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Abstract The Wnt signaling pathway plays key roles in

various developmental processes. Wnt5a, which activates

the non-canonical pathway, has been shown to be partic-

ularly important for axon guidance and outgrowth as well

as dendrite morphogenesis. However, the mechanism

underlying the regulation of Wnt5a remains unclear. Here,

through conditional disruption of Foxg1 in hippocampal

progenitors and postmitotic neurons achieved by crossing

Foxg1fl/fl with Emx1-Cre and Nex-Cre, respectively, we

found that Wnt5a rather than Wnt3a/Wnt2b was markedly

upregulated. Overexpression of Foxg1 had the opposite

effects along with decreased dendritic complexity and

reduced mossy fibers in the hippocampus. We further

demonstrated that FOXG1 directly repressed Wnt5a by

binding to its promoter and one enhancer site. These results

expand our knowledge of the interaction between Foxg1

and Wnt signaling and help elucidate the mechanisms

underlying hippocampal development.
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Introduction

Members of the Wnt family are known to be crucial in

numerous developmental processes, including telen-

cephalic patterning, cell fate determination, axon guidance,

and dendritic arborization, by triggering different signaling

pathways [1–7]. In the developing telencephalon, Wnt

members usually exhibit unique expression patterns and

are involved in distinct developmental events. Disruption

of Wnt3a, which is specifically expressed in the cortical

hem, a signal center that plays key roles in the patterning of

the telencephalon, results in the loss of the whole

hippocampus, whereas forced Wnt3a expression facilitates

neurogenesis, learning, and memory in the hippocampus

[8–11]. In hippocampal neurons, Wnt3a is also involved in

determining axonal position and outgrowth by controlling

the remodeling of microtubules [12]. Wnt2b is involved in

cell fate determination through activating the canonical

Wnt signaling pathway [13, 14]. Wnt2b also controls the

differentiation of neural progenitor cells [15, 16]. Wnt5a

usually activates the non-canonical Wnt pathway and is

highly conserved from Caenorhabditis elegans to humans

[17–19]. Wnt5a is expressed in the medial pallium of the

telencephalon at early developmental stages and is post-

natally expressed in postmitotic neurons in the developing

hippocampus [20, 21]. Previous studies have shown that

Wnt5a is required for axon guidance and outgrowth

[22–26]. Moreover, recently, Wnt5a was reported to be

essential for dendritic branching in hippocampal neurons

[21, 27]. Despite these critical roles, the upstream regula-

tors of Wnt5a during telencephalic development remain

elusive.

Foxg1, one of the Forkhead box transcription factors,

has been reported to mainly act as a transcriptional

repressor [28–30]. Foxg1-null mutants exhibit significant
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expansion of the cortical hem, where multiple Wnts are

enriched [31]. The expression of Wnt3a, 2b and 5a spreads

to the neocortex. FOXG1 has also been reported to direct

optic development through transcriptional suppression of

Wnt8b [32]. Previous studies have shown that during early

facial and forebrain development, the canonical Wnt/ß-

catenin signaling pathway transcriptionally targets Fgf8

signaling, which subsequently triggers Foxg1 expression

[33, 34]. Moreover, Foxg1 is strongly reduced in the

truncated medial wall neuroepithelium in Wnt3a mutants

[9]. To further elucidate the mutual interaction between

Foxg1 and Wnts and considering the role of Wnt5a in the

development of dendrites, we conditionally disrupted

Foxg1 in the medial pallium and postmitotic neurons of

the hippocampus and found that Wnt5a was significantly

upregulated accompanied by impairments in dendritic

complexity and mossy fibers. Overexpression of Foxg1

had the opposite effects. Moreover, combined with chro-

matin immunoprecipitation (ChIP) analysis, these results

indicated that FOXG1 directly suppresses Wnt5a. These

results expand our knowledge of the interaction between

Foxg1 and Wnt signaling and the mechanisms underlying

the development of the hippocampus.

Materials and Methods Animals

The Foxg1fl/fl and the CAG-loxp-stop-loxp-Foxg1-IRES-

EGFP mouse lines were generated as previously reported

[35, 36]. Emx1-Cre mice (stock number: 005628) were

purchased from the Jackson Laboratory. NEX-Cre mice

were generated as previously described [37]. Conditional

disruption of Foxg1 was achieved by crossing Foxg1fl/fl

mice with Emx1-Cre or NEX-Cre mice. For overexpression

of Foxg1 in the progenitors and postmitotic neurons, the

CAG-loxp-stop-loxp-Foxg1-IRES-EGFP line was crossed

with the Emx1-Cre and NEX-Cre lines, respectively. The

day of vaginal plug detection was considered to be

embryonic day 0.5 (E0.5), and the day of birth was

designated postnatal day P0. All mice were bred in the

animal facility at Southeast University. Gender was not

considered in this study. All experiments were performed

according to the approved guidelines of Southeast

University.

Immunostaining and In Situ Hybridization

Brains were fixed by transcardial perfusion with cold 4%

paraformaldehyde (PFA) in PBS, postfixed at 4�C over-

night, cryoprotected in 30% sucrose, embedded in OCT,

and stored at –70�C until use. The brains were cryosec-

tioned at 16 lm on a Leica CM 3050S cryostat. Immunos-

taining was then performed as previously described [35].

The following antibodies were used: guinea pig anti-

Calbindin (Millipore, AB1778, 1:250), rabbit anti-Calre-

tinin (Millipore, AB5054, 1:500), rat anti-Ctip2 (Abcam,

ab18465, 1:2000), rabbit anti-FOXG1 (Abcam, AB18259,

1:500), rabbit anti-Prox1 (Millipore, AB5475, 1:1000), and

mouse anti-Synaptoporin (SCBT, sc376761). The sec-

ondary antibodies were: Alexa Fluor 568 goat anti-guinea-

pig IgG (Molecular Probes, A11075, 1:500), Alexa Fluor

555 donkey anti-mouse IgG (Invitrogen, A31570), Alexa

Fluor 546 donkey anti-rabbit IgG (Life, A10040, 1:500),

Alexa Fluor 647 donkey anti-rabbit IgG (Life, A31573,

1:500), and Alexa Fluor 546 goat anti-rat IgG (Molecular

Probes, A11081, 1:500). DAPI was from Sigma-Aldrich

(D9564).

In situ hybridization was performed as previously

described [38]. The probes were obtained by PCR

amplification.

Real-Time PCR

Total RNAwas isolated from the E14.5 dorsal telencephalon

using the RNeasy Plus Mini Kit (Qiagen, 74104) according

to the manufacturer’s instructions, and each sample was

reverse-transcribed into cDNA using the Prime-

ScriptTM RT reagent kit with gDNA Eraser (TaKaRa,

RR047A). Tissue from at least three brains of each genotype

were used. Quantitative real-time PCR was performed as

previously described [35]. The following primers were used

for the analyses: Wnt3a-F: 50-GCAGCTGTGAAGTGAA-
GAC-30 and Wnt3a-R: 50-GGTGTTTCTCTACCAC-
CATCTC-30; Wnt2b-F: 50-GCCAAAGAGAAGAGG
CTTAA-30 and Wnt2b-R: 50-TCAGTCCGGGTGGCG
TGGCG-30; Wnt5a-F: 50-CTCGGGTGGCGACTTCC
TCTCCG-30 and Wnt5a-R: 50-CTATAACAACCTGGGC-
GAAGGAG-30. Each sample was analyzed in triplicate

reactions. The relative gene expression of the samples was

normalized to the most reliable endogenous gene (glycer-

aldehyde 3-phosphate dehydrogenase, GAPDH).

Western Blot

The dentate gyrus (DG) was collected at P0 after

hypothermic anesthesia and prepared as described previ-

ously [35]. The primary antibodies used were rabbit anti-

FOXG1 (Abcam, AB18259, 1:3000) and rabbit anti-b-actin
(Cell Signaling Technology, 1:5000). HRP-linked anti-

rabbit IgG (Cell Signaling Technology, 7074S, 1:3000)

was used as the secondary antibody.

Microscopy and Image Analysis

Sections were viewed under a confocal microscope (Olym-

pus FV1000), and images were collected and analyzed
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using FV10-ASW image analysis software. The images

were optimized for size, color, and contrast using Adobe

Illustrator.

Golgi Staining and Morphometric Analysis

P17 brains were stained using an FD Rapid GolgiStain kit

according to the manufacturer’s instructions and as previ-

ously described [39, 40]. Briefly, brains were impregnated

with Golgi solution (a mixture of solutions A and B) at

room temperature in the dark for 6 days, transferred to

solution C for 3 days, and sectioned at 120 lm on a

vibrating microtome (VT1000; Leica Microsystems). Five

brains per genotype from different parents (n [ 3) were

impregnated. Images of the dendritic arbors of pyramidal

neurons and granule cells were captured under Z-stack

mode using an EVOS FL Auto microscope (Life Technol-

ogy) with a 409 objective lens. The dendrite of each

neuron was manually traced using ImageJ software (NIH).

Sholl analysis in ImageJ was used to assess the dendritic

complexity by examining the number of dendritic inter-

sections per 20-lm concentric radial distance from the

soma. Significant differences in dendritic complexity were

determined by two-way ANOVA (genotype and circle

radius as factors) in GraphPad Prism software. Values were

considered significant at P\0.05.

ChIP-Seq Analyses and qPCR

Chromatin immunoprecipitation sequencing (ChIP-seq)

was performed using E16.5 wild-type telencephalons with

an anti-FOXG1 antibody as described previously [29]. The

sequencing reads were mapped to the mouse reference

genome (mm9 on the UCSC genome browser). The gene

sequences for Wnt5a (NC_000080.6) were obtained using

NCBI. The qPCR primers spanned three FOXG1 putative

binding sites: the promoter (a) and two enhancer regions (b,

c): Wnt5a-a-F: 50-AGAGAGGAGGAGCTGACAAT-30

and Wnt5a-a-R: 50-AATCCCTGTGCCCAAGATG-30;
Wnt5a-b-F: 50-GCGCAGTCAATCAACAGTAAAC-30

and Wnt5a-b-R 50-GGCTTCTGGAGAGGAAAGAAAG-
30; Wnt5a-c-F: 50-CTGGCTGGCTCTGGTTT-30 and

Wnt5a-c-R: 50-TTTCTACGCCAGAGTTTAAGAATTG-
30. The fold enrichment from three independent experi-

ments were compared using GraphPad software to deter-

mine the statistical significance. Values are expressed as

the mean ± SEM.

Luciferase assay

The mouse Wnt5a-luciferase reporter (pmrt) contains

nucleotides from - 1273 to ? 621 relative to the

transcription start site of the mouse Wnt5a gene

(NC_000080.6). The Wnt5a-enhancer 1 (E1) and 2 (E2)

regions contain nucleotides from ? 5241 bp to ? 6441 bp

and ? 194.2 kb to ? 195.2 kb of the transcription start site,

respectively. The reporter vectors were constructed by

cloning pmrt or the E1 and E2 fragments into the pGL3-

basic or pGL3-promoter reporter plasmids. The primer

sequences were as follows: Wnt5a-prmt-F: 50-
GCGTGCTAGCCCGGGCTCGAGGGCGCAAGGAGA-

CATCCC-30 and Wnt5a-prmt-R: 50- ACTTAGATCGCA-
GATCTCGAGGGCACGGAGAGGAAGTCGC-30;
Wnt5a-E1-F: 50- AATCGATAAGGATCCGTC-

GACCTGCTGATGCTTGGGAGCTG-30 and Wnt5a-E1-

R: 50- CTCTCAAGGGCATCGGTCGACGAAAGAAAG-
GAGCAGATGTTTATTGC-30; Wnt5a-E2-F: 50- AATC-

GATAAGGATCCGTCGACAACATCTCTTTATATAG-

TAAGGCTCTAGGATG-30 and Wnt5a-E2-R: 50-
CTCTCAAGGGCATCGGTCGACACAAGTCCAAC-

CAATCAACTAAAATAA-30. A luciferase assay was

performed using Neuro2A cells. For transfections, 1 9

105 cells per well were seeded onto 24-well plates and

incubated with DMEM/F12 complex medium overnight.

The second day, pGL3-basic-prmt, pGL3-promoter-E1,

and pGL3-promoter-E2 were added with either pCAG EN

(control) or pCAG-Foxg1 (500 ng/well for each construct)

together with the SV40 plasmid containing the Renilla

luciferase gene (50 ng/well) as an internal plasmid control.

The transfection medium was replaced by complete

medium containing antibiotics after 6 h of transfection.

The luciferase activities were assayed 48 h after transfec-

tion. The firefly luciferase readout was normalized to the

respective Renilla luciferase readout from the same cell

lysate. The fold change in response to FOXG1 activity was

calculated with respect to the controls. All the values are

expressed as the mean ± SEM of three biological

replicates.

Results

Abnormal Expression of Wnt5a After Deletion

of Foxg1 in the Hippocampal Primordium

To gain an in-depth understanding of the regulation of

Wnt5a by Foxg1 in the developing telencephalon, we first

conditionally inactivated Foxg1 in the dorsal telencephalic

progenitors from E10.5 onwards by crossing Emx1-Cre

mice with Foxg1fl/fl mice (referred to as Emx1-Cre;Foxg1

cKO). The deletion efficiency of Foxg1 was assessed by

immunostaining for FOXG1. Compared to that of the

control, FOXG1 was completely undetectable in the dorsal

telencephalon, including the cortical hem, where multiple

Wnts are enriched (Fig. 1A, A’). The Foxg1-/- mice in

which Foxg1 was deleted as early as E8.5 exhibited severe
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expansion of the cortical hem with the expression of Wnt5a

and Wnt3a/Wnt2b, two specific markers for the cortical

hem, which spread to the whole cortex [31]. We then

examined the expression of the three Wnt members at

E12.5 in Emx1-Cre; Foxg1 cKO mice. As shown in

Fig. 1B and 1B’, there was a slight expansion of Wnt5a in

the medial pallium compared to that of controls, but no

differences in the expression of Wnt3a and Wnt2b

(Fig. 1C–D’), consistent with our previous report [41]. At

E14.5, Wnt5a was expressed not only in the cortical hem

but also in the hippocampal primordium in controls

(Fig. 1E). A marked upregulation was detected in the

Emx1-Cre; Foxg1 cKO mice (Fig. 1E’). Similarly, there

were no changes in Wnt3a and Wnt2b (Fig. 1F–G’).

Moreover, qPCR analysis revealed that Wnt3a and Wnt2b

were expressed at comparable levels in control and the

Emx1-Cre; Foxg1 cKO mice, while Wnt5a was increased

by *50% (Fig. 1H). Upregulation of Wnt5a was also

evident at E16.5 in Emx1-Cre;Foxg1 cKO mice (Fig. 1I,

I’). These results suggest that FOXG1 is involved in the

regulation of Wnt5a rather than Wnt3a/Wnt2b from E10.5

onwards.

Downregulation of Wnt5a After Overexpression

of Foxg1 in the Hippocampal Primordium

To confirm the regulation of Wnt5a by FOXG1, we

overexpressed Foxg1 in the dorsal telencephalon by

crossing the Emx1-Cre line with the CAG-loxp-stop-loxp-

Foxg1-IRES-EGFP line (referred to as Emx1-Cre; CAG-

Foxg1 TG) (Fig. 2A). The FOXG1 expression in the dorsal

telencephalon was stronger than that of the controls

(Fig. 2B and 2B’). As shown in Fig. 2B’, notable ectopic

expression of FOXG1 was also detected in the cortical hem

Fig. 1 Upregulation of Wnt5a after deletion of Foxg1 in the

hippocampal primordium. A, A’ Immunostaining showing that

FOXG1 is efficiently disrupted in the dorsal telencephalon, including

the hippocampal primordium (arrowhead). B–D’ In situ analysis of

Wnt5a, Wnt3a, and Wnt2b. b–d’ Magnified views of the boxed areas

in B–D’. E–G’ Representative in situ images of Wnt5a, Wnt3a, and

Wnt2b in the cortical hem at E14.5. Arrows in b, b’ and arrowheads in

E, E’ indicate the excessive expression of Wnt5a in the medial

pallium. H qPCR analysis of Wnt5a, Wnt3a, and Wnt2b in the

telencephalon. I, I’ In situ analysis of Wnt5a at E16.5. Values are

expressed as the mean ± SEM, n = 3, *P\ 0.05. Scale bars, (A–I’)
200 lm; (b–d’) 50 lm.
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where FOXG1 was normally absent. Interestingly, Wnt5a

was clearly downregulated in the cortical hem at E12.5 and

almost undetectable at E14.5 (Fig. 2C, C’ and 2F, F’),

while Wnt3a and Wnt2b remained unchanged in the Emx1-

Cre;CAG-Foxg1 TG mice (Fig. 2D–E’ and 2G–H’). qPCR

analysis further demonstrated the downregulation of Wnt5a

in the Emx1-Cre;CAG-Foxg1 TG mice with both Wnt3a

and Wnt2b unaltered in either case (Fig. 2I). The reduction

of Wnt5a was detected as well at E16.5 in the Emx1-Cre;

CAG-Foxg1 TG mice (Fig. 2J, J’). Thus, FOXG1 functions

upstream of Wnt5a in the developing telencephalon.

Foxg1 Regulates Wnt5a in Postmitotic Neurons

To further determine whether Foxg1 regulates Wnt5a in

postmitotic neurons, we conditionally inactivated Foxg1 by

crossing NEX-Cre with Foxg1fl/fl mice (referred to as NEX-

Cre; Foxg1 cKO). As expected, Foxg1 expression was

eliminated in the postmitotic neurons but remained in the

Fig. 2 Downregulation of Wnt5a after Foxg1 overexpression in the

hippocampal primordium. A Schematic of the strategy for overex-

pression of Foxg1. B, B’ FOXG1 expression assessed by immunoflu-

orescence. Arrowheads indicate ectopic expression of FOXG1 in the

TG cortical hem (B’), which is normally undetectable (B). C–E’ In
situ hybridization of Wnt5a (C, C’), Wnt3a (D, D’), and Wnt2b (E,
E’) in E12.5 controls (C–E) and Emx1-cre;Foxg1 TG mice (C’–E’)
showing downregulation of Wnt5a (arrows) and comparable levels of

Wnt3a and Wnt2b. c–e’ Magnified views of the boxed areas in (C–
E’). F–H’ In situ hybridization for Wnt5a (F, F’), Wnt3a (G, G’), and

Wnt2b (H, H’) at E14.5. Wnt5a is almost undetectable in the

hippocampal primordium (arrowheads). No changes occur in Wnt3a

and Wnt2b. I qPCR showing a significant decrease in Wnt5a. J, J’ In
situ analysis of Wnt5a at E16.5. Values are expressed as the mean ±

SEM, n = 3, **P\ 0.01. Scale bars, (B–J’) 200 lm; (c–e’) 50 lm.
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ventricular zone and the subventricular zone in the NEX-

Cre; Foxg1 cKO mice (Fig. 3A–A’) when examined at

E14.5. In the controls, apart from the shrinking cortical

hem, Wnt5a was also expressed in the postmitotic hip-

pocampal neurons aligned along the medial pallium

(Fig. 3B, E). However, in the NEX-Cre; Foxg1 cKO mice,

the expression of Wnt5a was expanded more widely at

E14.5 and E16.5 (Fig. 3B’, E’). The expression of Wnt3a

and Wnt2b was comparable in control and NEX-Cre;

Foxg1 cKO mice (Fig. 3C–D’). Next, Foxg1 was overex-

pressed in postmitotic neurons by crossing NEX-Cre mice

with CAG-loxp-stop-loxp-Foxg1-IRES-EGFP mice

Fig. 3 Abnormal expression of Wnt5a after deletion or overexpres-

sion of Foxg1 in postmitotic neurons. A–A’’’ Immunostaining of

FOXG1 in control, NEX-cre;Foxg1 cKO, and NEX-cre;Foxg1 TG

brains at E14.5. The arrowhead in A’ indicates the loss of Foxg1 in

postmitotic neurons. A’’, A’’’ Immunofluorescence and Western blot

analysis of FOXG1. Foxg1 is overexpressed in the NEX-cre;Foxg1
TG brain. B–D’’ In situ hybridization for Wnt5a (B–B’’), Wnt3a (C–
C’’), and Wnt2b (D–D’’) in E14.5 control, NEX-cre;Foxg1 cKO, and

NEX-cre;Foxg1 TG brains showing Wnt5a expression in the cortical

hem (arrowheads) and the postmitotic hippocampal neurons (arrows).

E–E’’ In situ hybridization for Wnt5a at E16.5. F qPCR showing

significant changes in Wnt5a. G, G’ Photomicrographs of in situ
Wnt5a in control and NEX-cre;Foxg1 TG brains at P7. Values are

expressed as the mean ± SEM, n C 3, *P\0.05, **P\0.01. Scale

bars, 200 lm.
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(referred to as NEX-Cre;CAG- Foxg1 TG) (Fig. 3A’’). At

the protein level, FOXG1 was strongly increased by*45%

at P0 in the NEX-Cre; CAG-Foxg1 TG mice (Fig. 3A’’’).

Downregulation of Wnt5a was evident in the postmitotic

neurons in the medial pallium at E14.5 and E16.5, while

Wnt3a and Wnt2b were unchanged (Fig. 3B’’–E’’). qPCR

showed a 1.4-fold increase in Wnt5a in the NEX-

Cre;Foxg1 cKO mice and a 0.4-fold decrease in the

NEX-Cre;CAG-Foxg1 TG mice, and that the levels of

Wnt3a and Wnt2b were unchanged was also confirmed

(Fig. 3F). Wnt5a has been shown to be highly expressed in

the DG and CA1 region in postnatal stages (Fig. 3G). Due

to postnatal lethality, examination of Wnt5a in the NEX-

Cre; Foxg1fl/fl cKOs was unachievable. We then assessed

Wnt5a in the NEX-Cre;CAG- Foxg1 TG mice at P7 and

found that it was significantly reduced (Fig. 3G’). Taken

together, these data indicate that Foxg1 regulates Wnt5a in

postmitotic hippocampal neurons.

Abnormal Development of the Mossy Fibers

and Dendrites of Granule Cells in NEX-Cre; CAG-

Foxg1 TG Mice

Wnt5a is involved in axon guidance and outgrowth and

was recently shown to be required for dendritic branching

[25, 26, 42–44]. Here, we examined the development of

mossy fibers and the dendrites of granule cells in the DG of

NEX-Cre;CAG-Foxg1 TG mice. The morphology of the

DG was grossly normal at P7, as viewed by immunostain-

ing with anti-Prox1 and Ctip2, specific markers for granule

cells (Fig. 4). Next, immunostaining with anti-Synapto-

porin and anti-Calbindin were used to examine the mossy

fibers at P3, P7, and P11. In controls, long and thick

Synaptoporin? fibers were observed to project to the CA3

region (Fig. 4C). However, in the NEX-Cre; CAG-Foxg1

TG mice, although mossy fibers properly projected to the

CA3 region, they were substantially thinner than those of

controls (Fig. 4D). Similar defects were showed by Cal-

bindin immunostaining (Fig. 4E, F). To examine the

dendritic development of granule cells, we immunostained

with anti-Calretinin at P3 and P7. In the control DGs,

Calretinin? proximal dendrites of granule cells formed a

weak band at P3 and a clear band at P7 on the inner side of

the molecular layer (Fig. 4G). In the NEX-Cre;CAG-Foxg1

TG mice, the Calretinin? band was almost undetectable at

P3, and much weaker at P7 than that in controls (Fig. 4H),

suggesting a developmental defect in the dendrites of

granule cells. To further confirm these defects, we

immunostained with anti-Synaptoporin and anti-Calbindin

in serial sections of P11 brains. As shown in Figure 5,

compared to the control DG, from the rostral to the caudal

levels the mossy fibers were thinner in the NEX-Cre; CAG-

Foxg1 TG mice, further demonstrating that Foxg1 is

required for the development of mossy fibers.

Fig. 4 Impaired development of granule cell dendrites in the NEX-
cre;Foxg1 TG brain. A–B’ Representative images of P7 mouse brain

sections stained with antibodies against Prox1 and Ctip2 to mark

granule cells in the DG. C–F Immunostaining of anti-Synaptoporin

(C, D) and Calbindin (E, F) showing the mossy fibers (white arrows)

at P3, P7, and P11. G, H Immunostaining of Calretinin labeling

developing dendrites of granule cells at P3 and P7. Red arrows

indicate the band formed by the proximal dendrites of granule cells in

the molecular layer, while green arrows indicate the dendrites of

granule cells. DG, dentate gyrus. Scale bars in magnified views, 50

lm; in A–H, 200 lm.
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We then used Golgi-Cox staining to further explore the

developmental dendritic defects. At P17 in controls, the

dendritic tree of granule cells was well developed with

numerous and complicated arbors (Fig. 6A). In contrast,

we observed a substantial reduction in the dendritic

complexity in the NEX-Cre;CAG- Foxg1 TG mice

(Fig. 6B), and the total dendritic length was significantly

reduced (Fig. 6C). We next quantified the dendritic com-

plexity by counting the intersections where the dendrites

crossed the concentric circles drawn at 20-lm intervals

around a granule cell body. Statistical analysis showed a

strong decrease in the number of intersections compared

with the control neurons (Fig. 6D). Similar deficits were

observed in CA1 pyramidal neurons (Fig. 6E, F). The total

dendritic length was reduced by *24% (Fig. 6G), and the

number of intersections was also significantly decreased in

the NEX-Cre; CAG-Foxg1 TG mice (Fig. 6H). Together,

these results suggest that the Foxg1-Wnt5a signaling

pathway is required for the development of neurites in

the DG as well as the CA region.

FOXG1 Directly Represses Wnt5a

To investigate whether FOXG1 directly regulates Wnt5a,

we analyzed the Wnt5a locus and found three putative

FOXG1 consensus binding motifs: one was located at the

promotor domain (0.2 kb upstream of the transcription start

site, RefSeq accession number: NM_ 009524), and the

other two were 6.3 kb and 194.6 kb downstream enhancer

sites (Fig. 7A, referred to as Prmt, E1, and E2, respec-

tively). ChIP-qPCR was then carried out, and showed

15.89 ± 2.49-fold, 7.89 ± 0.91-fold, and 10.02 ± 1.32-fold

enrichment of FOXG1 on Prmt, E1, and E2, respectively

(Fig. 7B). The luciferase assay showed that when PGL3-

Prmt was co-transfected with PCAG-Foxg1, the activity

was reduced by *36.0 ± 9.4% (P\ 0.05). No significant

inhibition was detected when PGL3-E1 was co-transfected

with PCAG-Foxg1. The luciferase activity was reduced by

*30.4 ± 6.8% (P \ 0.05) when PGL3-E2 was co-

transfected (Fig. 7C). Thus, Foxg1 directly binds to the

promotor and E2 enhancer domains to repress Wnt5a

expression.

Fig. 5 Impaired development of mossy fibers in the NEX-cre; Foxg1 TG brain at P11. A–D Immunostaining of anti-Synaptoporin (A, B) and
Calbindin (C, D) showing the mossy fibers (white arrows), from the rostral to the caudal levels. Scale bars, 200 lm.
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Fig. 6 Reduced dendritic complexity in CA1 and DG after Foxg1
overexpression. A, B Representative images showing the morphology

of granule cells at P17 in control and TG mice by Golgi staining.

C Total dendritic length is significantly reduced in NEX-cre;Foxg1
TG mice (control, n = 38 cells from 5 mice; TG, n = 36 cells from 5

mice, ****P \ 0.0001; t-test). D Sholl analysis of the dendritic

complexity of granule cells (control, n = 38 cells from 5 mice; TG,

n = 36 cells from 5 mice, ***P\ 0.0001; two-way ANOVA). E, F

Representative images of Golgi-stained CA1 pyramidal neurons from

control (E) and TG (F) mice. G Total dendritic length of CA1

pyramidal neurons is also reduced in TG mice (control, n = 38 cells

from 5 mice; TG, n = 30 cells from 5 mice, ****P\0.0001; t-test).
H Sholl analysis of the dendritic complexity of hippocampal CA1

pyramidal neurons (control, n = 38 cells from 5 mice; TG, n = 30 cells

from 5 mice; ***P \ 0.0001; two-way ANOVA). CA, cornu

ammonis; scale bars, 20 lm.
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Discussion

Wnt signaling plays crucial roles in various developmental

processes [1, 5, 6, 45–52]. Wnt5a has been demonstrated to

be required for axon outgrowth, dendrite morphogenesis,

and synaptic plasticity [25, 27, 42, 44, 53, 54]. However,

how Wnt5a is regulated remains unclear. In this study, we

report that Foxg1 suppressed Wnt5a directly during the

development of the hippocampus at both embryonic and

postnatal stages (Fig. 8).

FOXG1 has been shown to interact with Wnt signaling

in a complicated way. FOXG1 transcriptionally suppresses

Wnt8b during optic development [32]. During early facial

and forebrain development, the canonical Wnt/ß-catenin

pathway targets Fgf8 signaling, which subsequently trig-

gers Foxg1 expression [33, 34]. Interestingly, in Wnt3a

mutants, Foxg1 is severely reduced in the truncated medial

neuroepithelium [9]. On the other hand, in Foxg1-null

mutants in which Foxg1 is disrupted as early as E8.5, the

cortical hem markedly expands into the neocortex with the

Fig. 7 FOXG1 represses Wnt5a by directly binding its promoter and

E2 enhancer sites. A Three FOXG1 consensus binding sites denoted

Prmt, E1, and E2 at the Wnt5a gene locus. B ChIP-QPCR exhibits

high enrichment of FOXG1 on the three hypothetical loci (n = 3,

**P\ 0.01). C Luciferase assays showing significant inhibition of

Wnt5a by FOXG1 through the promoter and E2 sites (n = 4, *P\
0.05; Student’s t-test).

Fig. 8 Schematic representation of the role of Foxg1 in hippocampal

development via Wnt5a. A During the embryonic stage (E12.5–

E14.5), deletion of Foxg1 leads to expansion of the Wnt5a-expressing

region, while Foxg1-overexpression represses Wnt5a expression in

the hippocampal primordium. B During postnatal development,

forced expression of Foxg1 in postmitotic pyramidal and granule

cells leads to downregulation of wnt5a and disturbs the development

of dendrites and mossy fibers.
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expression of Wnt3a, Wnt2b and Wnt5a spread throughout

the whole cortical field [31]. Here, we showed that deletion

of Foxg1 from E10.5 onwards did not cause expansion of

the cortical hem, while Wnt3a and Wnt2b exhibited a

normal expression pattern. Interestingly, we found that

Wnt5a was upregulated. Moreover, Wnt5a expression was

significantly increased when FOXG1 was deleted in

postmitotic neurons in the medial pallium from which the

hippocampus and the DG are derived. Overexpression of

Foxg1 reduced Wnt5a but had no effects on Wnt3a/Wnt2b.

We further demonstrated that FOXG1 directly suppressed

Wnt5a by binding to its promoter and enhancer domains.

Our results suggest that FOXG1 regulates Wnt5a but not

Wnt3a/Wnt2b in the medial pallium during telencephalic

development and expand our knowledge of the interaction

between Foxg1 and Wnt signaling.

In mammals, the hippocampus plays a crucial role in

learning and memory [55–60]. During mnemonic func-

tions, the hippocampus coordinates the interactions among

brain areas including the medial prefrontal cortex, medial

entorhinal cortex, and amygdala, to which the CA1

pyramidal neurons project [61–64]. The DG receives

information from the entorhinal cortex and serves as the

primary afferent pathway into the hippocampus [65–67].

Dysfunction of the neural circuits is closely associated with

a variety of neurological disorders [68–71]. Patients

suffering from FOXG1 syndrome have severe cognitive

defects [72–75]. Duplications of FOXG1 are associated

with cognitive defects and mental retardation [76–78].

Studies using mouse models have shown that Foxg1 is

involved in hippocampal formation as well as neurite

development [35, 40]. Recently, Wnt5a was reported to be

required for dendrite branching and growth in hippocampal

neurons [21]. Wnt5a also regulates axon guidance and

outgrowth [25, 26, 44, 79]. In the present study, loss of

Foxg1 led to evident upregulation of Wnt5a in the

hippocampal primordium, while overexpression of Foxg1

resulted in dramatic downregulation of Wnt5a in the

granule cells and pyramidal neurons, accompanied by

reduced dendritic complexity and mossy fibers. Our study

showed that FOXG1 acts as a direct repressor of Wnt5a.

FOXG1 suppresses Wnt5a not only at early developmental

stages but also in postnatal hippocampal development. Our

results help to elucidate the mechanisms underlying the

interaction between Foxg1 and Wnt signaling during

telencephalic development.
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