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SUMMARY

Cortical neurons must be specified and make the
correct connections during development. Here, we
examine a mechanism initiating neuronal circuit for-
mation in the barrel cortex, a circuit comprising tha-
lamocortical axons (TCAs) and layer 4 (L4) neurons.
When Lhx2 is selectively deleted in postmitotic
cortical neurons using conditional knockout (cKO)
mice, L4 neurons in the barrel cortex are initially
specified but fail to form cellular barrels or develop
polarized dendrites. In Lhx2 cKO mice, TCAs from
the thalamic ventral posterior nucleus reach the bar-
rel cortex but fail to further arborize to form barrels.
Several activity-regulated genes and genes involved
in regulating barrel formation are downregulated in
the Lhx2 cKO somatosensory cortex. Among them,
Btbd3, an activity-regulated gene controlling den-
dritic development, is a direct downstream target of
Lhx2. We find that Lhx2 confers neuronal compe-
tency for activity-dependent dendritic development
in L4 neurons by inducing the expression of Btbd3.

INTRODUCTION

The barrel cortex, a major part of the primary somatosensory
cortex (S1), receives and processes inputs from major facial
whiskers in a topographic fashion. The barrels are located in
cortical layer 4 (L4) and consist of L4 spiny stellate neurons form-
ing cell-dense rings or “cellular barrels” and thalamocortical
axons (TCAs) that occupy the barrel hollow. L4 neurons develop
polarity and extend dendrites asymmetrically to the hollow upon
receiving TCA inputs in the first postnatal week (Erzurumlu and
Gaspar, 2012; Li and Crair, 2011; Wu et al., 2011). Assembly of
the barrel cortex circuit is critical for somatosensation in rodents,
and it requires finely tuned coordination between cortical and
thalamic neurons.
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Previous studies of genetically modified mice demonstrated
that the establishment of neuronal connections and the trans-
mission of neuronal activity from whiskers to the L4 neurons in
S1 are required for barrel formation. Deletion of factors func-
tioning in glutamatergic or serotonergic neurotransmission per-
turbs the formation of patterned TCA inputs and/or the aggrega-
tion of L4 neurons (Erzurumlu and Gaspar, 2012; Li and Crair,
2011; Vitali and Jabaudon, 2014; Wu et al., 2011). Furthermore,
several activity-dependent transcription factors, such as Lmo4,
NeuroD2, and Btbd3, were reportedly involved in the formation
of cellular barrels or the development of polarized dendritic pat-
terns (Ince-Dunn et al., 2006; Kashani et al., 2006; Matsui et al.,
2013). In spite of these studies, the molecular mechanisms initi-
ating barrel cortex development remain largely unknown. For
example, it remains to be determined how L4 neurons acquire
the capacity to respond to TCA inputs, and reciprocally, how
cortical neurons instruct thalamic axons during barrel cortex
formation.

Lhx2, a LIM homeodomain transcription factor that functions
to specify multiple cell types (Shirasaki and Pfaff, 2002), is highly
expressed in cortical neurons located in the superficial layers
embryonically and in the first postnatal weeks (Bulchand et al.,
2003; Nakagawa et al., 1999). A previous report showed that
conditional Lhx2 deletion in cortical progenitors using a late-
onset Emx1-Cre perturbs barrel formation (Shetty et al., 2013),
implying that cortical expression of Lhx2 regulates barrel cortex
development. However, dramatic defects in neurogenesis,
cortical layer formation, and cortical patterning were reported
when Lhx2 was deleted in the cortical progenitors (Chou and
O’Leary, 2013; Chou et al., 2009; Hsu et al., 2015; Shetty et al.,
2013), making it difficult to delineate the postmitotic function of
Lhx2 in barrel development. Here, by deleting Lhx2 specifically
in postmitotic cortical neurons with Nex-Cre (Goebbels et al.,
2006), we find that Lhx2 is required for L4 neurons to form cellular
barrels and for the TCAs to extensively arborize in the barrel cor-
tex. Further, Lhx2 induces the expression of several activity-
regulated genes and enables cortical neurons to respond to
TCA inputs. These findings indicate that Lhx2 acts as a molecu-
lar switch in cortical neurons to initiate somatosensory circuit
assembly.
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RESULTS

The Absence of Lhx2 in Postmitotic Neurons Leads to
Anatomical Defects in Barrel Cortex Development

Lhx2 is highly expressed in neurons located in layers 2/3 (L2/3)
and L4 (Bulchand et al., 2003; Nakagawa et al., 1999), but its pre-
cise functions in these postmitotic neurons have not been fully ad-
dressed. In mice, once cellular barrels become apparent at post-
natal day 7 (P7), Lhx2 expression in L4 of the somatosensory
cortex becomes more concentrated in the barrel wall (Figure S1A),
suggesting that it functions in L4 neurons regulating barrel forma-
tion. We thus investigated barrel cortex development in the Lhx2
cKO (Lhx2""; Nex-Cre) brains, where Lhx2 is selectively deleted in
postmitotic neurons by Nex-Cre (Goebbels et al., 2006).
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Figure 1. Lhx2 cKO Mice Show Defects in
Barrel Formation

(A) Immunostaining for 5HT and vGIuT2 and DAPI
nuclear staining on tangential sections of flattened
cortex of WT (wild-type) and cKO (Lhx2™";Nex-Cre)
mice at P7. The 5HT- and vGluT2-positive TCA in-
puts filled the barrel hollow (for example, C2,
marked with an asterisk [*)). Cellular barrels
(arrowheads) were apparent in WT but were not
detected in the cKO samples. D, dorsal; A, anterior.
(B) Comparison of WT and cKO S1. The size of
PMBSF was significantly decreased in cKO S1
(p < 0.001), with decreased area size of hollow
(p < 0.001) and increased area size of septa
(p < 0.01). The length of PMBSF along rows was
decreased (p < 0.01), while no significant differ-
ence was found in the length of PMBSF along the
arc (n.s., not significant, p > 0.05).

(C) TCA projections are labeled by Dil (red) injected
into VP of the thalamus in WT and cKO brains.
Coronal sections were counterstained with DAPI. In
WT and cKO mice, VP neuronal axons can reach the
subplate (sp) and cortical plate (cp) in S1 at PO and
P3, respectively. At P7, while VP TCAs in WT
arborize in layer 4 (4) to fill the barrel hollow, VP TCAs
in cKO mice fail to arborize in L4, and some axonal
terminals (arrowheads) remain in layers 2/3 (2/3).
Scale bars, 200 um. See also Figures S1 and S2.

The location of TCAs targeting the pri-
mary sensory areas was determined by
immunostaining with antibodies against
5HT and vGIuT2 on tangential sections of
flattened cortices (Figures 1A and S1B).
In contrast to the nearly complete loss of
TCA inputs in the cortices where Lhx2
was deleted by late-onset Emx7-Cre
(Shetty et al., 2013), the conditional
knockout (cKO) mice had detectable
5HT- and vGluT2-positive primary sensory
areas, including S1, A1 (primary auditory
area), and V1 (primary visual area) (Fig-
ure S1B; Zembrzycki et al., 2015). Among
the primary sensory areas, the size of S1in
cKO mice was the most dramatically
diminished. This change was not due to

changes in cortical size, as no major differences were found in
the cortical size between cKO and wild-type (WT) mice (including
Lhx2" Lhx2™, Lhx2"+;Nex-Cre, and Lhx2**:Nex-Cre) (Fig-
ure S1C; Chou et al., 2009; Zembrzycki et al., 2015). We found
that the size of the posterior medial barrel subfield (PMBSF), the
major component of the S1, was significantly decreased in cKO
mice (Figures 1A and 1B). Within the cKO PMBSF, barrels were
disproportionally decreased in size: the area of the vGIuT2-posi-
tive hollow was significantly decreased, and the vGluT2-negative
septal area was significantly increased (Figure 1B). Further, we
observed enlarged spacing between barrel rows in cKO PMBSF,
where adjacent barrels in two rows were further apart than adja-
cent barrels within the same row (Figure 1A). This led to signifi-
cantly decreased length of PMBSF along rows, while the length



along arc remained similar in cKO and WT mice (Figure 1B). This
result suggests that Lhx2 in the postmitotic neurons patterns the
distribution of TCAs in S1.

To further examine the development of TCAs in cKO mice, we
inserted Dil (1,1-dioctadecyl-3,3,3’,3’-tetramethyl-indocarbo-
cyanine perchlorate) crystals into the thalamic ventral posterior
nucleus (VP) to track VP axonal projections at various time points
in the first postnatal week. In both WT and cKO brains, VP TCAs
reached the subplate underneath S1 at PO and extended to
superficial layers in the cortical plate at P3 (Figure 1C). At P7,
however, while VP TCAs arborized extensively in WT L4 to
occupy barrel hollows, they were more sparsely branched in
cKO L4 with an increase of branches and terminal endings in
L2/3 (Figures 1C and S1D). Thus, Lhx2 deletion in postmitotic
cortical neurons did not impede VP TCAs entering S1; instead,
it led to their arborization defects.

We then asked whether the cKO L4 neurons form cellular bar-
rels, the cell-dense rings enclosing TCA patches. We observed
cellular barrels by P7 in WT mice, but not in cKO mice (Figure 1A).
We measured the cell density across the C2 barrel by DAPI stain-
ing on tangential sections of P7 WT and cKO cortices (Fig-
ure S1E). We observed higher L4 cell density in septa (with
weaker vGIuT2 staining) than in hollows (with stronger vGIuT2
staining) in WT mice, while L4 cells distributed evenly across bar-
rels in cKO mice (Figures S1F and S1G). Further, we found
cellular barrels remained undetectable at P20 (Figure S1H), con-
firming that barrel formation was not simply delayed in cKO mice.
Thus, we concluded that the loss of Lhx2 in postmitotic neurons
leads to defects in cellular barrel formation.

To verify that the loss of cellular barrels in cKO mice was not
due to the failure of L4 neurons to migrate to their correct layer,
we first examined the migration of L4 neurons in WT and cKO
brains. We found in both WT and cKO brains, most of the neu-
rons generated on embryonic day 14.5 (E14.5) located in L4 at
P7 (Figure S2A). Further, we performed in utero electroporation
at E14.5 to deliver CAG-Cre and CAG-mCherry plasmids into
L4 neurons in Lhx2”* and Lhx2"~ cortices. In this system, the
expression of Cre recombinase generates WT (Lhx2 heterozy-
gous) and Lhx2 mutant cells in Lhx2"* and Lhx2”~ cortices,
respectively, and mCherry expression labels transfected cells.
We confirmed the absence of Lhx2 expression in the transfected
cells in Lhx2”~ cortices (Figure S2B) and that the majority of
mCherry-expressing cells are located in L4 in both Lhx2”* and
Lhx2"~ cortices at P7 (Figures S2C and S2D), indicating that
Lhx2 loss did not lead to L4 neuron migration defects.

Barrel Cortex Showed Functional Deficits in Lhx2

cKO Mice

As proper connection from whiskers to S1 is required for cellular
barrel formation (Ding et al., 2003; Erzurumlu and Kind, 2001; Re-
bsam et al., 2005), we used CO (cytochrome oxidase) staining to
examine the somatosensory pathway in the cKO mice. We
observed no detectable difference in size or organization of bar-
reloids and barrelettes, respective somatosensory nuclei in the
dorsal thalamus and brainstem, between Lhx2 cKO and WT
brains (Figure S2E). Thus, the anatomical defects we observed
in cKO brains were the result of the defective cortical or thalamo-
cortical somatosensory circuit.

Previous studies suggested that defective barrel cortex devel-
opment is associated with aberrant sensory responsiveness (Pe-
tersen, 2007). To test the selective functionality of barrels, we
shaved all but the C2 whisker on one side of the head and let
the mice explore an enriched environment for 1 hr. We then
analyzed the distribution of c-Fos-positive neurons (i.e., the acti-
vated neurons) in S1 L4. Although most c-Fos-positive cells were
concentrated at the location of the C2 barrel in both WT and cKO
mice (Figure 2A), we found a higher proportion of c-Fos-positive
neurons located outside the C2 barrel in cKO mice when
compared with WT littermates (Figure 2B). This suggested that
the cKO S1 failed to receive precisely mapped activity from the
whiskers.

We further assessed the function of the whisker-to-S1
pathway in cKO mice with a multichannel probe at S1 to record
field potential in multiple cortical layers simultaneously upon
whisker stimulations. We compared the current source densities
(CSDs) evoked by whisker electric stimulation in WT and cKO
mice (Chen et al., 2008; Yang et al., 2006). The CSD profiles
across the depth of S1 following whisker stimulation showed
that sink currents were first detected in the L4 in both WT and
cKO mice (Figures 2C and 2D). However, significantly decreased
amplitude and increased latency of the whisker-evoked promi-
nent sink currents in L4 were found in cKO mice than in WT
mice (Figure 2E). This demonstrated that cKO shows functional
deficits in responding to whisker sensory stimuli. Thus, we
concluded that in cortical neurons, Lhx2 plays critical roles
assembling the functional somatosensory circuitry.

Lhx2 Regulates Crucial Genetic Pathways in L4 Neurons
to Enable Barrel Formation

We next investigated the molecular mechanisms underlying
Lhx2 regulation of barrel formation. We performed microarray
analyses with RNA collected from P7 WT and cKO S1. We found
2,765 transcripts showing altered expression levels in WT and
cKO mice (unpaired t test, p < 0.05, n = 3), with 1,416 upregu-
lated and 1,349 downregulated. Among them, 2,069 genes
were annotated, and 314 of them were shown to be involved in
the nervous system development (GO: 0007399) by PANTHER
gene ontology (GO) analysis (Mi et al., 2013). Within this cate-
gory, the top GO terms were pallium development (GO:
0021543), telencephalon development (GO: 0021537), and regu-
lation of dendritic development (GO: 0050773).

Interestingly, among the genes showed changed expression
levels in cKO S1, many of them were reportedly regulated by
neuronal activity (as shown in Table S1; Pouchelon et al., 2014;
Rodriguez-Tornos et al., 2013). For example, we found that
RORb expression was significantly downregulated in cKO mice
at P7 (Figures S2F and S2G). The expression of RORb increases
in the S1 L4 during barrel cortex development and decreases
when TCA inputs are eliminated (Jabaudon et al., 2012; Pouche-
lon et al., 2014). Using in situ hybridization and gRT-PCR, we
found the RORb expression level was comparable in WT and
cKO mice at PO (Figures S2F and S2G), suggesting that L4 neu-
rons were initially specified in cKO mice. However, without Lhx2,
RORDb could not be fully induced in cKO S1 at P7.

The misregulation of these activity-regulated genes in cKO
was likely associated with barrel formation defects. Thus, we
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compared the expression levels of genes reportedly regulating
barrel formation in WT and cKO S1. We found that Adcy1,
Btbd3, Efna5, and Lmo4 were significantly downregulated in
cKO S1 (Table S2; reviewed by Wu et al., 2011). gRT-PCR
confirmed the downregulation of Lhx2, as well as AdcyT,
Btbd3, Efna5, and Lmo4 in cKO samples (Figure 3A). We also
extended this analysis to confirm that the deletion of Lhx2 in
postmitotic neurons did not affect the expression of other genes
involved in barrel development, including mGIluR5, NR1, and
NeuroD2 (Figure S3A). These experiments suggest that Lhx2
regulates a specific set of key factors for barrel formation.

Lhx2 Is Required for Btbd3 Expression in the S1 through
Direct Transcriptional Regulation

We then analyzed whether Lhx2 can directly regulate the expres-
sion of Efna5, Adcy1, Lmo4, and Btbd3 genes. We identified
multiple consensus Lhx2 binding sites (TAATTA, as described
in Roberson et al., 1994) within 1 kb of the Btbd3 upstream reg-
ulatory sequences and in the 4-kb upstream regulatory se-
quences of the Efnab, Adcy1, and Lmo4 genes (Figures 3B and
S3B). We tested the ability of Lhx2 to bind to these predicted
sites by chromatin immunoprecipitation (ChIP) and found that
in the P7 S1, Lhx2 showed significant binding to the most prox-
imal Lhx2 binding site (BS3) in the Btbd3 promoter region (Fig-
ure 3B), but not to the putative binding sites in the Adcy1,
Efna5, or Lmo4 promoter regions we tested (Figures S3B and
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Figure 2. Lhx2 cKO Mice Show Functional
Deficits in Somatosensory Cortex

(A) Immunostaining for c-Fos and vGIuT2 on
tangential sections of flatten cortices from mice
with only C2 whisker. DAPI counterstaining in-
dicates barrel wall (arrowheads) are present in WT
cortices, but not in cKO cortices. In both WT and
cKO mice, the majority of c-Fos-positive cells are
located in the C2 barrel.

(B) More c-Fos-positive neurons were located
outside of the C2 barrel in cKO mice when
compared with WT (p < 0.05, n = 3).

(C) Current source density (CSD) sweeps across
the cortical layers in WT (left) and cKO (right) S1
upon electrical whisker stimulation. Black and red
arrowheads indicate the stimulation and the first
follow-up sink current response in layer 4,
respectively.

(D) Cortical layer 4 (L4) sink current response in WT
(left) and cKO (right) mice.

(E) The amplitude of the L4 sink current response
was significantly decreased (p < 0.001, n = 3) and
the latency was significantly higher (p <0.01,n =23)
in cKO mice than in their WT littermates.

Scale bar, 100 um. See also Figure S2.

S3C). As a control, we confirmed that in
S1 at P7, Lhx2 does not bind to the
Pax6 enhancer (Hou et al., 2013), and
this agrees with the fact that Pax6 is not
expressed in most postmitotic cortical
neurons (Figures S3B and S3C). Without
excluding the possibility for Lhx2 to regu-
late other genes directly through additional binding sites, here
we focused on Lhx2 regulation of Btbd3. To confirm direct regu-
lation of Btbd3 by Lhx2, we showed that Lhx2 induced Btbd3
promoter activity ~3-fold in N2a cells through the most proximal
Lhx2 binding site (BS3). When this site is mutated (in m3, m13,
m23, and m123), Lhx2 can no longer induce Btbd3 promoter ac-
tivity (Figure 3C). We next performed in situ hybridization to
determine the expression pattern of Btbd3 in P7 WT and cKO
cortices. Utilizing RORb expression to mark L4 in WT and cKO
S1, we found Btbd3 was expressed in the WT S1 L4 at P7 but
was not detectable in cKO S1 (Figure 3D), suggesting that
Lhx2 is required for Btbd3 expression in S1.

Lhx2 Regulation of Btbhd3 Is Required for Proper
Development of L4 Neuronal Dendritic Morphology

To confirm that Lhx2 is an upstream regulator for Btbd3, we next
examined if the deletion of Lhx2 in L4 neurons leads to defects in
L4 neuronal dendritic polarity, similar to the result of knocking
down Btbd3 (Matsui et al., 2013). To target L4 neurons, we elec-
troporated CAG-mCherry, CAG-Cre, and US2-LNL-GFP plas-
mids into Lhx2”* and Lhx2”~ dorsal telencephalon at E14.5.
CAG-Cre was electroporated at a low level to sparsely label
cells. We used US2-LNL-GFP as a reporter, as Cre expression
removes the neomycin gene and stop cassette between two
loxP sites and allows GFP expression. We selected those
neurons with cell bodies located on barrel walls and examined



their dendritic morphology on tangential sections of flattened
cortices. We found total dendritic length was similar in WT and
mutant cells (Figures 4A and 4B). However, most dendrites of
WT L4 cells projected to the hollow, the barrel center (Figures
4A and 4C), while the mutant cells showed significantly
increased dendritic projections toward the septa and signifi-
cantly decreased projections toward the hollow (Figures 4A
and 4C). We further compared the polarity of WT and mutant
cells with orientation bias index (OBI), which is the ratio of the
length of hollow-projecting dendrites to the total dendrite length.
The OBI of WT L4 neurons was close to 1, reflecting the fact that
WT neurons are polarized, with most of their dendrites extending
toward the hollow. Mutant L4 cells showed a significantly
decreased OBI value (Figure 4D). As VP neurons in the thalamus
were not affected in either Lhx2"* or Lhx2”~ electroporated
brains, our result indicated that Lhx2 is required cell autono-
mously for the development of dendritic asymmetry in S1 L4
neurons.

Figure 3. Lhx2 Regulates the Expression of
Genes Functioning in Barrel Formation

(A) gRT-PCR analyses performed with RNA
collected from S1 of WT and cKO cortices at P7.
Lhx2, Adcy1, Btbd3, Efnab, and Lmo4 expression
was significantly decreased in cKO samples. Each
dot represents one individual sample.

(B) Three consensus Lhx2 binding sites (BS1-3,
blue boxes) were identified in the 1.3-kb Btbd3
promoter. With ChIP analysis, anti-Lhx2 antibody
showed a 2.6-fold enriched binding to BS3 when
compared with IgG control (p < 0.001, n = 8).

(C) Lhx2 significantly increases Btbd3 promoter
activity (p < 0.001, n = 4) in N2a cells. The induction
of Btbd3 promoter activity by Lhx2 is lost only
when the proximal Lhx2 binding site (BS3) is
mutated.

(D) In situ hybridization for RORb and Btbd3 on
coronal sections of P7 WT and cKO cortices.
RORb expression marks L4 in S1 (arrowheads) in
both WT and cKO. Btbd3 expression is detectable
in WT S1 L4 (arrowheads), but not in cKO samples.
Scale bar, 200 um. See also Figures S3 and S4.

We next asked whether Btbd3 expres-
sion was sufficient to rescue dendritic de-
fects seen in Lhx2 mutant L4 neurons. We
generated a US-myc-Btbd3 expression
construct and confirmed it directed
Btbd3 overexpression when transfected
in cell lines and in electroporated brains
(Figures S4A-S4B'). Using a strategy
similar to that described above, we elec-
troporated CAG-mCherry, CAG-Cre,
US2-LNL-GFP, and US2-myc-Btbd3 and
found that total dendritic length was
similar in WT and Lhx2 mutant cells (Fig-
ures 4E and 4F). Btbd3 overexpression
did not alter dendritic polarity in WT cells
but re-established dendritic asymmetry
in mutant cells (compare Figures 4E and

4G with Figures 4A and 4C). The OBI value was similar in
Btbd3 expressing WT and mutant cells (Figure 4H), indicating
that lack of dendritic asymmetry in Lhx2 mutant cells was mainly
due to the lack of Btbd3 expression. Taken together, we
concluded that Lhx2 regulates the S1 L4 neuronal polarity by
inducing Btbd3 expression.

Lhx2 Regulates the Function of Btbd3 prior to the

Activity-Regulated Events of Barrel Development

To further place the Lhx2-Btbd3 genetic pathway in barrel cortex
development, we examined the expression of Btbd3 in several
mutant mice with defects in activity-dependent barrel develop-
ment, such as Lmo4 and mGIuR5 cortex-specific knockouts
(Ballester-Rosado et al., 2010; Kashani et al., 2006). Lmo4 was
of interest, because its expression was downregulated in Lhx2
cKO S1 (Figure 3A) and it can potentially interact with Lhx2
through the LIM domain (Rétaux and Bachy, 2002). However,
gRT-PCR analysis did not detect changes in the expression
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Figure 4. Lhx2 Regulates Dendritic Asymmetry of L4 Neurons via
Btbd3

(A) CAG-Cre, CAG-mCherry, and the US-LNL-GFP reporter construct were
co-electroporated into Lhx2”* and Lhx27~ embryonic cortices at E14.5 to
generate WT (in Lhx2"* cortices) and mutant (in Lhx2”~ cortices) L4 neurons.
Immunostaining for GFP on tangential sections of flattened cortices reveals
the morphology of WT and mutant L4 spiny stellate neurons, whose cell bodies
were located in the barrel wall (dotted line) in P7 Lhx2”* and Lhx2"~ cortices.
Trace of GFP-positive cell morphology is shown on the right.

(B) Total dendritic length was comparable in WT and mutant cells.

(C) WT cells were polarized, with almost all dendrites projecting toward the
barrel hollow; Lhx2 mutant cells showed significantly decreased hollow-pro-
jecting dendritic length and significantly increased septa-projecting dendritic
length (p < 0.01, n = 8).

(D) Orientation bias index (OBI), the ratio of the hollow projecting dendritic
length to total dendritic length, was close to 1 in WT cells and was significantly
decreased in mutant cells (p < 0.01, n = 8).

(E) A DNA mixture (as described in A) plus US2-myc-Btbd3 were electro-
porated into Lhx2”* and Lhx2"~ embryonic cortices at E14.5. The electro-
porated L4 neuronal morphology was visualized as in (A).

854 Cell Reports 18, 849-856, January 24, 2017

of Lhx2, Adcy1, Btbd3, or EfnA5 in Lmo4 cortical mutant
(Lmo4”:Nex-Cre) S1 (Figure S4C). Unaffected expression of
Btbd3 in Lmo4 cortical mutant S1 was further confirmed by
in situ hybridization (Figure S4D). We also found unaffected
Btbd3 expression in mGluR5 cortical mutant (mGIuR5"":Nex-
Cre) S1 (Figure S4E). The maintained Btbd3 expression in these
mutants indicates that Lhx2 transcriptional regulation of Btbd3
is independent of the function of Lmo4 or mGIuR5, and it
further suggests that the Lhx2-Btbd3 genetic pathway is likely
to function prior to the activity-dependent events of barrel
development.

DISCUSSION

Due toits unique cytoarchitecture, the barrel cortex is widely used
as a system to delineate the basics of circuit formation. Signaling
pathways transmitting neuronal activities from TCA to L4 neurons
promote TCA arborization in L4, L4 neuron aggregation to form
barrel walls, and the development of L4 neuronal dendrites toward
the barrel hollow (Li and Crair, 2011). Here, we uncover a mecha-
nism whereby the transcription factor Lhx2, whose function was
previously shown to be activity independent (Kashani et al,
2006), regulates the initiation of barrel cortex formation. In Lhx2
cKO mice, we did not detect defects in the initial specification of
L4 neurons or the initial VP TCAs entering the cortical plate. How-
ever, L4 neurons and TCAs did not develop further when Lhx2 was
selectively deleted in postmitotic cortical neurons, leading to a fail-
ure of barrel formation. This is likely due to the altered expression
of several activity-regulated genes involved in regulating barrel for-
mation in cKO mice. Thus, our findings place Lhx2 at the top of a
genetic hierarchy for barrel development.

In this study, we provide evidence that Lhx2 regulates the
development of L4 neuron dendritic asymmetry by directly
inducing Btbd3 expression in S1 L4. Knocking down Btbd3
expression leads to a failure of L4 neurons to develop dendritic
asymmetry (Matsui et al., 2013), similar to what we observed
when deleting Lhx2. Intriguingly, Btbd3 expression in S1 was
downregulated in Lhx2 cKO mice, similar to when VP TCA inputs
were eliminated (Pouchelon et al., 2014). However, its expres-
sion remained in the S1 in cortex-specific knockouts of NR7,
mGIuR5, or Lmo4 (Matsui et al., 2013; Figure S4), despite their
defects in barrel formation (Ballester-Rosado et al., 2010; Ka-
shani et al., 2006). As NR1, mGIuR5, and Lmo4 were shown to
mediate activity-dependent barrel development, based on our
findings, we propose that Lhx2 functions in L4 neurons prior to
activity-regulated events. Further, by inducing the expression
of Btbd3 and other activity-regulated genes, Lhx2 provides L4
neuronal competency to respond to TCA activities.

Further, our findings suggest that Lhx2 in postsynaptic L4 neu-
rons is required for presynaptic TCAs to arborize in the barrel

(F) Total dendritic length is comparable in WT and Lhx2 mutant cells.

(G) Both WT and mutant cells show strong polarity, with almost all dendrites
projecting toward to the hollow.

(H) Orientation bias index (OBI) was close to 1 in both WT and mutant cells.
Scale bars, 100 um for left panels and 20 um for right panels in (A) and (E). See
also Figure S4.



hollow. The downregulation of EphrinA5 and Adcy1 in cKO S1
could possibly lead to TCA development defects, as EphrinA5
was proposed to induce TCA axonal arborization in S1 (Uziel
et al., 2008) and Adcy71 mutation reportedly led to changes in
thalamocortical synaptic activity and TCA projection patterns
(Abdel-Majid et al., 1998; Lu et al., 2003; Welker et al., 1996).
Nevertheless, we found defects in patterning of barrel rows
within cKO S1. It is likely that in L4 neurons, Lhx2 regulates the
expression of key factors involved in patterning barrel cortex.
In additional to its function in postmitotic neurons, Lhx2 is likely
to play additional roles in cortical progenitors to regulate TCA
development, as a previous study reported that the deletion of
Lhx2 in cortical progenitors via Emx7-Cre leads to an almost
complete loss of TCAs in the cortex (Shetty et al., 2013). The
fact that Lhx2 deletion in cortical progenitors altered the timing
of neurogenesis and led to a significantly decreased number of
superficial layer neurons (Chou and O’Leary, 2013; Hsu et al.,
2015) could contribute to the loss of TCAs in the cortex.

In conclusion, our study contributes to the understanding of
the initial steps of barrel cortex circuit formation taken by L4 neu-
rons to perceive TCA inputs. Lhx2 serves as a key regulator for
the L4 neurons to form cellular barrels, develop dendritic asym-
metry, and further induce TCA arborization.

EXPERIMENTAL PROCEDURES

Detailed experimental materials and methods and the different mouse lines
used in this study, along with their sources, are described in Supplemental
Experimental Procedures. All experiments were conducted in accordance
with guidelines of the Academia Sinica Institutional Animal Care and Use
Committee.

Immunohistochemistry, Inmunostaining, and In Situ Hybridization
CO staining, immunostaining, and in situ hybridization using digoxigenin (DIG)-
labeled riboprobes were performed as described previously (Chou et al., 2009;
Zembrzycki et al., 2013).

Whisker Trimming and Enriched Environment Stimulation

Mice were anesthetized with Avertin (1.6 mg/mL, intraperitoneally [i.p.],
200 pl/10g body weight [b.w.]), and vibrissae on one side of the whisker
pad were cut to fur level (<1 mm), except for C2. 1 day after recovery, mice
were sacrificed after explored in enriched environment for 1 hr. The c-Fos dis-
tribution was measured by values of integrated density for the intensity of the
fluorescence signals.

Chromatin Immunoprecipitation Assay

ChIP assays were performed as described previously (Carey et al., 2009).
Dissociated cells from P7 WT S1 were fixed in 1% formaldehyde and then
resuspended in lysis buffer (50 mM Tris [pH 8.0], 10 mM EDTA, 1% SDS,
and 1x protease inhibitor). Chromatin was sonicated to an average size of
150-500 bp. 2ug antibodies (goat anti-Lhx2 antibody sc-19344 [Santa Cruz
Biotechnology] or normal goat immunoglobulin G [IgG]) were used for
immunoprecipitation. See Supplemental Experimental Procedures for primer
sequences.

In Utero Electroporation

A DNA mixture containing US2-LNL (loxP-neomycin-Stop-loxP)-GFP
(1.0 pg/uL), CAG-mCherry (0.2 pg/uL), and CAG-Cre (0.5 pg/ul) with or without
US2-myc-Btbd3 (0.2 pg/ul) was electroporated into mouse dorsal telenceph-
alon at E14.5 with paddle-type electrodes (CUY21 Electroporator) in a series
of five square-wave current pulses (35 V, 100 ms X 5). Electroporated brains
were collected at P7 for further analyses.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5 software. Stu-
dent’s t test or ANOVA were used throughout the study. All data are expressed
as mean + SEM.
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