be critical for the development of different com-
ponents of the dorsal telencephalon. Broadly, these genes have
roles in early development, such as the specification of a partic-
ular cell fate, with parallels across vertebrate and invertebrate
species: apterous is a dorsal selector gene in the Drosophila wing
disk (27); in a parallel role, Lhx2 acts as a cortical selector in the
mammalian telencephalon (9); Lmx1a regulates the development
of the cortical hem (28); Lhx5 is required for the development of
the hippocampus (29); and Lmx1b has a parallel role in the de-
velopment of the isthmic organizer (30). Lhx6, Lhx7, and islet 1
(Isll) are necessary for the proper specification of striatal inter-
neurons (31, 32); mec3 is required for the specification of touch
receptor neurons in Caenorhabditis elegans (33). A complex code
of Isll, Isl2, and Lhx3 controls motor neuron subtype identity in
the vertebrate spinal cord (34). A second set of roles identified
for LIM-HD transcription factors involve axon guidance: Lhx2
itself in thalamocortical pathfinding (35, 36) and Apterous and
Isl in axon guidance of Drosophila ventral nerve cord inter-
neurons (37, 38).

A notable feature of this family is that its members subserve
multiple roles in different systems, and in some cases the same
gene plays distinct roles at different times in the development of
a particular system. For example, Isll is necessary first for speci-
fication of motoneurons (39) and then participates in a combina-
torial code to specify the identity of particular motoneuronal
subtypes within this pool (40). The diverse roles of Lhx2 are
striking in this regard: It is required not only for erythropoiesis
(41) but also for multiple stages of optic development (42). In the
dorsal telencephalon, there are distinct critical periods for differ-
ent functions of Lhx2. Before E10.5, Lhx2 suppresses alternative
fates corresponding to the hem and antihem in the cortical pri-
mordium (7, 9), and up to E11.5 it prevents the neocortex from
being transformed into paleocortex (8). Later, during the period of
neurogenesis in the hippocampal primordium, it acts in the ven-
tricular-zone progenitors to suppress astrogliogenesis (43). In the
neocortical primordium, it maintains ventricular-zone progenitors
in a proliferative state (17). Lhx2 also regulates thalamocortical
pathfinding (35, 36), which is an important regulator of cortical
arealization (44), thereby making it difficult to examine whether
Lhx2 has a role in the development of area-specific features in the
cortex independent of its role in the thalamus. We have uncovered
a novel function of Lhx2 using a cKO strategy combined with
a spatio-temporally controlled Cre line that acts in the dorsal
telencephalon from E11.5 (EnxlCre™). Our results highlight the
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Fig. 5. Aberrant evoked responses and a rudimentary functional map in the adult Lhx2 cKO cortex. (A, C, and E) Schematic representations of a flattened
control cortex (A) and Lhx2 cKO cortices from two different animals (C and E). The lesion sites with reference to which the recording sites were localized are
marked. The key for the symbols in A, C, and E is shown in G. (B, D, and F) Cytochrome oxidase staining in tangential sections of the same cortices, showing the
lesion sites (white arrows). (H-J) Evoked responses to principal whisker stimulation in control brains at different depths of penetration. (Scale bars: 500 pm.)
(K-P) Electrophysiological recordings in adult control and Emx1Cre";Lhx2 cKO mice. (K-M) Evoked responses to stimulation of skin above the whisker pad.
(N-P) Stimulation of multiple whiskers simultaneously in Lhx2 cKO animals at different depths of penetration. Note the peristimulus time histogram reveals
responses at short latencies (<10 ms) after stimulus onset in control and mutants, indicative of direct input from the thalamus. Aud, auditory; FP, forepaw; HL,
hindlimb; LJ, lower jaw; TR, trunk; UL, upper lip; Vis, visual; WB, whisker barrels.

EmxICre™ line as a valuable tool that permits fine temporal
dissection of gene function in cortical development.

Graded Transcription Factors in Cortical Arealization. Transcription
factors expressed in gradients in the cortical primordium are well
positioned to regulate the patterning of the cortex into distinct
areas subserving different functions. Pax6, Emx2, Sp8, and
NR2f1 each are required to position these areas properly; in the
absence of any, the area map is shifted (1-6). Lhx2, which also is
expressed in a gradient, thus far has not been examined for this
role. In EmxICre™ ;Lhx2 cKO animals, the expression of mo-
lecular markers of arealization is disrupted profoundly in a
manner that is not easy to interpret, except that the molecular
characteristics of the somatosensory area appear to be missing.
Nonetheless, it is clear that thalamocortical/corticothalamic axons
are able to interpret broad areal identities in appropriate positions
relative to each other in the Lhx2 cKO cortex. Furthermore,
despite gross aberrations in the expression of molecular markers
that call into question the molecular identity of the presumptive
somatosensory region, stimulation of different body parts is able
to drive neurons in the LAx2 cKO cortex. A significant feature of
these evoked responses is that they display a topography that
roughly parallels that in controls. Responses to stimulation of the
tail and hind limb are seen in sites medial to the whisker-responsive
region in the Lhx2 cKO, similar to the representation of the trunk
and hindlimb in controls. Likewise, stimulation of parts of the face
evoked responses in sites rostral to the whisker-responsive area in
Lhx2 cKO animals, similar to the location of “upper lip” responses
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in control animals. It is the whisker responses themselves that are
profoundly disrupted in the LAx2 cKO animals, in that stimulation
of individual whiskers failed to evoke any detectable response.
However, responses were obtained to stimulation of multiple
whiskers, supporting the interpretation that this site is indeed the
presumptive barrel field of the Lhx2 cKO cortex, in which the
barrels have failed to form. In summary, the evidence indicates
that in cortical neurons Lhx2 is necessary for the circuitry that
enables the formation of whisker-specific barrels rather than for
the specification of the somatosensory area itself.

Transcription Factors in Cortical Lamination. Several transcription
factors play key roles in the specification of particular layer-
specific neuronal identities. In Emx] Cre"*;Lhx2 cKO animals, all
cortical layers appear to be specified. However, superficial layer
neurons are reduced in number upon cortex-specific loss of Lhx2,
apparently because the early exit of ventricular-zone progenitors
from the cell cycle depletes the progenitor pool (17). Recently, it
has been shown that Lhx2 regulates neuronal differentiation in
human embryonic stem cells by promoting the expression of Pax6
as well as Cerberusl, an antagonist of Wnt and bone morpho-
genic protein signaling (20). We find Pax6 expression in the
cortical primordium to be critically dependent on Lhx2. To-
gether with the similar reduction of superficial layers seen in the
Emx1Cre"™;Lhx2 ¢KO and the EmxICre"™;Pax6 cKO pheno-
types, this finding suggests that Lhx2 may act via Pax6 for the
control of neurogenesis in the cortical ventricular zone.
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Fig. 6. Loss of Lhx2 produces cortical lamination phenotypes similar those seen with loss of Pax6. P7 brains were examined with a panel of layer-specific
markers. Control (A-E) and Emx1Cre"";Lhx2 cKO (F-J) sections reveal layer-specific markers expressed in appropriate relative positions, but the superficial
layers in the Lhx2 cKO cortex are significantly reduced. (K-Y) The same panel of markers was used to compare control sections (K-0) with Emx1Cre"*;Lhx2
cKO (P-T) and Emx1Cre"";Pax6 cKO (U-Y) sections. Lhx2 cKO and Pax6 cKO brains display a similar thinning of the Cux2- and RORb-expressing superficial
layers. Deep layers, marked by Tbr1, Fezf2, and ER81, appear similar to controls. (Scale bars: 500 pm.)

One explanation for the lack of cortical barrels in the LAx2
cKO brain might be that barrel formation requires a minimum
number of layer 4 cortical neurons. Comparison with the Pax6
cKO brain is useful in this regard. Upon cortex-specific loss of
Pax6, a reduction in superficial layer neurons, similar to the
defect in the LAx2 cKO brain (17), is seen because of the pre-
mature exit of ventricular zone progenitors from the cell cycle
(18). However, whisker-specific cytochrome oxidase-expressing
barrel cores (21, 22) as well as cellular barrel walls (this study) do
form in the absence of Pax6. Therefore, a decrease in cortical
neuronal number may not by itself explain the loss of barrel
formation in the Lhx2 cKO. Furthermore, because barrels do
form despite the loss of Pax6, this transcription factor may not be
the critical mediator for the function of Lhx2 in regulating
barrel formation.

The Regulation of Somatosensory Barrel Formation. The barrel field
is an organizational hallmark of the rodent cortex. Layer 4 spiny
stellate neurons form the cellular wall of each barrel and extend
dendrites in a polarized manner into the barrel core, which is
innervated by whisker-specific, clustered thalamocortical affer-
ents. Thalamocortical axons are thought to presegregate into
barrel-specific clusters just as they enter the cortex (45). This
segregation can be independent of cellular barrel-wall formation.
For example, barrel formation critically requires NMDA-medi-
ated signaling, so that neither cellular barrel walls nor thala-
mocortical afferent clusters are seen in NMDAR-null mutants
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(24). However, cortex-specific NMDARI cKO mutants (EmwxICre;
NMDARI cKO) display cytochrome oxidase patches correspond-
ing to the large whiskers but no cellular barrel walls (23). This
observation indicates that NMDARI1 function in the cortex is
critical for the formation of the barrel walls but not for the seg-
regation of whisker-specific thalamocortical afferents.

Our results show that Lhx2 is required for normal levels of
NMDAR expression in the cortex. However, in Emx] Cre"*;Lhx2
cKO animals, cortex-specific deletion of LAx2 causes the loss of
both cellular barrel walls and cytochrome oxidase-positive patches,
suggesting that NMDA-regulated mechanisms may mediate Lhx2
function only partially in barrel formation. What mechanisms
might mediate the role of Lhx2 in the clustering of thalamocortical
axons? The expression of EphrinA5, an axon-guidance molecule
specifically expressed in the somatosensory cortex, is greatly re-
duced upon loss of Lhx2. In particular, expression of EphrinAS
appears to be lost almost completely in the superficial layer.
EphrinAS has been shown to regulate thalamocortical axon
branching in cortical slices (46), and this mechanism may
contribute to the loss of cytochrome oxidase-positive patches
in the Lhx2 cKO.

Barrel formation is dependent on many synaptic proteins
and activity-regulated molecules such as the receptor mGlur5,
adenylate cyclasel, phospholipase C 1, synaptic Ras GTPase
activating protein 1, and Rab3-interacting molecule 1 and 2 (47,
48). Cortex-specific knockouts of particular transcription factors
such as CCCTC-binding factor (CCTF), neurogenic differentiation
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2 (NeuroD?2), and DNA methyltransferase 1 (Dnmt1) (49-51) also
display impaired or deficient barrel formation. In particular,
CCTF regulates several members of the protocadherin (Pcdh)
cluster, many of which have been implicated in the control of
dendritic morphogenesis and synapse formation that may be crit-
ical to barrel formation (49). A link between Lhx2 and Pcdh10b
has been discovered in the zebrafish diencephalon, where Lhx2
and Lhx9 suppress Wnt signaling and the expression of Pcdhl0b is
critical for patterning and boundary formation (52). These find-
ings motivate further studies aimed at examining whether Lhx2
interacts with CCTF or members of the protocadherin cluster to
regulate cortical barrel formation.
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Fig. 8. Lhx2 regulates the expression of synaptic plasticity molecules in the
dorsal telencephalon. MAO and NMDART1 levels were determined by quanti-
tative real-time PCR analysis in tissue harvested at P3 (control, n = 3; Emx1Cre"";
Lhx2 cKO, n = 4). Statistical analysis was performed using the Student t test.
MAO levels were comparable in control and mutant cortices, whereas NMIDAR1
levels in the mutant were 48% of the control levels. Error bars represent SEM.
*P < 0.05.
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In summary, we report a cortex-specific role for Lhx2 in the
formation of area-specific neurocircuitry specializations, of which
the somatosensory barrels may be the most prominent example in
rodents. Multiple direct or indirect downstream targets may
mediate this function of Lhx2, such as Pax6 (this study), the
Notch signaling pathway (17, 43), axon guidance molecules such
as Robol (36) and Ephrin A5 (this study), and the receptor
NMDARI (this study), a major regulator of synaptic plasticity.
This work extends the known functions of Lhx2 in fundamental
stages of corticogenesis, positioning it as a master regulator of
forebrain development.

Materials and Methods

Mice. The different mice mutant strains along with their sources are detailed
in S/ Materials and Methods.

Histochemistry. In situ hybridization was performed as described in ref. 7.
Cytochrome oxidase histochemistry was done as previously described (53).
The sources, concentrations, and protocols for the antibodies used in this
study (rabbit anti-serotonin, biotinylated goat anti-GFP, and goat anti Lhx2)
are detailed S/ Materials and Methods.

Imaging. The different epifluorescence and confocal microscopes and the
image-analysis procedures used are described in S/ Materials and Methods.

Lipophilic Dye Labeling. Dye labeling was performed via injections of lipo-
philic carbocyanine dye in the cortex and is detailed in S/ Materials
and Methods.

Electrophysiology. Multineuronal activity from adult control and Emx1Cre";
Lhx2 cKO mice was recorded using standard protocols (54, 55) as detailed in

SI Materials and Methods.

ChIP. Mouse E12.5 cortical tissue was used for ChIP using Lhx2 antibody as
detailed in S/ Materials and Methods.
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