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A B S T R A C T

The striatum, the major component of the basal ganglia, consists of the caudate-putamen, nucleus accumbens
and olfactory tubercle. The striatal principal projection neurons are comprised of medium spiny neurons (MSNs)
with two dopamine receptors: DRD1 (D1 MSNs) and DRD2 (D2 MSNs). In the present study, we demonstrate that
Zfhx3 is strongly expressed in the boundary of the subventricular zone (SVZ)/mantle zone (MZ) of the lateral
ganglionic eminence (LGE), and its expression in the striatum is downregulated during the first postnatal week.
At the cellular level, Zfhx3 is selectively expressed in immature D1 MSNs. In Zfhx3 conditional knockouts, we
observed an accumulation of progenitors in the LGE SVZ at E16.5 and P0, and an increase in apoptosis in the
postnatal striatum. BrdU birthdating experiments revealed that late born D1 MSN production was compromised.
Accordingly, we observed a significant reduction in the number of D1 MSNs, whereas the number of D2 MSNs
remained unaffected in the striatum of Zfhx3 conditional knockouts at P11. We concluded that Zfhx3 plays a
critical role in the differentiation and survival of late born D1 MSNs.

1. Introduction

The striatal medium spiny neurons (MSNs) can be divided into two
cell types: one expresses the dopamine receptor DRD2 (D2 MSNs),
which is mainly projected to the external portion of the globus pallidus
and forms the indirect pathway. Another cell type specifically expresses
the dopamine receptor DRD1 (D1 MSNs), which mainly projects to the
internal segment of the globus pallidus and the substantia nigra pars
reticulata, constituting the direct pathway (Gerfen, 1992; Gerfen et al.,
1990; Gerfen and Surmeier, 2011). Keeping the balance of activity
between these two pathways is deemed necessary for normal motor
control (Albin et al., 1989; Gerfen and Surmeier, 2011). The striatal
projection neurons are important in that their degeneration leads to the
pathology observed in Huntington's disease. The cause of Parkinson's
disease is also closely related to the abnormal function of basal ganglia
circuits (Albin et al., 1989; DeLong, 1990; Gerfen and Surmeier, 2011).
Furthermore, recent studies have shown that dysplasia or alteration of
the basal ganglia pathways is a potential risk factor for neuropsychiatric
disorders (obsessive-compulsive disorder/ attention deficit hyper-
activity disorder) in children (Leisman and Melillo, 2013).

The lateral ganglionic eminence (LGE) includes two distinct

compartments: a dorsal part, which gives rise to olfactory bulb inter-
neurons (Li et al., 2017; Stenman et al., 2003; Waclaw et al., 2006), and
a ventral part, which generates striatal projection neurons (Anderson
et al., 1997; Olsson et al., 1995; Stenman et al., 2003). Recent studies
showed that the transcription factors Sp8/9 and Six3 are necessary for
the generation and differentiation of the striatal D2 MSNs (Xu et al.,
2018; Zhang et al., 2016). Conversely, Ebf1 and Isl1 are required for the
development of a subset of D1 MSNs (Ehrman et al., 2013; Garel et al.,
1999; Lobo et al., 2006; Lobo et al., 2008; Lu et al., 2014). The tran-
scription factor Zfhx3 (formerly known as Atbf1), which is combined
with an AT-rich element (enhancer), represses the expression of alpha
fetoprotein (Afp) (Morinaga et al., 1991). In Drosophila, ZFH-2 is highly
homologous with mouse ZFHX3. In the later stage of embryonic de-
velopment of Drosophila, ZFH-2 is mainly expressed in the central
nervous system and regulates its development by binding to the AT-rich
domain upstream of the DDC gene (Lundell and Hirsh, 1992). In vitro
studies have shown that Zfhx3 plays an important role in the nucleus by
organizing neuronal differentiation associated with cell cycle arrest
(Jung et al., 2005). Recent studies showed that Zfhx3 was highly ex-
pressed in the ganglionic eminence (Chen et al., 2017; Mayer et al.,
2018). However, the roles of Zfhx3 in LGE and striatal development still
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remain largely unknown.
In the present study, using conditional deletion combined with

RNA-Seq, RNA in situ hybridization and immunostaining, we show that
Zfhx3 promotes the differentiation of late born D1 MSNs. We observed
an accumulation of progenitors in the LGE SVZ at E16.5 and P0. We also
saw an increase in apoptosis in the postnatal striatum, and significant
reductions in D1 MSNs at P11 in Zfhx3 conditional knockout mice,
whereas the number of D2 MSNs remains largely unaffected. BrdU
birthdating experiments revealed that late born D1 MSN production
was blocked. We concluded that Zfhx3 plays a critical role in the dif-
ferentiation and survival of late born D1 MSNs.

2. Materials and methods

2.1. Animals

Zfhx3F/+ (Sun et al., 2012), Dlx5/6-Cre-Ires-EGFP (Stenman et al.,
2003) and Drd2-GFP (from MMRRC) (Gong et al., 2007; Xu et al., 2018)
were previously described. All mice were maintained in a mixed genetic
background of C57BL/6 J and CD1. The day of vaginal plug observation
was embryonic day 0.5 (E0.5), and the day of birth was considered as
postnatal day 0 (P0). All animal care was approved in accordance with
institutional guidelines at Fudan University, Shanghai Medical College.

2.2. Histology and immunohistochemistry

In this work, 20-μm thick frozen sections were used for histology
and immunostaining. For histological analysis, the brain sections were
consecutively immersed in different concentrations of alcohol (50%,
75%, 85%, 95% and 100%). Then, sections were counterstained with
Cresyl Violet solution. Finally, they were dehydrated in 70%, 95% and
100% ethanol for 2 mins each, placed in xylenes for another 10 mins
and then cover-slipped. Immunohistochemistry was performed on 20-
μm thick frozen sections. Sections were rinsed with 0.05M TBS for 10
mins, incubated in Triton-X-100 (0.5% in 0.05M TBS) for 30 mins at
room temperature (RT), and then incubated with block solution (10%
donkey serum +0.5% Triton-X-100 in 0.05M TBS, pH=7.2) for 2 h at
RT. Primary antibodies were diluted in 10% donkey serum block so-
lution and incubated overnight at 4 °C, then rinsed 3 times with 0.05M
TBS. Secondary antibodies (from Jackson, 1:500) matching the appro-
priate species were incubated for 3 h at RT. Fluorescently stained sec-
tions were then washed 3 times with 0.05M TBS. This was followed
with 4′, 6-diamidino-2-phenylindole (DAPI) (Sigma, 200 ng/ml)
staining for 3 mins and sections were then cover-slipped with Gel/
Mount (Biomeda, Foster City, CA). The primary antibodies used in our
studies included: rat anti-BCL11b (1:1000; Abcam, ab18465,
GR243609–3); rat anti-BrdU (1:150; Accurate Chemical, OBT0030s);
rabbit anti-Cleaved Caspase-3 (1:500; Cell Signaling, 9661, 43); rabbit
anti-DARPP-32 (1:100; Cell Signaling, 2302S, 4); guinea pig anti-DLX2
(1:2000) (Hansen et al., 2013; Kuwajima et al., 2006); rabbit anti-EBF1
(1:5000; Millipore, AB10523, 2,887,442); goat anti-EBF (1:200; Santa
Cruz Biotechnology, sc-15,888); rabbit anti-FOXP1 (1:1500; Abcam,
Ab16645, GR167582-2); goat anti-FOXP2 (1:500; Santa Cruz Bio-
technology, sc-21,069); chicken anti-GFP (1:3000; Aves Labs, GFP-
1020, GFP879484); rabbit anti-GSX2 (1:2000; Millipore, ABN162,
2,736,374); rabbit anti-ASCL1 (1:2000; Cosmo Bio, SK-T01-003, TAK3-
002); rabbit anti-ATBF1 (1:3000; Medical & Biological Laboratories,
D1-120, 004); mouse anti-SIX3 (1:500; Santa Cruz Biotechnology, sc-
398,797, C2017) and rabbit anti-SP9 (1:500) (Zhang et al., 2016). For
BrdU staining, sections were incubated in 2 N HCl for 1 h at RT, and
then rinsed in 0.1 M borate buffer twice (Liu et al., 2009). Sections were
washed 3 times with 0.05M TBS, then a standard immunofluorescence
protocol was used as described above. For KI67 and ZFHX3 im-
munostaining, sections were reactivated in 0.01M citrate buffer
(pH 6.0) at 98 °C for 5 mins. Sections were washed 3 times with 0.05M
TBS, then a standard immunofluorescence protocol was used as

described above.

2.3. BrdU labeling

Timed pregnant mice at E13.5 or E16.5 received a single in-
traperitoneal injection of bromodeoxyuridine (BrdU) (50mg/kg body
weight) and mice were sacrificed at E16.5 or P0.

2.4. In situ RNA hybridization

In situ RNA hybridization experiments were performed using di-
goxigenin labelled riboprobes on 20-μm frozen sections as previously
described (Xu et al., 2018; Zhang et al., 2016) or made from cDNAs
amplified by PCR using the following primers:

1. Cdh8 Fwd: CTGCCACTGATGCTGACG
Cdh8 Rev: TTCAGGGGCGTTGTCATT

2. Cnr1 Fwd: GTTCAAGGAGAACGAGGACAAC
Cnr1 Rev: CAGCAGGCAGAGCATACTACAG

3. Cntnap3 Fwd: CTGTAATGACACCAGGAGTGGA
Cntnap3 Rev: AGTTTCCTCTCTGCAGAACCAG

4. Frmd6 Fwd: ACCATTGGGAATGTCTCAGAAG
Frmd6 Rev: AACACTGCTATGTTCTGCCTGA

5. Sox8 Fwd: GGAGCGACTCAGACTCTGGTACTGA

Sox8 Rev: TACACTTATCCAAACCGGAGAGCAA

6. Zcchc12 Fwd: TGCAGAGGAGAGGGCAAG
Zcchc12 Rev: TGACAAAGAAGGCCACAACA

7. Zfhx3 Fwd: CGATCTGGCCCAGCTCTACCA
Zfhx3 Rev: CTGTAAGCCTGCGAGGGCATAG

8. Zfp521 Fwd: CAGACGCCAACAGCACAC

Zfp521 Rev: TGGGCCGTATCCAGATGT

Fig. 1. Zfhx3 is strongly expressed in the LGE SVZ/MZ boundary.
(A-C) Zfhx3 RNA in situ hybridization showed that Zfhx3 was strongly expressed
in the LGE SVZ/MZ boundary at E12.5. Zfhx3 then spread to the whole striatum
at P0. Subsequently, the expression of Zfhx3 was dramatically decreased in the
striatum at P7. (D) The expression of ZFHX3 was confirmed by western blotting.
Scale bar: 200 μm in C for A-C.
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9. Zfp503 Fwd: TCCCAGGGACAGACAAACTGCT

Zfp503 Rev: TACAAGGGATCGGAGGGTTTGTT

2.5. Western blots

We performed Western blot analysis in wild-type mice for the ex-
pression of ZFHX3 as described elsewhere (Cobos et al., 2007).

2.6. Microscopy

Nissl staining, in situ hybridization and some fluorescent images
were collected with an Olympus-BX61VS microscope using a 10× ob-
jective. Other fluorescent images were captured with an Olympus
FV1000 confocal microscope system using 10×, 20× or 40× objec-
tives. Z-stack confocal images were reconstructed using the FV10-ASW
software. All images were merged, cropped and optimized in Photoshop
CC without distorting the original information.

2.7. RNA sequencing (RNA-Seq) analysis

RNA-Seq analysis was performed as previously described (Li et al.,
2017). The LGE (including VZ, SVZ and MZ-striatum) from E16.5 Zfhx3-
CKO (Dlx5/6-Cre; Zfhx3F/F) mice and their Dlx5/6-Cre or Dlx5/6-Cre;
Zfhx3F/+ littermates (henceforth described as controls) were dissected

(n=3 mice, each group). Data from this experiment have been de-
posited in the GEO database (GSE127976). These data have also been
deposited at National Omics Data Encyclopedia (NODE), accession
number (OEP000265).

2.8. Quantification

Nissl staining was used to define the striatal area for quantification.
The striatal area was quantified using the freehand tool in ImageJ
(https://imagej.net/, RRID: SCR_003070). Brain regions were identified
using a mouse brain atlas and sections equivalent to the following
bregma coordinates were taken (in mm): the most-rostral section, 1.18;
the most-caudal section, −0.10, n=4 mice for each genotype, 8 sec-
tions per mouse).

For quantification of FOXP1+ and BCL11b+ cells in the mouse
striatum at P11, four 20-μm thick coronal sections from rostral, inter-
mediate, and caudal levels of the striatum were selected (n=4 mice
per group). We used the ImageJ to count the cell number of FOXP1+

and BCL11b+ cells in each striatum. Brain regions were identified using
a mouse brain atlas and sections equivalent to the following bregma
coordinates were taken (in mm): the most-rostral section, 1.18; the
most-caudal section, −0.10. Data were presented as the number of
FOXP1+ and BCL11b+ cells per section for each striatum.

For quantification of Drd1, Tac1, Drd2 and Penk positive cells in the
striatum at P11, four 20-μm thick coronal sections from rostral,

Fig. 2. Zfhx3 is predominantly expressed in im-
mature D1 MSNs.
(A-E′) Double immunostaining of ZFHX3 with dif-
ferent markers was performed in brain coronal sec-
tions at E15.5. (A, A′) Very few ZFHX3+ cells ex-
pressed KI67. (B, B′) ZFHX3+ cells were co-labelled
with the striatal post-mitotic MSN marker BCL11b.
(C-D′) Most EBF1+ and FOXP2+ cells expressed
ZFHX3 in the LGE SVZ/MZ boundary. Note ZFHX3
expression began before EBF1 and FOXP2 (based on
the position of the ZFHX3+ cells closer to the VZ).
(E, E′) None of the ZFHX3+ cells expressed the D2
MSN marker SIX3. (F, F′) Double immunostaining of
ZFHX3 with GFP in Drd2-GFP mouse brain coronal
sections at E16.5. Very few ZFHX3+ cells co-ex-
pressed with D2-GFP. Arrows indicate double-posi-
tive cells. Scale bar: 200 μm in F for A-F; 50 μm in F′
for A′-F′.
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intermediate, and caudal levels of the striatum were analyzed (n= 4
mice per group). We counted all Drd1, Tac1, Drd2 and Penk positive
cells in the striatum. Brain regions were identified using a mouse brain
atlas and sections equivalent to the following bregma coordinates were
taken (in mm): the most-rostral section, 1.18; the most-caudal section,
−0.10. Data were presented as the number of Drd1, Tac1, Drd2 and
Penk positive cells per section for each striatum.

For quantification of EBF1+, FOXP1+, SP9+/BCL11b+, GSX2+ and
ASCL1+ cells in the LGE SVZ at E16.5, four anatomically matched 20-
μm thick coronal sections spanning the rostral-caudal extent of the LGE
were quantified (n=3 mice per group). We counted FOXP1+, EBF1+,
SP9+/BCL11b+, GSX2+ and ASCL1+ cells in the LGE SVZ under 10×
objective. The LGE SVZ was delineated by DAPI staining. Data were
presented as the number of FOXP1+, EBF1+, SP9+/BCL11b+, GSX2+

and ASCL1+ cells per section for each striatum.
For quantification of BrdU+ cells in the striatum at E16.5 and P0,

four 20-μm thick coronal sections from rostral, intermediate, and
caudal levels of the LGE/striatum were analyzed (n=3 mice per
group). We counted BrdU+ cells in the striatum under 10× objective.
The striatum area was delineated by DAPI staining. Data were pre-
sented as the number of BrdU+ cells per section for each striatum.

For quantification of Cleaved Caspase-3+ cells in the striatum at P0,
P3, P5, P7 and P11, four anatomically matched 20-μm thick coronal
sections were assessed (n= 3 mice per group). We counted all Cleaved
Caspase-3+ cells in the bilateral striatum under 10× objective. The
striatum area was delineated by DAPI staining. Data were presented as
the number of Cleaved Caspase-3+ cells per section for each striatum.

2.9. Statistics

Statistical significance was assessed using unpaired two-tail
Student's t-test or one-way ANOVA followed by the Tukey-Kramer post

Fig. 3. The number of striatal MSNs is reduced in Zfhx3-CKO mice at P11.
(A) Dlx5/6-Cre control and Zfhx3-CKO littermates were taken at P11 to compare their sizes. (B) Images of control and Zfhx3-CKO mouse brains at P11. (C, D) Cresyl
violet-stained coronal brain sections of control and Zfhx3-CKO mice at P11. Note the smaller striatum of Zfhx3-CKOmice compared to controls (dash lines). (E-F, H-J)
Compared to controls, the numbers of FOXP1+ and BCL11b+ cells were reduced in Zfhx3-CKO mice at P11. (G) The size of mutant striatum was also reduced at P11.
(Student's t-test, **P < .01, ***P < .001, n=4 mice per group, mean ± SEM). Str, striatum. Scale bars: 200 μm in D for C-D; 200 μm in I for E, F, H, I.
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hoc test using SPSS 18 software. All quantification results were pre-
sented as the mean ± SEM. P values< .05 were considered significant.

3. Results

3.1. Zfhx3 is strongly expressed in the LGE SVZ/MZ boundary and its
expression is downregulated in the postnatal striatum

We performed in situ hybridization to examine the expression of
Zfhx3 mRNA at different stages during LGE/striatal development. Our
results showed that Zfhx3 was strongly expressed in the LGE SVZ/MZ
boundary at E12.5 (Fig. 1A). In the LGE MZ, the Zfhx3 expression level
was lower than in the SVZ/MZ boundary (Fig. 1A). A similar expression

pattern of Zfhx3 was also observed in the LGE and/or striatum at E15.5
(Fig. 2A-E) and P0 (Fig. 1B). Zfhx3 expression was dramatically
downregulated in the striatum but remained a detectable level at P7
(Fig. 1C). The developmental expression profile of the striatal ZFHX3
protein was consistent with that of the Zfhx3 transcripts (Fig. 1D).

3.2. Zfhx3 is selectively expressed in immature D1 MSNs

D1 MSNs express the dopamine D1 receptor (DRD1) and neuro-
peptide TAC1 (also known as substance P), whereas D2 MSNs express
the dopamine D2 receptor (DRD2) and neuropeptide enkephalin (ENK)
(Gerfen, 1992; Gerfen et al., 1990; Gerfen and Surmeier, 2011). To
assess whether Zfhx3 was expressed by proliferative cells in the LGE, we

Fig. 4. The numbers of D1 MSNs, but not D2 MSNs are reduced in Zfhx3-CKOs at P11.
(A-B′) RNA In situ hybridization of Drd1 and Tac1 showed that D1 MSNs were reduced in the striatum of Zfhx3-CKO mice. (C-D′) Drd2+ and Penk+cells (D2 MSNs)
were less affected. Note a reduction in the dorsal striatum and an enlargement of the ventral striatum in Zfhx3-CKO mice. (E-F) Histograms show quantification of the
cell number per section for Drd1, Tac1, Drd2 and Penk (Student's t-test, *P < .05, n=4 mice per group, mean ± SEM). Scale bars: 200 μm in D′ for A-D′.
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performed double staining of ZFHX3 and the proliferative cell pan
marker KI67 (Mki67) at E15.5 (Fig. 2A). Our results showed that very
few ZFHX3+ cells expressed KI67 (Fig. 2A′). Meanwhile, we performed
double staining of ZFHX3 and the post-mitotic MSN marker BCL11b
(Arlotta et al., 2008) at E15.5 (Fig. 2B). Within the LGE, most of
ZFHX3+ cells were co-labelled with BCL11b suggesting that ZFHX3 was
predominantly expressed in early post-mitotic striatal MSNs (Fig. 2B′).
Thus, it seems that when the LGE SVZ progenitor cells exit the cell
cycle, they start to express Zfhx3. Ebf1 and Foxp2 have been shown to
be specifically expressed in the D1 MSNs during LGE development
(Lobo et al., 2006; Lobo et al., 2008; van Rhijn et al., 2018), whereas
Six3 expression is restricted to D2 MSNs (Xu et al., 2018). Double im-
munostaining of ZFHX3 with EBF1 or FOXP2 showed that most EBF1+

cells and FOXP2+ cells co-labelled with ZFHX3+ cells, and Zfhx3 ex-
pression began before Ebf1 and Foxp2 (based on the position of the
ZFHX3+ cells which were closer to the VZ) (Fig. 2C-D′). In contrast,
nearly all of the ZFHX3+ cells lacked expression of SIX3 (Fig. 2E, E′) at
E15.5. To further confirm that Zfhx3 was not expressed in D2 MSNs, we
double immunostained ZFHX3 with GFP in Drd2-GFP mice at E16.5
(Fig. 2F). Our results showed that very few ZFHX3+ cells were co-ex-
pressed with Drd2-GFP (Fig. 2F′). These data indicate that Zfhx3 is
specifically expressed by D1 MSNs in the striatum, providing a specific
marker of D1 MSNs and suggesting that Zfhx3 might play a role in their
development.

3.3. LGE deletion of Zfhx3 leads to a significant reduction in the number of
D1 MSNs

To investigate whether Zfhx3 plays a functional role in striatal MSN

development, we conditionally delete Zfhx3 expression in the LGE using
Dlx5/6-Cre lines (Zfhx3-CKO). Our results showed that the weights and
brain sizes of Zfhx3-CKO mice at P11 were reduced compared to con-
trols (Fig. 3A, B). The most prominent phenotypes in the Zfhx3-CKO
mouse telencephalon were atrophy and a highly disorganized striatum,
shown by Nissl staining (Fig. 3C, D); the volume of the P11 mutant
striatum was reduced by about 20% compared to controls (Fig. 3G). The
transcription factors Foxp1 and Bcl11b are expressed in all mature MSNs
(Arlotta et al., 2008; Bacon et al., 2015). Compared to controls, we
observed that the FOXP1+ and BCL11b+ cells were reduced in the
Zfhx3-CKO striatum (Fig. 3E, F, H, I). The quantification data showed
that the number of FOXP1+ and BCL11b+ cells was reduced by about
20% in the Zfhx3-CKO mice (Fig. 3J). We next performed in situ hy-
bridization of the D1 MSN markers Drd1 and Tac1 as well as the D2
MSN markers Drd2 and Penk for a detailed analysis of the function of
Zfhx3 in striatal MSNs. Compared to controls, our results showed that
the expression of Drd1 and Tac1 mRNA was dramatically decreased in
the medial part of the striatum in Zfhx3-CKO mice (Fig. 4A-B′). In ad-
dition, the distribution of the Drd2 and Penk mRNA was also disordered
(Fig. 4C-D′); these cells were mainly located in the dorsal or most
ventral part (nucleus accumbens and olfactory tubercle) of the striatum.
It is likely that loss of Zfhx3 function leads to the abnormal distribution
of D2 MSNs. Quantification data further revealed that the number of D1
MSNs was reduced by about 30%, whereas the number of D2 MSNs did
not change (Fig. 4E-F). Because of very low proportion of MSNs that
express both DRD1 and DRD2 in the striatum (Bertran-Gonzalez et al.,
2008; Oude Ophuis et al., 2014; Perreault et al., 2012; Perreault et al.,
2010), our above results suggest that the number of DRD1/DRD2
double positive cells was largely unaffected in the Zfhx3-CKO mice.

Fig. 5. The reduced innervation of the substantia nigra pars reticulata in Zfhx3-CKO mice.
(A-D) Immunostaining of DARPP-32 and GFP showed a reduction in the innervation of SNr in the Zfhx3-CKO mice, whereas it appeared to be normal in the GP. GP,
globus pallidus; OT, olfactory tubercle; SNr, substantia nigra pars reticulata. n=3 mice per group, Scale bars: 500 μm in D for A-D.
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We next examined the MSN projections. Dopamine- and cAMP-
regulated neuronal phosphoprotein 32 (DARPP-32, also known as
Ppp1r1b) is a phosphoprotein that marks all striatal-projection neurons
with the exclusion of interneuron populations (Anderson and Reiner,
1991). We stained DARPP-32 at P11 of Zfhx3-CKO mouse brains. De-
spite apparently normal projections to the globus pallidus in the Zfhx3-
CKO mice, the DARPP-32 staining along the direct pathway tract and in
the SNr was reduced (Fig. 5A, B). To further confirm the alterations of
the direct pathway, we examined the expression of Dlx5/6-GFP at P11,
and found that GFP expression pattern was very similar to DARPP-32
(Fig. 5C, D), further suggesting that Zfhx3 is required for the develop-
ment of the D1 MSNs.

3.4. RNA-Seq analysis reveals molecular defects in the Zfhx3-CKO LGE at
E16.5

To further detect the molecular changes in the LGE of Zfhx3-CKO
mice, we performed RNA-Seq analysis at E16.5 and compared them to
their littermate controls. The gene expression levels were reported in

FPKM (fragments per kb per million reads) (Trapnell et al., 2012). Our
RNA-Seq analysis revealed that about 3700 genes changed their ex-
pression levels in the Zfhx3-CKO mice (1620 downregulated and 2108
upregulated RNA expression), indicating that Zfhx3 played a key role in
the development of the LGE. Initially, we analyzed the genes which
were downregulated in Zfhx3-CKO mice. The data showed that the
striatal pan-neuronal markers: Rarb, Foxp1, Zfp503, Plk2 and Foxp4 and
the gene preferences for the D1 MSNs: Ebf1, Sox8, Foxo1, Isl1, Cdh8,
Nrxn1, Slc35d3, Stmn2, Zfp521 and Chrm4 (Fig. 7H) were grossly re-
duced. Next, compared to controls, we found that the expression of D2
MSN markers Penk, Adora2a, Sp9, Drd2 and Six3 were increased
(Fig. 7H). Additionally, the mRNA levels of LGE progenitor-enriched
genes were increased, as observed in Gsx2, Dlx2, Ascl1, Dll3, Hes1,
Gadd45g, E2f1, Foxg1 and Sox4 (Fig. 7H). Thus, these data suggest that
Zfhx3 might have a dual role in promoting D1 and repressing D2 MSN
genetic programs.

Fig. 6. Zfhx3 promotes D1 MSN differentiation.
(A-G′) Expression of Drd1, Tac1, Sox8, Isl1 and EBF1 in the LGE was decreased (arrowheads), but Drd2 and Penk expression was increased (arrows) in Zfhx3-CKOmice
compared to controls at E16.5. (H-I′) More FOXP1+ and BCL11b+/SP9+ cells were observed in the LGE SVZ of Zfhx3-CKO mice (arrows). (J, J′) Quantification of
above experiments. Dotted lines mark the border of the LGE SVZ and MZ. (Student's t-test, *P < .05, **P < .01, n=3 mice per group, mean ± SEM). Scale bar:
400 μm in I′ for A-I′.

Z. Zhang, et al. Experimental Neurology 322 (2019) 113055

7



3.5. Zfhx3 promotes D1 MSN differentiation during development

To verify the RNA-Seq data, we examined the expression levels of
Drd1, Tac1, Sox8, Drd2 and Penk in the LGE at E16.5 (Gerfen et al.,
1990; Merchan-Sala et al., 2017). In Zfhx3-CKO mice, the expression of
Drd1, Tac1, Sox8 and Isl1 was reduced (Fig. 6A-D′). However, the ex-
pression of Drd2 and Penk was increased in the LGE, especially in the
SVZ and SVZ/MZ boundary, as shown by in situ hybridization (Fig. 6F-
G′). We also performed EBF1, FOXP1 and BCL11b/SP9 im-
munostaining. EBF1 represents a differentiating marker of D1 MSNs
and FOXP1+ and BCL11b+/SP9+ cells can be considered D2 MSNs in
the LGE SVZ (Arlotta et al., 2008; Gokce et al., 2016; Tamura et al.,
2004; Xu et al., 2018; Zhang et al., 2016). We found EBF1+ cells dra-
matically decreased in the striatal SVZ of Zfhx3-CKO mice (Fig. 6E, E′,
J). Nevertheless, we observed a 40% increase in the striatal SVZ marked
by FOXP1 staining in Zfhx3-CKO mice (Fig. 6H, H′, J′). Remarkably, the
BCL11b+/SP9+ cells were increased by about 60% in the Zfhx3-CKO
LGE SVZ compared to the controls (Fig. 6I, I′, J′).

To further address the role of Zfhx3 in the development of D1 MSNs,
we performed in situ hybridization for 7 selected genes. These genes
were expressed in different developmental steps of the striatal projec-
tion neurons. Initially, we analyzed the genes that were expressed in a
subpopulation of MSNs which included Cdh8, Cntnap3 and Cnr1 (Hirata
et al., 2016; Ho et al., 2018; Korematsu and Redies, 1997; Memi et al.,
2018; Ruiz-Calvo et al., 2018). Our results showed that these genes
were grossly reduced in the Zfhx3-CKO mouse striatum (Fig. 7A-C′).
Next, we tested the genes that were involved in cell migration and in-
vasion, Frmd6 and Zcchc12 (Wang et al., 2017; Xu et al., 2016). In the

Zfhx3-CKO mice, the expression of Frmd6 and Zcchc12 was down-
regulated, especially for Frmd6 (Fig. 7D-E′). Finally, we detected the
expression of genes related to MSN differentiation, Zfp503 and Zfp521
(Chang et al., 2004; Chang et al., 2013; Kamiya et al., 2011; Ko et al.,
2013; Shen et al., 2011; Waclaw et al., 2017). The expression of both
Zfp503 and Zfp521 was noticeably reduced in the Zfhx3-CKO striatum
(Fig. 7F-G′).

Taken together, these findings suggest that Zfhx3 promotes the de-
velopment of striatal D1 MSNs. In the absence of Zfhx3, the production
of D1 MSNs was compromised whereas, conversely, the differentiation
of D2 MSNs was partially increased in the LGE, at least at E16.5.

3.6. Neural progenitors accumulate in the LGE SVZ of Zfhx3-CKO mice at
E16.5

In the Zfhx3-CKO mice, we observed more GSX2+ and ASCL1+ cells
in the LGE SVZ compared with controls (Fig. 8A-B′), consistent with our
RNA-Seq analysis. Quantification data showed that GSX2+ and ASCL1+

cells in the Zfhx3-CKO mice LGE SVZ were increased 1.6 and 2.2 times,
respectively (Fig. 8C, D). The previous study showed that ASCL1 acti-
vated different regulators to promote and terminate the cell cycle
(Castro et al., 2011). Indeed, our RNA-Seq data showed that Ascl1 and
its target genes E2f1 and Hes1, which promote cell cycle and main-
tenance of the progenitor state, and Gadd45g, which inhibits cell cycle
in the Zfhx3-CKO mice were upregulated (Fig. 7H). Thus, these results
suggested that without Zfhx3 function, the differentiation of LGE SVZ
progenitors was blocked, leading to an accumulation of neural pro-
genitors in the LGE SVZ.

Fig. 7. Zfhx3 promotes the expression of the D1 MSN-enriched genes.
(A-G′) In situ RNA hybridization showed that expression of Cdh8, Cntnap3, Cnr1, Frmd6, Zcchc12, Zfp503 and Zfp521 in the LGE was reduced in Zfhx3-CKO mice at
E16.5 (arrows). (H) Heatmap of selected gene expression in the LGE at E16.5 between control and Zfhx3-CKO mice. C1, C2 and C3 represent three biological repeats
(control group); M1, M2 and M3 represent the Zfhx3-CKO group. n=3 mice per group, Scale bar: 200 μm in G′ for A-G′.
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3.7. Zfhx3 is critical for the differentiation of late born D1 MSNs

As described above, the D1 MSNs were selectively reduced in the
Zfhx3-CKO striatum at P11 (Fig. 4A-B′). We hypothesized that Zfhx3
affects the differentiation of immature neurons and leads to cell death.
To test this idea, we analyzed the expression of the MSN marker FOXP1
and the D1 MSN markers EBF1 and ISL1 at P0. Consistent with the
above results, there was a reduction in the FOXP1+ cells (Fig. 9A, A′,
data not shown). Remarkably, the expression of EBF1 and Isl1 mRNA
showed a dramatic decrease (Fig. 9B-C′). Previous studies showed that
Dlx1/2 were involved in the neurogenesis of late born striatal MSNs
(Anderson et al., 1997; Yun et al., 2002). We examined the expression
of Dlx1 and Dlx2 in the Zfhx3-CKO striatum at P0, and observed that
many Dlx1+ and DLX2+ cells accumulated in the striatal SVZ of the
Zfhx3-CKO mice at P0 (Fig. 9D-E′). Enlargement of the SVZ in the
Zfhx3-CKO mice could be a consequence of the incapacity of pro-
genitor/immature cells to differentiate into striatal MSNs. For this
reason, we analyzed MSN neurogenesis at different stages during de-
velopment. Initially, we injected BrdU at E13.5 and analyzed at E16.5.
There were no significant differences in the number of BrdU+ cells in
the striatum (LGE MZ) of the controls compared to the Zfhx3-CKO mice
(Fig. 9G-G′, H). However, there were significantly decreased BrdU+

cells in the striatum of the Zfhx3-CKO mice compared to controls when
BrdU was injected at E16.5 and analyzed at P0 (Fig. 9F-F′, H). More-
over, many BrdU+ cells accumulated in the striatal SVZ of the Zfhx3-
CKO mice (Fig. 9F-F′), further indicating the differentiation defects of
late born D1 MSNs.

3.8. Increased apoptosis in the postnatal striatum of Zfhx3-CKO mice

To examine apoptotic cell death in the LGE and striatum, im-
munostaining with Cleaved Caspase-3 was performed and did not re-
veal any differences between the Zfhx3-CKO and control mice at E14.5
and E17.5 (data not shown). However, a significant increase in the
number of apoptotic cells was detected in the SVZ and medial part of
the striatum at P3 in Zfhx3-CKO mice (Fig. 10C, D, C′ and D′). This cell
death continues to P7 and normalizes at P11 (Fig. 10A-J, K). Therefore,
loss of Zfhx3 might produce a dysfunction in the time and position of
late born D1 MSNs in the striatum. These effects had also been pre-
viously described in Isl1 and Ebf1 mutant mice (Ehrman et al., 2013;
Garel et al., 1999; Lobo et al., 2008; Lu et al., 2014). In conclusion, our
results suggest that the cell death observed in the Zfhx3-CKOmice could
be a consequence of blocked differentiation of late born D1 MSNs.

4. Discussion

In the present study, we show that Zfhx3 is selectively expressed in
post-mitotic immature striatal D1 MSNs. Loss of Zfhx3 function results
in reduced numbers of D1 MSNs, whereas D2 MSNs remained largely
unaffected. We propose three main reasons to explain this phenotype:
1) The differentiation of LGE neural progenitors was blocked, resulting
in more progenitors accumulating in the LGE SVZ; 2) Late born D1
MSNs failed to differentiate; and 3) Apoptotic cell death occurred in the
postnatal striatum during the first week. Many diseases, such as
Huntington's disease (HD) and attention deficit/hyperactivity disorder
(ADHD), are associated with loss of striatal MSNs (Albin et al., 1989;
Gerfen and Surmeier, 2011; Leisman and Melillo, 2013). Moreover,
aberrant basal ganglion circuitry leads to locomotor dysfunction. Thus,

Fig. 8. Neural progenitor cells accumulate in the LGE SVZ of Zfhx3-CKO mice at E16.5.
(A-D) Zfhx3-CKO mice had more GSX2+ and ASCL1+ neural progenitors in the LGE SVZ than controls (Student's t-test, *P < .05, **P < .01, n= 3 mice per group,
mean ± SEM). Dotted lines mark the LGE VZ/SVZ boundary. 200 μm in B′ for A-B′.
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our Zfhx3-CKO mice might serve as a model to study D1 MSN function
in the striatum and basal ganglion disorders caused by loss of D1 MSNs.

4.1. Zfhx3 is selectively expressed in post-mitotic immature striatal D1
MSNs during LGE development

Normal development of striatal MSNs requires multiple

Fig. 9. The late born D1 MSNs are reduced in the striatum of Zfhx3-CKO mice.
(A-C′) There was a slight reduction in the expression of FOXP1 whereas, there was a severe reduction in EBF1 and Isl1 in the mutant striatum at P0. (D-E′) Many
Dlx1+ and DLX2+ cells accumulated in the Zfhx3-CKO mouse SVZ compared to controls (arrows). (F-F′) BrdU was injected intraperitoneally at E16.5 and then mice
were sacrificed at P0. Immunostaining of BrdU showed that the Zfhx3-CKO mice had fewer BrdU+ cells in the striatum relative to controls. Note that many BrdU+

cells accumulated in the Zfhx3-CKO mice striatal SVZ (arrow). (G, G′, H) BrdU was injected intraperitoneally at E13.5 and then mice were sacrificed at E16.5. The
number of BrdU+ cells in the Zfhx3-CKO striatum was comparable to controls. (Student's t-test, **P < .01, n= 3 mice per group, mean ± SEM). Dotted lines mark
the border of the striatum. Scale bars: 200 μm in D′ for A-G′.
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transcription factors to correctly switch on/off at the appropriate times.
These transcriptional factors can be divided into two groups, which are
involved in the development of the striatum. One group is robustly
expressed at embryonic developmental stages, downregulates after
birth. These genes mainly include Ebf1, Isl1, Ikaros-1 (Ikzf1), Helios
(Ikzf2) and Zfp503 known for their involvement in the production,
differentiation and migration of striatal projection neurons (Chang
et al., 2013; Ehrman et al., 2013; Garel et al., 1999; Ko et al., 2013;
Lobo et al., 2006; Lobo et al., 2008; Martin-Ibanez et al., 2012; Martin-
Ibanez et al., 2010; Martin-Ibanez et al., 2017; Novak et al., 2013). The
other group, initially expressed during the embryonic stage, is main-
tained throughout adulthood and mainly includes Sp9, Bcl11b, Sox8,
Foxp1 and Foxo1 playing roles in differentiation, maturation and sur-
vival of striatal MSNs (Arlotta et al., 2008; Bacon et al., 2015; Baydyuk
et al., 2011; Leid et al., 2004; Li et al., 2012; Tamura et al., 2004;
Waclaw et al., 2017; Zhang et al., 2016). We found that Zfhx3 is a
developmentally regulated striatum-enriched gene. Zfhx3 is strongly
expressed in the LGE SVZ/MZ boundary, but its expression in the
striatum is dramatically downregulated in the first postnatal week.
Because Zfhx3 is selectively expressed in post-mitotic immature striatal
D1 MSNs during development, it can be used as a novel marker for
studies associated with D1 MSNs.

4.2. Loss of Zfhx3 function disrupts D1 MSN progenitor differentiation

In Zfhx3-CKO mutants, neural progenitors accumulate in the SVZ.
These cells have increased GSX2 and ASCL1 transcription factor ex-
pression, providing strong evidence that they are arrested as immature
neural progenitors (Li et al., 2017; Xu et al., 2018). Furthermore, since
ASCL1 directly drives Dll1 (delta-like 1) expression, it increases Notch
signaling in adjacent cells and thereby, promotes the maintenance of
their progenitor state (Casarosa et al., 1999; Castro et al., 2011). In
addition, recent studies showed that ASCL1 promoted expression of
genes that inhibited cell cycle progression and/or promoted cell cycle
arrest (Casarosa et al., 1999; Castro et al., 2011). Using BrdU birth-
dating analysis, we observed that the production of late born MSNs was
compromised, whereas early born MSNs were largely unaffected. This
was consistent with observations that there were more progenitors in
the LGE SVZ at E16.5 as well as in striatal SVZ at P0, but EBF1+ and
ISL1+ D1 MSNs were severely reduced in the striatum.

4.3. Zfhx3 has a minor role in D2 MSN development

In the striatum, we observed that the numbers of D2 MSNs were
similar between control and Zfhx3-CKO mice. In the E16.5 LGE SVZ,
however, there were more D2 MSNs in Zfhx3-CKO mice compared to

Fig. 10. Loss of Zfhx3 results in increased apoptosis in the postnatal striatum.
(A-J) Immunostaining images showed that compared to controls there were more Cleaved Caspase-3+ cells in the SVZ and medial part of the striatum in Zfhx3-CKO
mice at different stages (P0, P3, P5 and P7). Note the smaller striatum and larger lateral ventricle in Zfhx3-CKO mice. (C′, D′) Higher magnification images of the
boxed area in (C, D). Arrows indicate the Cleaved Caspase-3+ cells. (K) Quantification of the number of Cleaved Caspase-3+ cells showed that apoptosis mainly
occurs from P0 to P7. (One-way ANOVA followed by Tukey-Kramer post hoc test, **P < .01, ***P < .001, n= 3 mice per group, mean ± SEM). Scale bars: 200 μm
in J for A-J; 50 μm in C′ for C′ and D′.
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controls, including Drd2+, Penk+, FOXP1+ and Bcl11b+/SP9+ cells
(Fig. 6F-I′, J′). Foxp1 in the LGE SVZ is preferentially expressed in im-
mature D2 MSNs (Gokce et al., 2016). Thus, an increase in post-mitotic
young D2 MSNs in the LGE SVZ provides evidence that their develop-
ment may be abnormal. This could be, however, a compensation for the
reduction of D1 MSN production. We propose that the temporary in-
crease in D2 MSN production in the E16.5 LGE SVZ of Zfhx3-CKO mice
does not directly demonstrate their abnormal development.

4.4. Apoptotic cell death in the postnatal striatum of Zfhx3-CKO mice

In the LGE SVZ and P0 striatal SVZ of the Zfhx3-CKO mice, there
was more neural progenitor accumulation. This resulted from the dif-
ferentiation defects of late born MSNs. Accordingly, in Zfhx3-CKO mice
the loss of D1 MSNs was mainly observed in the medial part of the
striatum. Interestingly, apoptosis was also prevalent in this region in
the early postnatal period. We propose that these undifferentiated
MSNs especially the immature D1 MSNs, undergo apoptotic cell death,
finally resulting in about a 30% loss in the P11 striatum.
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