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Abstract

Abnormalities in cortical interneurons are closely associated with neurological diseases. Most patients with Foxgl syndrome
experience seizures, suggesting a possible role of Foxgl in the cortical interneuron development. Here, by conditional
deletion of Foxg1, which was achieved by crossing Foxg1" with the Gad2-Cre™® line, we found the postnatal distributions of
somatostatin-, calretinin-, and neuropeptide Y-positive interneurons in the cortex were impaired. Further investigations
revealed an enhanced dendritic complexity and decreased migration capacity of Foxgl-deficient interneurons, accompanied
by remarkable downregulation of DIx1 and CXCR4. Overexpression of DIx1 or knock down its downstream Pak3 rescued the
differentiation detects, demonstrated that Foxgl functioned upstream of DIx1-Pak3 signal pathway to regulate the postnatal

development of cortical interneurons. Due to the imbalanced neural circuit, Foxgl mutants showed increased seizure
susceptibility. These findings will improve our understanding of the postnatal development of interneurons and help to
elucidate the mechanisms underlying seizure in patients carrying Foxgl mutations.
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Introduction

The malformation of neural circuits is usually associated with
mental illnesses, such as schizophrenia, autism, and epilepsy
(Kann 2016). Although inhibitory interneurons only account for
15-20% of the cortical neurons (Meyer et al. 2011), the abnormal
lamination of interneurons impairs the balance of the neural
circuit. During the development, cortical interneurons are gen-
erated in the medial ganglionic eminence (MGE) and caudal
ganglionic eminence (CGE) of the subpallium and migrate tan-
gentially to the cortex at perinatal stages (Anderson et al. 2001,

Jimenez et al. 2002). After birth, cortical interneurons switch
their tangential migration to radial and eventually arrive at
their final destinations, where they establish connections with
local target neurons (Ang et al. 2003; Tanaka et al. 2003, 2006,
2009; Martini et al. 2009). Among MGE-derived interneurons,
somatostatin (SST)-positive interneurons prefer to be located in
the deeper layers and in close proximity to excitatory neurons
born during the same developmental window, while PV-
positive interneurons distribute to the whole cortex except
layer I (Valcanis and Tan 2003; Butt et al. 2005; Miyoshi et al.
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2007); CGE-derived interneurons are located in the upper layers
despite their birth date, thus forming the distinct lamination
patterns of specific cortical interneuron subtypes (Pla et al.
2006; Miyoshi et al. 2010; Vucurovic et al. 2010; Miyoshi and
Fishell 2011).

Although the embryonic development of cortical interneurons
has been well explored over the last decade, the mechanisms
underlying postnatal development of cortical interneurons are
poorly understood. The C-X-C chemokine receptor 4 (CXCR4) has
recently been shown to be required for the migration of cortical
interneurons. Deficiency of CXCR4 results in an abnormal cortical
distributions of SST, calretinin (CR)-, and neuropeptide Y (NPY)-
positive interneurons, suggesting CXCR4 not only plays an
important role in early embryonic but also may essentially func-
tion on postnatal developing cortical interneurons (Tiveron et al.
2006; Li et al. 2008; Tanaka et al. 2010; Meechan et al. 2012).
Distal-less homeobox 1 (Dlx1) has been reported to regulate the
differentiation by affecting interneuron neurite growth. DIx1
knock down results in an advanced dendritic growth in vitro in
response to upregulated Pak3 expression (Dai et al. 2014).
Although much effort has been made, the molecular mechanism
upstream of CXCR4 and DIx1 to control the development of corti-
cal interneurons needs to be further elucidated.

Previously, we have shown the Forkhead transcription fac-
tor Foxgl has an essential function during the tangential
migration of cortical interneurons (Yang et al. 2017). However,
due to the embryonic lethality of DIx5/6-cre; Foxg! mice, the
postnatal role of Foxgl was unable to be determined. In the pres-
ent study, Gad2-Cre*® mice were employed to specifically disrupt
Foxgl postnatally. After Foxgl deletion, we found the laminar dis-
tributions of interneuron subtypes, including SST-, NPY-, and CR-
positive interneurons in the cortex were impaired; furthermore,
their migration capacity was significantly reduced, combined
with a substantially decreased CXCR4 level. In Foxgl-deficient
cortical neurons, DIx1 expression was detected to be downregu-
lated, resulting in remarkably enhanced dendrite overgrowth
and increased complexity of neural processes. Interestingly,
Foxg1l-deficient mice exhibited an increased susceptibility to epi-
lepsy. Our study explained, to a certain extent, why patients with
Foxgl syndrome have a high incidence of seizures. Taken
together, these findings will help to further understand the
molecular control of the development of cortical interneurons
and the mechanisms of Foxgl Syndrome.

Materials and Methods
Animals

The Gad2-Cre™® line was purchased from the Jackson Laboratory,
and the Foxg! line was generated as previously described
(Tian et al. 2012). The conditional deletion of Foxgl in postnatal
developing interneurons was achieved by crossing the Gad2-
Cref® with the Foxg1™' mice and combined with tamoxifen
induction. 2% Tamoxifen was administered at postnatal day 1
(P1) afternoon at a dose of 5 pL/g body weight. The Ai9 line was a

gift from Professor Xiaoming Li at Zhejiang University, the
Gad67-GFP line was from Professor Yuchio Yanagawa at Gunma
University, and the DIx5/6-cre-EGFP line from Professor Zhengang
Yang at Fudan University. The day of birth was designated as
postnatal day PO. All animals were bred in the animal facility at
Southeast University. No obvious differences were detected in
either sex. All experiments were performed according to the
approved guidelines of Southeast University.

Immunostaining

Brains were fixed by transcardial perfusion with cold 4% para-
formaldehyde (PFA) after the animals were deeply anesthetized
with pelltobarbitalumnatricum (50 mg/kg). The brains were
then post fixed overnight, cryoprotected in 30% sucrose,
embedded in optimum cutting temperature (OCT) compound
and stored at —70 °C until further use. The brains were cryosec-
tioned into 16-pm thick sections using a Leica CM 3050S cryo-
stat. Immunostaining was then performed as previously reported
(Tian et al. 2012). The following antibodies were used: rabbit anti-
Foxgl (Abcam, 1:1000); rat anti-bromodeoxyuridine (BrdU) (Abcam,
1:1000); rabbit anti-Calretinin (Abcam, 1:1000); chicken anti-GFP
(Abcam, 1:1000); mouse anti-Reelin (Millipore 1:500); mouse anti-
parvalbumin (Millipore, 1:1000); rabbit anti-CXCR4 (Abcam 1:500);
rat anti-COUP-TF interacting protein 2 (CTIP2) (Abcam, 1:1500); rat
anti-SST (Millipore 1:500); and mouse anti-neuronal nuclei (NeuN)
(Millipore 1:500); Rabbit anti- Neuropeptide Y (NPY) (Sigma 1:500);
goat anti-VIP (Santa cruze 1:500).

In Situ Hybridization

Brains were harvested as described above, with that phosphate
buffered saline and 30% sucrose were prepared using diethyl-
pyrocarbonate (DEPC)-treated water. In situ hybridization was
performed as previously described (Zhao et al. 2006; Hu et al.
2014). The information of SST, NPY, and VIP probes is listed in
Table 1.

Real-time PCR

The total RNA was isolated from the P2 cortex using the
RNeasyPlus Mini Kit (Qiagen, 74104), according to the manufac-
turer’s instructions. Each sample was reversely transcribed
using MultiScribe reverse transcriptase (Fermentas, EP0441).
Quantitative real-time PCR was performed using the SYBR
Green fluorescent master mix (Roche, 4913914001) on a StepOne
Plus Real-Time PCR System (Applied Biosystems). Primer infor-
mation is listed in Table 2. Relative gene expression levels were
normalized to the expression of the most reliable endogenous
gene (glyceraldehyde 3-phosphate dehydrogenase, GAPDH).
Three paired littermate brains were obtained from 3 different lit-
ters for the quantitative real-time PCR analysis. The data from
mutant and control cultures were statistically analyzed using
Student’s t-test.

Table 1 Primers used to synthesize the probes used for in situ hybridization

Name Forward Reverse

SST CCGGAATTCACGCTACCGAAGCCGTC ACGCGTCGACGGGGCCAGGAGTTAAGGA
NPY TCTCACAGAGGCACCC TTTTTGAATGCATGGTACTTT

VIP CGGAATTC GCGTCGAC

CCTGGCATTCCTGATACTCTTC

ATTCTCTGATTTCAGCTCTGCC




Foxgl Regulates Development of Interneurons Shen etal. | 1549

Table 2 Primers used for real-time PCR

Name Forward Reverse Tm (°C)
CXCR4 GTGGATGGTGGTGTTTCAATTC CTTGGAGTGTGACAGCTTAGAG 60
DIx1 ACGGGCTCTGGTGCAAGATCTAAT AAAGCATCGGGTTTACAGCCACAC 60
Pak3 CACCAAGACCAGAGCATACAA CAGCAGAAGGTGGGATATCTTC 60

Western Blot

Dorsal cortices were collected at P2, and prepared as described
previously (Guo et al. 2017). The primary antibodies used in this
study were: goat-anti Pak3 (Santa Cruz Biotechnology, 1:500),
rabbit anti-CXCR4 (Abcam, 1:100), rabbit anti-Foxgl (Abcam,
1:1000), rabbit anti-DIx1 (Sigma, 1:250) and rabbit anti-GAPDH
(Cell Signaling Technology, 1:1500).

Cell Culture and Quantification of Dendrite Growth

Mouse primary cortical neurons were prepared from the Gad2-
Cre™®; Foxg™!; Ai9 (mutants) and the Gad2-CretR; Foxg1*; Ai9
(heterozygous) mice. P2 mice were anesthetized and decapi-
tated 24h after tamoxifen administration. Brains were dis-
sected in ice-cold HBSS (Invitrogen), and dorsal cortices were
isolated and digested with 0.125% trypsin (Invitrogen) for 8 min
at 37 °C, followed by neutralization with 2 ml of DMEM supple-
mented with 10% FBS, 1% GlutaMAX™-1 and 0.2% penicillin/
streptomycin (all obtained from Invitrogen). Cortices were then
dissociated by pipetting and the suspensions were centrifuged
at 1000 rpm for 5 min. The cells were resuspended, plated at a
density of 4 x 10* cells/cm? and cultured in Neurobasal medium
supplemented with 2% B27, 1% GlutaMAX™-1 and 0.2% penicil-
lin/streptomycin (all obtained from Invitrogen).

Interneurons were cultured for 3 and 7 days in vitro (DIV) to
quantify dendrite growth. At 3 DIV and 7 DIV, the total dendrite
length and the number of dendritic branches were measured
using the Sholl analysis method with ImageJ. The number of
dendritic intersections in concentric circles with various radii
from the centroid of the soma was counted and plotted against
the distance from the soma of the tdTomato* interneurons.
The significance of the differences in total dendrite length and
the longest dendrite was compared using Student’s t-test. The
significance of the differences in complexity was determined
using GraphPad Prism software with a two-way repeated-mea-
sures analysis of variance (ANOVA; genotype and circle radius
as factors) followed by the Bonferroni post hoc test. We sam-
pled 10 tdTomato™ interneurons from each genotype. This pro-
cedure was repeated in 3 separate experiments for a total of 30
mutant or control neurons analyzed.

Viral Transfection In Vitro

The cultured dorsal cortex neurons were transfected by using
the lentiviral vectors containing the Dlx1 overexpressing vector
or the Pak3 shRNA vector. Full-length Dlx1 sequence was
cloned to produce the LV-DIx1. The LV-DIx1-EGFP and the con-
trol (Ubi-MCS-EGFP) were constructed and synthesized by
Shanghai GeneChem Co., Ltd. (Shanghai, China). A shRNA plas-
mid was constructed to knock down Pak3. The targeting
sequence of Pak3 was 5-TAGCAGCACATCAGTCGAATA-3' by
using (sense strand 5'-GATCCGTAGCAGCACATCAGTCGAAT
ATTCAAGAGATATTAGACTGATGTGATGCTATTTTTTGGAAA-3/;
antisense strand:5'-AGCTTTTCCAAAAAATAGCAGCACATCAGT
CGAATATCTCTTGAATATTCGACTGATGTGCTGCTACG-3'). The

LV-Pak3-shRNA-gcGFP and the control (hU6-MCS-gcGFP) were
constructed and synthesized by Shanghai GeneChem Co., Ltd.
(Shanghai, China). The cultured dorsal cortex neurons were
transfected at DIV1 by adding to the culture media directly
which the titer MOI was 1 and the transfection media were
changed after 24h. Then cells were cultured in neural basal
media for sholl analyze at DIV 7.

Time-Lapse Imaging and Analysis

Cortical slices were cultured as previously reported (Tanaka
et al. 2003). Briefly, brains were removed from the P2 Gad2-
CrefR; Foxg; Ai9 (mutants) and the Gad2-CretR; FoxgV*; Ai9
(heterozygous), dissected and embedded in 4% low-melting-
point agarose. Coronal sections of 150 ym were obtained using
a vibrating microtome (VT1000; Leica Microsystems) and deposited
onto a poly-L-lysine-coated Millicell CM membrane (Millipore).
Slices at the level containing the striatum, but not the hippocam-
pus and the corpus callosum, were selected. Cortical slices were
immersed in Neurobasal culture media and incubated in a 37°C
chamber with 5% CO,. The time-lapse analysis (15-min intervals
for 480 min) was performed on an EVOS FL auto with a live cell
imaging system (Life Technologies), and approximately 9 sections
(60 pm) were obtained, with an optional Z-stack. The images were
taken in the field of somatosensory cortex. For the quantitative
analysis of the migration distance, total 1087 or 1282 neurons from
8 or 9 brain slices obtained from 3 paired littermates were analyzed
for mutants or controls, respectively, and the cumulative distance
was defined as the sum of the distance of each step, whereas the
overall distance was defined as the distance from the beginning
position to the final position. Migration efficiency=overall dis-
tance/cumulative distance (Inamura et al. 2012). The data from the
mutant and control slices were statistically analyzed using
Student’s t-test.

PTZ Administration and Seizure Score

Mice were subcutaneously injected with 50 mg/kg pentylenete-
trazole (PTZ; Sigma, dissolved in 0.9% NaCl 50 mg/mL), immedi-
ately placed in a cage and monitored for 30 min by observers
who were blind to genotypes. Thirteen control and 11 mutant
mice were employed in this experiment. Seizures were scored
according to a modified Racine scale designed specifically for
PTZ-induced seizures in mice (Naydenov et al. 2014).

Microscopy and Image Analysis

Sections were viewed under a confocal microscope (Olympus
FV1000), and the images were collected and analyzed using
FV10-ASW image analysis software. The images were opti-
mized for size, color, and contrast using Adobe Illustrator.

Statistical Analysis

Student’s t-tests were performed to compare the lamination of
cortical interneurons. The cortex, spanning from the pial
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surface to white matter was divided into 10 equal bins (layer I
spanned bin 1; layer II/III spanned bins 2-3; layer IV spanned
bins 4-5; layer V spanned bins 6-7, and layer VI spanned bins
8-10), and the number of interneurons was calculated by an
investigator who was blinded to the genotypes. Three paired
littermate brains were obtained from 3 different litters. Mouse
genders were not determined. Statistical tests were performed
with GraphPad Prism 5.0. Differences were considered signifi-
cant at P < 0.05.

Results

Decreased Number and Abnormal Distribution of Cortical
Interneurons after Postnatal Deletion of Foxg1

As shown in our previous study, Foxgl regulates the tangential
migration of cortical interneurons during embryonic develop-
ment. Due to embryonic death of DIx5/6-cre;Foxg!! mice, the
role of Foxgl in postnatal development of cortical interneurons
was unable to be determined. Here, Gad2-Cre®® line was
employed to conditionally delete Foxgl during postnatal devel-
opment to elucidate its potential function. We first examined
the recombination efficiency of Cre in Gad2-Cref%;Ai9 cortex by
immunostaining for anti-parvalbumin (PV), anti-somatostatin
(SST), anti-calretinin (CR), anti-Reelin, anti-neuropeptide Y
(NPY), and anti-vasoactive intestinal protein (VIP), the specific
markers for distinct cortical interneuron subtypes (Gelman and
Marin 2010). As shown in Figure 1A-F, after tamoxifen adminis-
tration at P1, recombination occurred in almost all subtypes of
cortical interneurons upon examination at P14. Next we
detected the efficiency of Foxgl deletion. As shown in
Figure 1G-H”, at P2, 1 day after TM administration, the protein
level of Foxgl was already either obviously decreased or unde-
tectable in tdTomato™ cells. At P7, Foxgl was throughly deleted
compared with the controls (Fig. 11-J”). We then observed the
number and lamination of interneurons at P2 and found that
there were less tdTomato* cells located at upper layers and
more in the deeper region in mutants (Fig. 1K-M), while the
number of tdTomato™ cells was comparable to that of Gad2-
Cre®™®;Foxg1//*;Ai9 controls (Fig. 1N). In adult, the similar distribu-
tion defect was detected, but the number of cortical interneurons
was obviously decreased in mutants (Fig. 10-R). Immunostaining
of anti-Caspase 3 was then performed to detect cell apoptosis.
No significant statistic changes was observed (data not shown),
possibly due to a gradual, slow loss.

Previous studies have shown that cortical interneurons are
heterogeneous and are derived from the ventral ganglionic
eminence (GE) and can be classified by their morphologies and
specific markers (Gelman and Marin 2010; Bartolini et al. 2013).
Dorsal MGE-derived interneurons mainly express SST, and
most ventral MGE-derived interneurons express PV (Wonders
et al. 2008). SST-positive interneurons are preferentially located
in the deeper cortical layers, while the PV-positive interneurons
distributed in the whole cortex except layer I and both of the
subtypes are in close proximity to the excitatory neurons gen-
erated during the same developmental period (Valcanis and
Tan 2003; Pla et al. 2006; Rymar and Sadikot 2007). The CGE-
derived interneurons are usually concentrated within the upper
layers, regardless of their birth date (Rymar and Sadikot 2007,
Miyoshi et al. 2010). We examined the lamination of MGE- and
CGE-derived interneurons by in situ hybridization for SST, VIP,
and NPY, as well as immunostaining for PV, CR, and Reelin. As
shown in Figure 2A-C, the majority of SST-positive interneur-
ons is tend to be located in the deeper layers in the controls

(Fig. 2A,A’); however, an increased percentage of SST-positive
interneurons was observed in upper layer II/III, accompanied
by a decrease in deeper layer V in the mutants (Fig. 2B,B’,C).
The lamination of PV-positive interneurons in mutants seemed
to be comparable to that in the controls, and no obvious
changes were detected (Fig. 2D-F). Since, CR and NPY are also
expressed in subtypes of MGE-derived SST-positive interneur-
ons, we further investigated the distributions of these subtypes.
The CR-positive cells were mainly located in the upper layers
in the controls, but more CR-positive cells were detected in the
deeper layers in the mutants (Fig. 2G-H’). Surprisingly, many
ectopic CR-positive cells were observed in the layers VI (Fig. 2H,
H’, I). A slight increase in the number of NPY-positive inter-
neurons was detected in layer V of the mutants compared with
that of the controls, in which NPY-positive interneurons were
mainly located in layers II-IV, VI, with only a few in layer V
(Fig. 2J-L). We next examined the CGE-derived VIP- and Reelin-
positive interneurons. No obvious distribution abnormalities
were observed for these 2 subtypes (Fig. 2M-R). Thus, postnatal
ablation of Foxgl led to a decreased number of cortical inter-
neurons and abnormal distributions of SST-, CR-, and NPY-
positive but not PV-, VIP-, and Reelin-positive interneurons,
indicating that Foxgl plays an important role in the postnatal
development of cortical interneurons.

The Ectopic CR-Positive Interneurons Were Generated
Postnatally

Since CR is expressed in several types of neurons, including
cortical interneuron subtypes and pyramidal excitatory neu-
rons in layer Vb (Liu et al. 2014), we examined the ectopic CR-
positive cells by double immunostaining for anti-CR and CTIP2,
a specific marker for deeper layer excitatory neurons (Chen
et al. 2008). As shown in Figure 3A,B, none of the CR-positive
cells co-expressed CTIP2, suggesting that the ectopic CR-
positive cells were not excitatory neurons. To further identify
the CR-positive cells, a Gad67-GFP line in which most cortical
interneurons labeled by GFP was employed (Tamamaki et al.
2003). As shown in Figure 3C,D, all of the CR-positive neurons
were GFP-positive, indicating that the ectopic CR-positive cells
were interneurons. It has been reported that although the
majority of cortical interneurons are generated at embryonic
stages, a small proportion has been reported to be generated
postnatally (Riccio et al. 2012). To determine when the ectopi-
cally distributed CR-positive interneurons were generated, a
birth-dating experiment was performed. Because some CR-
positive interneurons shared the same identity as SST-positive
interneurons (Xu and Callaway 2009), we first administered
BrdU at E12.5, the time point at which the SST-positive inter-
neurons are primarily generated. When examine at P14, none
of the ectopic CR-positive interneurons were found to be BrdU-
positive (Fig. 3E,E’). The same results were obtained when BrdU
was given at E13.4 and E14.5 (Fig. 3F,F). When BrdU was
injected at E15.5, the time at which the CGE-derived CR-positive
interneurons are mainly generated, no co-localization of CR
with BrdU was detected either (Fig. 3G,G’). Taking together, the
CR-positive interneurons were not produced embryonically and
their accumulation in the deeper layers was not due to a cell
fate switch of MGE- or CGE-derived interneurons. Since an
interneuron progenitor pool has been identified in the white
matter and shown to continuously generate cortical CR-positive
interneurons during the first 2 postnatal weeks (Riccio et al.
2012), BrdU was then administered 3 times at P1, P5, and P10 to
explore the properties of the ectopic CR-positive interneurons.
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Figure 1. Postnatal disruption of Foxgl decreased the total number of cortical interneurons. (A-F) Cre-medicated recombination occurred in most of the cortical inter-
neuron subtypes in Gad2-CrefX;Ai9 mice. tdTomato was detected in PV-, SST-, CR-, Reelin-, NPY-, VIP-positive interneurons (arrows) when tamoxifen was adminis-
tered at P1 and the mice were examined at P14. (G-H”) At P2, compared with the controls (G-G”), the protein level of Foxgl was either decreased or undetectable after
TM was given at P1 (H-H"). (IHJ”) At P7, Foxgl expression was efficiently deleted in the tdTomato-positive interneurons in the mutants. Inserts in G”, H”, I”, J” indicate
the high magnification views of double-labeled interneurons. (K-R) The distribution of tdTomato™ interneurons was disrupted in mutant while no obvious alterations
in the total number of interneurons were detected at P2 (Control, n = 4; Mu, n = 3; P = 0.0643; layer II-1II, P = 0.0059; layer VI, P = 0.0361 when tamoxifen was adminis-
tered at P1; however, the ablation of Foxgl caused a decrease in the interneuron number in the adult and a similar abnormal distribution of tdTomato™ interneurons
(M-P, Control, n = 3; Mu, n = 3; P = 0.0237; layer II-1I, P = 0.0108; layer VI, P = 0.0366). Scale bar: 100 pm. Scale bar in inserts: 10 pm. Student’s t-test,*P < 0.05.

As shown in Figure 3H-H’, many ectopic CR-positive interneur-
ons were BrdU-positive, indicating that these cells were born
postnatally and mislocalized in the deeper layers. The percent-
age of CR* BrdU" interneurons among total BrdU* in the deeper
layer was about 11% in mutants; in contrast, few co-localization
was observed in the controls (Fig. 3I). Since olfactory bulb inter-
neurons are produced continuously after birth and migrate to
their destinations through RMS in the cortex (Lledo et al. 2008).

These postnatally born CR* interneurons with migration defects
might also be olfactory bulb interneurons.

The Migration Ability of Cortical Neurons Was Impaired
After Foxg1 Ablation

The correct lamination of cortical interneurons requires multi-
ple precisely controlled events, which include the switch from
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Figure 2. The SST-, CR-, NPY-positive subtype interneurons exhibited abnormal distributions in the adult cortex after Foxgl ablation. (A-C) SST-positive interneurons
were preferentially located in the deeper layers in the controls (A, A’, C), but more SST-positive interneurons were located in upper layer II-III, with a decreased num-
ber in layer V (B, B’ C; Control, n = 5; MU, n = 4; layer II-1II, P = 0.0341; layer V, P = 0.0316). (D-F) The distribution of PV-positive interneurons in the mutants (E, E’, F)
was not altered compared with the controls (D, D’, F; Control, n = 5; MU, n = 4). (G-I) More CR-positive interneurons accumulated in the deeper layers in the mutants
(H, H’, I) than in the controls (G, G’, I; Control, n = 5; MU, n = 4; layer VI, P = 0.0006). (-L): More NPY-positive interneurons were distributed in layer V in the mutants (X,
K’, L; Control, n = 3; MU, n = 3; layer V, P = 0.0265). (M-R) No alterations were detected in the distributions of VIP-positive interneurons (M-O; Control, n = 4; MU, n = 4)
and Reelin-positive interneurons (P-R; Control, n=4; MU, n=4). A’, B, D’, E’, G’, H’, ', K’, M’, N’, P’ and Q’ show higher magnification images of the boxed areas in A, B,
D,E, G, H,J,K, M, N, P and Q, respectively. Scale bar: 100 pm. Student’s t-test, *P < 0.05, **P < 0.01.
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the Gad2-Cret®; Foxg1™; Gad67-GFP mice, which labels interneurons. Insert in C and D indicate the high magnification views. (E-G) The deeper layer ectopic CR-
positive interneurons were not generated at E12.5 (E), E13.5-E14.5 (G), or E15.5 (F). (H-H’) Three BrdU injections at P1, P5 and P10 labeled most of the ectopic CR-
positive deeper layer interneurons (arrows in H’), indicating that these interneurons were born postnatally. E’, F, G’, H’ show higher magnification images of the
boxed area in E, F, G, H. (I) The ratio of CR, BrdU double-positive cells among BrdU cells in Layer VI (I) was increased in mutant mice. (Control, n = 2; MU, n = 3, P <
0.0001). Scale bar: 100 pm. Insert in H’ indicate the high magnification views of double-labeled cells. Scale bar in inserts: 10 pm. Student’s t-test, **P < 0.001.
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tangential to radial migration, the radial migration, and accu-
rate termination at their destinations (Faux et al. 2012). Since
the deletion of Foxgl occurred after P1, when the switch from
tangential to radial migration was almost completed, the
abnormal distribution of cortical interneurons was more likely
to be caused by an impaired migration capacity. A time-lapse
analysis of interneurons labeled by tdTomato in cultured slices
was then performed. Brain slices were dissected at P2 and
observed for 480 min. As shown in Figure 4A,B, tdTomato™
interneurons that migrated shorter distances were marked by
yellow arrowheads and interneurons that migrated longer dis-
tances by blue arrows. In mutants there are much more
tdTomato* interneurons migrated a shorter distance. We fur-
ther statistically analyzed the migration capacity as previously
described (Inamura et al. 2012) and found that the average
cumulative migration distance of mutant interneurons was sig-
nificantly decreased to 36.83 + 1.648 ym compared with 49.28 +
4.72 ym in the controls (Fig. 4C). Moreover, the overall migration
distance was decreased from 27.06 + 4.09 ym to 15.89 + 1.39 ym
(Fig. 4D). We then calculated the migration efficiency and
observed a decrease from 52.76 + 3% to 42.92 + 2.8% (Fig. 4E),
suggesting that mutant interneurons exhibited a more random
migration pattern than that of the controls. The proportion of
tdTomato* interneurons that migrated short distances was sig-
nificantly increased, meanwhile the proportion of interneurons
migrated a long-distance was reduced in mutants (Fig. 4F,G).
Based on our results, the Foxgl deletion impaired the migration
capacity of interneurons.

As a classic receptor for Cxcl12, CXCR4 is well known to
keep embryonic interneurons migrating alone the tangential
route and prevent from pre-invasion into the cortical plate
(Stumm et al. 2003; Li et al. 2008; Wang et al. 2011). However,
CXCR4 is also found to be expressed in interneurons in postna-
tal cortex when tangential migration is finished and Cxcl12 is
thought no longer functions as a chemoattractant (Stumm
et al. 2003, 2007; Li et al. 2008). Conditional disruption of CXCR4
at E16.5, the time point that radial migration is initiated results
in severe lamination defects of SST, CR, and NPY-positive inter-
neurons, suggesting the possible role of CXCR4 in radial migra-
tion which might be independent of Cxcl12 (Tanaka et al. 2010).
Particularly, the ectopically located CR-positive interneurons
show an analogous phenotype to our mutants (Li et al. 2008).
We performed immunostaining of CXCR4 at P2 in the DIx5/6-
Cre-EGFP mice in which most of the cortical interneurons are
labeled by EGFP and found out that CXCR4 is not only strongly
expressed in interneurons on the tangential migration stream
(Fig. 4H,1), but also in interneurons that the radial migration is
already initiated (Fig. 4H2-5). Furthermore, in our mutants, the
mRNA level of CXCR4 examined by Q-PCR and protein level
detected by western blot and immunostaining were remarkably
decreased (Fig. 4I-M). Thus, Foxgl may function upstream of
the CXCR4 signaling pathway to control postnatal development
of cortical interneurons.

Foxg1 Is Involved in the DIx1-Pak3 Signaling Pathway to
Regulate the Differentiation of Interneurons

Since the ectopically distributed CR-positive interneurons in
the mutants exhibited an enhanced dendritic branches (Fig. 2G’
and H’), we suspected that Foxgl might regulate the postnatal
differentiation of interneurons. Cell-based assays were then
performed. First, we examined the number of neurites at 3 DIV
and found that mutant interneurons exhibited enhanced den-
drite growth (Fig. SA and B). The total dendrite length was

significantly increased (Fig. 5E), but no obvious difference was
detected in the length of the longest process (Fig. 5F). A Sholl
analysis (Sholl 1953; Petilla Interneuron Nomenclature et al.
2008) was performed to further analyze the dendritic complex-
ity. As shown in Figure 5I, dendritic complexity was signifi-
cantly increased in mutants. At 7 DIV, the time at which
cultured neurons are considered to be mature, mutant inter-
neurons exhibited similar defects with that observed at 3 DIV
(Fig. 5C,D,G,H,J). Thus, the postnatal ablation of Foxgl resulted
abnormal differentiation by enhancing the dendritic complex-
ity of cortical interneurons.

Previously DIx1 has been shown to directly regulate inter-
neuron dendrite growth (Cobos et al. 2007; Dai et al. 2014). DIx1
deficiency leads to upregulation of Pak3 and increases the com-
plexity of dendrites in vitro (Dai et al. 2014). A significant
decreased transcriptional level of DIx1 was detected in our
mutants. Consequently, the Pak3 mRNA level was remarkably
increased. This result was further confirmed at the protein
levels by western blotting (Fig. 5K-L). We then performed the
rescue experiments by overexpression of DIx1 and knock down
of Pak3. Lentivirus carrying DIx1 cDNA fragment or Pak3 shRNA
was transformed into cultured interneurons respectively
(Fig. SM-P). Both overexpressing DIx1 and knock down Pak3
could decrease the dendritic total length in mutant interneur-
ons (Fig. 5Q-T). While, overexpression of DIx1 seemed to have
stronger rescue effects compared with knock down of Pak3
(Fig. 5R,T). Thus, Foxgl postnatally repressed the growth of cor-
tical interneuron dendrites through the DIx1-Pak3 signaling
pathway. The increased complexity of interneuron dendrites
may also contribute to the migration defects in Foxgl-deficient
interneurons.

Foxg1 Deletion Increases the Epilepsy Susceptibility

The abnormal distribution and decreased number of cortical
interneurons observed in mutants are predicted to impair the
neural circuits. To detect the ratio of interneurons among total
cortical neurons, the Gad67-GFP reporter line was introduced to
label interneurons. Total cortical neuron was viewed by immu-
nostaining of anti-NeuN. We found that the percentage was
decreased to 13.3% in Gad67-GFP; Gad2-CretR; Foxg™! mutants
compared with 16.9% in the Gad67-GFP; Foxg™! controls
(Fig. 6A-E), indicating an imbalance of the neural circuit. We
next examined the susceptibility of epilepsy induced by penty-
lenetetrazole (PTZ) (Ferraro et al. 1999; Naydenov et al. 2014).
As shown in Figure 6F, the latency of the global tonic-clonic
(GTC) seizures was dramatically shortened, although no signifi-
cant differences of the latency of the partial clonus (PC) and
generalized clonus (GC) were observed. Moreover, 63.63% of
mutants died after GTC seizures compared with 15.38% of the
controls (Fig. 6G). To further evaluate the epilepsy susceptibility
more objectively, the weighting factor was considered to calcu-
late the seizure scores, which could reflect the degree of pro-
gression of the seizure in each mouse (Naydenov et al. 2014).
The mutants exhibited an increased severity of seizure beha-
viors, with a comparatively higher score of 1.58 (Fig. 6H). Our
results, to certain extent, may explain why 75% of patients with
a Foxgl mutation have epilepsy (Roche Martinez et al. 2011).

Discussion

Although interneurons represent only 15-20% of the cortical
neurons, the integration of cortical interneurons into the cir-
cuits has been proven to be critical for the cortical network
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ons on the tangential migrating stream (H-1) and the radial migrating interneurons (H2-HS). (I-J) Immunostaining revealed decreased CXCR4 expression level in the
mutant (J) compared with that of the control (I). Q-PCR (K; Control, n = 5; MU, n = 4; P = 0.0004) and western blot analyses of Foxgl and CXCR4 (L). (M) The comparative
analysis of Foxgl and CXCR4 at protein level (n = 4, P = 0.006). Scale bar: 100 pm in A, B, H, [; 50 ym in L-M”. Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. Foxgl restricted the growth of cortical interneuron dendrites. (A-B) Representative micrographs of tdTomato* interneurons from the controls (A) and
mutants (B) at 3 DIV showing enhanced dendritic complexity of the mutant interneurons. (C-D) Representative micrographs of tdTomato* interneurons from the con-
trols (C) and mutants (D) at 7 DIV show that the dendritic complexity further increased in the mutants. (E) The total dendrite length in the mutant interneurons was
increased at 3 DIV compared with that in the controls (Control, n = 30; Mu n = 31; P = 4.83756E™*?). (F) No changes in the length of the longest neurite were detected
between the mutants and controls at 3 DIV (Control, n = 30; Mu n = 31; P = 0.087). (G) The total length of mutant interneuron dendrites was remarkably increased at 7
DIV compared with 3 DIV (Control, n = 30; Mu n = 30; P = 2.11852E ™). (H) No changes in the length of the longest neurite were detected between mutants and controls
at 7 DIV (Control, n = 30; Mu n = 30; P = 0.4779). (I) Sholl analysis of the numbers of dendritic branches in tdTomato* interneurons from the mutants and the controls
at 3 DIV. (n = 30, two-way ANOVA (Fy, 55, = 2.211, P < 0.0001) with Bonferroni’s post hoc test, P < 0.05 at 15, 25, 35 and 45 ym away from the cell body). (J) The same
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culated from the latencies (H; Control, n = 13; Mu, n = 11; P = 0.0256). Scale bar: 100 pm. Student’s t-test, *P < 0.05, *P < 0.01.

(Kann 2016). Cortical interneurons are a highly heterogeneous
group with distinct subtypes located in specific positions in the
cortex. The final distributions of cortical interneurons require not
only a normal switch from the tangential to radial migration to
avoid an accumulation in the migration streams or premature
integration into the cortex, but also the proper migration capacity
and the accurate timing to terminate the migration. However, the
mechanism underlying postnatal development has not been fully
revealed. Here, by employing the Gad2-Cref® line, we postnatally
deleted Foxg1 in interneurons and observed a decreased migration
capacity in cortical interneurons and abnormal distributions of
interneurons subtypes. Furthermore, Foxgl-deficient cortical inter-
neurons showed an increased dendritic complexity, suggesting
severe differentiation defects. As a consequence of unbalanced
neural circuit, increased epilepsy susceptibility was observed in
mutant mice. Our study will improve understanding of the regula-
tion of postnatal development of cortical interneurons and offer
insights into the mechanisms underlying Foxgl-related disorders.

In our mutants, the laminar distribution of interneuron sub-
types, such as SST-, CR-, and NPY-positive interneurons, was
disrupted. Ectopic accumulation of SST-positive interneurons
in the superficial layers, NPY-positive interneurons in the layer IV,
and CR-positive interneurons in the deeper layers (including the
intermediate zone (IZ)/subventricular zone (SVZ)) was observed.
Interneurons migrate toward their destinations under the guidance
of extracellular cues (Pla et al. 2006; Lodato et al. 2011). Previously it
has been reported ablation of CXCR4 results in abnormal distribu-
tions of subtypes of SST-, NPY- and CR-positive interneurons in
the cortex. After Foxgl deletion significant downregulation of
CXCR4 was observed here, suggested a potential role of Foxgl func-
tioning upstream of CXCR4 in the postnatal development of corti-
cal neurons. Impaired neurite development was also observed in
our mutants. The total length and complexity of the dendrites was
remarkably increased. Previous studies have shown exogenous
expression of DIx1 resulted in reduced complexity of dendritic
arborization, and knock down of DIx1 enhanced dendritic growth

result was obtained when the Sholl analysis of the dendritic branches was performed at 7 DIV (n = 30, compared by two-way ANOVA (Fy, 652 = 5.174, P < 0.0001) with
Bonferroni’s post hoc test, P < 0.05 at 15, 25, 35, 45, and 55um away from the cell body). (K-L) Levels of the DIx1 and Pak3 mRNAs (K) and proteins (L). (M-P)
Representative micrographs of tdTomato™ interneurons from the controls (M) and mutants (N) transfected with empty vector, mutants transfected with lentivirus
carrying DIx1 cDNA (N) and Pak3 shRNA (O) at 7 DIV showing that enhanced dendritic complexity of the mutant interneurons can be rescued. (Q-T) Both DIx1 overex-
pression (Q) and the Pak3 knock down (S) decrease the total length of mutant dendrities (For DIx1, n = 30, analyzed by one-way ANOVA (F3 9 = 11.29, P < 0.0001) with
Bonferroni’s post hoc test, P < 0.001 between mutant and control, mutant and mutant-dlx1 overexpression; For Pak3 shRNA n = 30, analyzed by one-way ANOVA
(F2,80 = 18.15, P < 0.0001) with Bonferroni’s post hoc test, P < 0.001 between mutant and control, mutant and mutant-Pak3 shRNA). (R, T) Sholl analysis revealed that
overexpression of DIx1 (n = 30, analyzed by two-way ANOVA (F15570 = 3.281, P < 0.0001) with Bonferroni’s post hoc test, for control and mutant, P < 0.05 at 15, 25, 35,
45 and 55 pm away from the cell body (black asterisk), for mutant-DIx1 and mutant, P < 0.05 at 15, 25, 35, and 45 pm away from the cell body (green asterisk)) has
stronger effects than Pak3 shRNA (n = 30, analyzed by two-way ANOVA (Fygs70 = 3.281, P < 0.0001) with Bonferroni’s post hoc test, for control and mutant, P < 0.05 at
25-85 ym away from the cell body (black asterisk), for mutant-Pak3 shRNA and mutant, P < 0.05 at 35-85 ym away from the cell body (green asterisk), for mutant-Pak3
shRNA and control, P < 0.05 at 25 and 35 pm away from the cell body (black asterisk)). Scale bar: 50 pm. Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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(Dai et al. 2014). In DIx1~~; DIx2”~ mutants, neurite length is
increased and cells fail to migrate (Cobos et al. 2007). These results
are consistent with what we have observed here. In this study,
DIx1 expression was severely downregulated, subsequently leading
to an upregulation of Pak3 and an ultimate increase in enhanced
dendritic complexity. Based on these results, we conclude that
Foxgl functions as an upstream regulator of CXCR4 and DIx1 to
control the postnatal development of cortical interneurons.

The transition from tangential to radial migration has been
shown to be indispensable for interneuron development (Azim
et al. 2009; Batista-Brito et al. 2009; Caronia-Brown and Grove
2011; Sanchez-Alcaniz et al. 2011). However, we could not
examine the switch from tangential to radial migration in this
study due to the deletion of Foxg1l induced by tamoxifen admin-
istration occurred after the transition was almost completed,
and no obvious accumulation of interneurons was detected in
the 2 tangential streams in the marginal zone (MZ) or SVZ.
Further studies using an appropriate Cre mouse tool are
required to determine whether Foxg1l functions in this process.

Although most cortical interneurons are produced in the
MGE and the CGE during embryonic development, the existence
of an extra source of cortical interneurons, such as the white
matter, has been reported. A portion of CR-positive interneurons
are produced there during the first postnatal week and migrate
to the cortex (Riccio et al. 2012). Previous studies also have
shown that olfactory bulb interneurons were continuously gen-
erated after birth and migrate to their destinations alone RMS
(Lledo et al. 2008; Brill et al. 2009). Interestingly, we observed a
group of CR-positive cells that were ectopically accumulated in
the deeper layer of the cortex, and these cells were produced
postnatally. These interneurons might be either cortical inter-
neurons or olfactory bulb interneurons. The abnormal accumu-
lation of CR-positive cells in the deeper layers of the cortex is
also reported in CXCR4 cKO mice (Li et al. 2008). Considering the
downregulation of CXCR4 expression in our Foxgl-deficent inter-
neurons, Foxgl may function upstream of CXCR4 to regulate the
development of postnatally born CR-positive interneurons.

Mutations in Foxgl have been identified in patients with Rett
syndrome and West syndrome (Das et al. 2014; Takahashi 2014).
Recently, Foxgl-related clinical symptoms were defined as Foxgl
syndrome (Kortum et al. 2011; Pratt et al. 2013). Most patients car-
rying Foxgl mutations experience seizures, which are the conse-
quence of an imbalanced neural circuit that exhibits reduced
GABAergic inhibition (Roche Martinez et al. 2011; Matsui and
Hsieh 2016). Our Foxgl mutant mice exhibited increased epilepsy
susceptibility, which may be a direct consequence of the
decreased number and impaired distribution of interneurons. Our
study explained, to a certain extent, why patients with Foxgl syn-
drome have a high incidence of seizures. Previously, we have
reported that at embryonic stages Foxgl regulates the tangential
migration of cortical interneurons. In this study, by postnatal dele-
tion Foxgl we have found the laminar distribution of subtypes of
interneurons, including SST-, NPY-, and CR-positive interneurons
were impaired. However, subtypes of the PV-, VIP-, and Reelin-
positive interneurons did not exhibit an abnormal distribution,
possibly due to the time point of tamoxifen induction is not criti-
cal for these subtypes. Another possibility is Foxgl plays different
roles in distinct interneuron subtypes. Further studies are needed
to reveal the function of Foxg1 in distinct interneuron subtypes.
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