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SUMMARY

Striatal medium-sized spiny neurons (MSNs), composed of striatonigral and striatopallidal 

neurons, are derived from the lateral ganglionic eminence (LGE). We find that the transcription 

factor Sp9 is expressed in LGE progenitors that generate nearly all striatal MSNs, and that Sp9 

expression is maintained in postmitotic striatopallidal MSNs. Sp9 null mice lose most 

striatopallidal MSNs due to decreased proliferation of striatopallidal MSN progenitors and 

increased Bax-dependent apoptosis, whilethe development of striatonigral neurons is largely 
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unaffected. ChIP-qPCR provides evidence that Ascl1 directly binds the Sp9 promoter. RNA-Seq 

and in situ hybridization reveal that Sp9 promotes expression of Adora2a, P2ry1, Gpr6 and Grik3 
in the LGE and striatum. Thus, Sp9 is crucial for the generation, differentiation and survival of 

striatopallidal MSNs.
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INTRODUCTION

The striatum (caudate nucleus and putamen) is the largest component of the basal ganglia. 

The majority of striatal neurons (90–95%) are DARPP-32 expressing (+) GABAergic 

medium-sized spiny neurons (MSNs). Two major subtypes of MSNs send outputs to other 

components of the basal ganglia: striatonigral (direct pathway) and striatopallidal (indirect 

pathway). Striatonigral MSNs express the dopamine D1 receptor (Drd1) and neuropeptide 

Tac1 (known as substance P), while striatopallidal MSNs express the dopamine D2 receptor 

(Drd2) and neuropeptide enkephalin (Enk) (Gerfen, 1992; Gerfen et al., 1990; Gerfen and 

Surmeier, 2011; Kawaguchi et al., 1990). About 5–10% of neurons in the striatum are aspiny 

interneurons; they are choline acetyltransferase (ChAT)+, parvalbumin (PV)+, somatostatin 

(SST)+ and calretinin (CR)+ (Kawaguchi et al., 1995).

Interneurons in the mouse striatum are known to mainly originate from the medial 

ganglionic eminence (MGE) (Marin et al., 2000; Xu et al., 2008). Recent studies provide 

evidence that human and monkey striatal interneurons are also derived from the MGE (Wang 

et al., 2014). The LGE, the primordium of the striatum, contains two distinct compartments: 

a dorsal part which is the source of most interneurons in the olfactory bulb (Stenman et al., 

2003; Waclaw et al., 2006; Yun et al., 2001), and a ventral part which generates striatal 

MSNs (Anderson et al., 1997; Deacon et al., 1994; Olsson et al., 1998; Olsson et al., 1995; 

Stenman et al., 2003).

Translational profiles of striatonigral and striatopallidal MSNs have been defined using the 

fluorescent activated cell sorting (FACS) and translating ribosome affinity purification 

(TRAP) approaches. These studies identified more than 200 striatonigral-enriched genes and 

more than100 striatopallidal-enriched genes (Ena et al., 2013; Heiman et al., 2008; Lobo et 

al., 2006). Some transcriptional factors (TFs) that control striatal MSNs development are 

beginning to be identified. Dlx1&2 are required for generating late-born MSNs (Anderson et 

al., 1997), whereas Dlx6 controls striatal regional molecular properties (Wang et al., 2011). 

Bcl11b (also known as Ctip2) is critical for the differentiation of all MSNs (Arlotta et al., 

2008). Ebf1 is essential for the differentiation of striatonigral MSNs (Lobo et al., 2006; 

Lobo et al., 2008). The LIM homeobox gene Isl1 is required for the specification of 

striatonigral cell identity and the correct development of the striatonigral pathway (Ehrman 

et al., 2013; Lu et al., 2014). Thus, we know some of the TFs involved in making the 

striatonigral MSNs, but little is known about the molecular mechanisms controlling the 

development of striatopallidal MSNs.
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Here, we investigated the role of Sp9 zinc finger TF in the development of MSNs. Sp9 is 

widely expressed in the ganglionic eminences (GEs) and in all striatopallidal MSNs. We 

generated a Sp9-Cre knockin mouse and find that Sp9+ progenitors give rise to most 

GABAergic neurons in the telencephalon, including cortical and olfactory bulb interneurons, 

striatal MSNs and striatal interneurons. In postmitotic MSNs, Sp9 is specifically expressed 

in all striatopallidal neurons, but not in striatonigral neurons. We also generated 

Sp9LacZ/LacZ null mutant mice, and observed a 97% reduction of striatopallidal MSNs but 

saw little change in striatonigral MSNs. BrdU pulse-labeling and BrdU birth-dating 

experiments indicated the neurogenesis ability of LGE progenitors, especially striatopallidal 

MSN progenitors, was compromised. Moreover, loss of Sp9 function resulted in a lack of 

striatopallidal neuron differentiation and a Bax-dependent apoptosis in the striatum during 

postnatal life. Conditional inactivation of Sp9 using Drd2-Cre transgenic mice further 

revealed the function of Sp9 in regulating striatopallidal MSN survival, at least in part, was 

cell-autonomous. ChIP-qPCR experiments showed that Ascl1 was upstream of Sp9 in the 

LGE and directly bound to its promoter. Finally, RNA-Seq and RNA in situ hybridization 

indicate that the prosurvival effect of Sp9 in striatopallidal MSNs may be through promoting 

the expression of three G-Protein Coupled Receptors (GPCRs), including adenosine A2a 

receptor (Adora2a), purinergic receptor P2Y, G-protein coupled 1 (P2ry1) and Gpr6, and 

glutamate ionotropic receptor kainate type subunit 3 (Grik3). Taken together, our studies 

uncover a crucial role for Sp9 in the generation, differentiation and survival of striatopallidal 

MSNs.

RESULTS

Sp9 Is Widely Expressed in the LGE, MGE and CGE

To systematically study the expression and function of the TF Sp9 in the telencephalon, we 

generated Sp9 polyclonal antibodies, and several Sp9 mutant alleles. Based on the 

'knockout-first' strategy (Skarnes et al., 2011; Testa et al., 2004), we generated a Sp9 
knockout-first null allele which in turn produced a Sp9-LacZ null allele (Sp9LacZ/+) and a 

Sp9 floxed allele (Sp9Flox/+), following exposure to germline recombinases Zp3-Cre (de 

Vries et al., 2000) and ACTB-Flpe (Rodriguez et al., 2000), respectively (Figure S1A-D).

Sp9-LacZ expression was detected in the GEs at E10.5 (Figure 1A-D). 

Immunocytochemistry of Sp9 and Sp9-LacZ (β-galactosidase, β-gal) and in situ Sp9 RNA 

hybridization demonstrated that Sp9 RNA and Sp9 protein were widely expressed in the 

subventricular zone (SVZ) and mantle zone of the LGE, MGE and CGE at E13.5 (Figure 

1E-H). A subset of Sp9+ cells in the SVZ of GEs expressed the proneural protein Ascl1 and 

cell proliferation marker Ki67 (Figure 1I-K). This suggests that while Sp9 is not detectable 

in radial glia cells (primary stem/progenitor cells) in the ventricular zone (VZ), it is 

expressed in a subpopulation of dividing progenitors in the SVZ and postmitotic neurons in 

the mantle zone. The GEs generate neocortical interneurons, including in humans (Hansen et 

al., 2013; Ma et al., 2013). We observed that most migrating cortical interneurons expressed 

Sp9 at embryonic developmental stages (Figure 1E-H). Sp9 protein and Sp9 RNA were not 

detected in Sp9LacZ/LacZ mutant mice (data not shown).
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Sp9+ Progenitors Generate Most Neocortical and Striatal GABAergic Neurons

To genetically identify the progenies of Sp9+ progenitors, we generated Sp9-Cre knockin 

mice (Figure S1). Fate mapping at P30 using Sp9-Cre; Rosa-YFP mice showed that Sp9+ 

progenitors generated > 96% of cortical interneurons (including PV+, SST+, CR+, NPY+ and 

VIP+ subtypes; Figure S2A-M), and virtually all striatal interneurons (PV+, SST+, CR+ and 

ChAT+; Figure S2N-Q, S). Foxp1 is expressed by all postmitotic MSNs and is excluded 

from other striatal cell types (Arlotta et al., 2008; Tamura et al., 2004). All Foxp1+ cells 

were GFP+ (Figure S2R, S), demonstrating the Sp9-Cre is active during the development of 

both striatopallidal and striatonigral MSNs.

In the OB, the identities of GFP+ cells were difficult to determine due to the high density of 

interneurons (Figure S2A). However, from the broad expression of GFP, we speculated that 

Sp9+ progenitors also give rise to most (perhaps all) OB interneurons. We confirmed all of 

these results using Sp9-Cre; Ai14 mouse lines (data not shown).

Sp9 Is Specifically Expressed in Drd2+ Striatopallidal MSNs

Using Drd2-EGFP transgenic mice (Gong et al., 2003), we determine the specificity of 

Sp9’s striatal expression (Figure S3). Sp9 was strongly expressed in the prenatal striatum; its 

expression continued into adulthood, albeit at a lower level (Figure S3A-L). Virtually all 

GFP+ cells (Drd2+ striatopallidal MSNs) in the Drd2-EGFP transgenic mouse striatum 

expressed Sp9 at E16.5, P0, P5, P17 and P35 (Figure S3A-L, O). In contrast, only about 7% 

of striatonigral MSNs in Drd1-EGFP mice expressed Sp9 at P5, and Sp9 was not detectable 

in Drd1-GFP+ MSNs at P35 (Figure S3M). This result shows that Sp9 is expressed in both 

progenitors of striatopallidal and striatonigral MSNs, but in postmitotic MSNs, Sp9 

expression becomes restricted to Drd2+ striatopallidal MSNs. Next we assessed whether Sp9 

regulated the development of MSNs.

Most Striatopallidal MSNs Are Lost in Sp9LacZ/LacZ Mutant Mice

To investigate the function of Sp9 in the development of the striatum, we first analyzed 

Sp9LacZ/LacZ mutant mice. While Sp9LacZ/+ mice (referred to as controls) developed 

normally and were fertile, Sp9LacZ/LacZ mutant mice failed to thrive and developed general 

weakness from P7 onward (Figure 2A). These mice started to die at P14, and none survived 

beyond P22. The brain size and weight of the Sp9 mutants were grossly reduced compared 

to controls at P20 (Figure 2B, C).

The most prominent phenotype in the Sp9 mutant telencephalon was atrophy of the striatum; 

the volume of mutant striatum was reduced to 54% of controls at P9 (Figure 2D, E). 

Compared to Sp9LacZ/+; Drd2-EGFP mice (Figure 2F-J), we observed loss 57% of Foxp1+ 

cells and 97% of Foxp1+/Drd2-GFP+ cells in the striatum of Sp9LacZ/LacZ; Drd2-EGFP mice 

at P9 (Figure 2K-O, X, Y). The remaining Foxp1+/Drd2-GFP+ cells were not evenly 

distributed in the mutant striatum. In the dorsal medial striatum, Foxp1+/Drd2-GFP+ cells 

were barely detectable (Figure 2M). In contrast, most remaining Foxp1+/Drd2-GFP+ cells 

were located in the lateral striatum (Figure 2M), a population of MSNs that are generated at 

early developmental stages (Anderson et al., 1997). Drd2 in situ hybridization confirmed the 

loss of the cell type with this molecular signature (Figure 2P, T). Furthermore the mutants 
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showed severe loss of Enk+ cells, further evidence for a defect in striatopallidal MSNs 

(Figure 2R, V). A small population of Drd2-GFP+ cells remained in the dorsal striatum of 

Sp9 mutants; however, these Drd2-GFP+ cells expressed ChAT, and thus were an 

interneuron subtype (Figure 2Q, U) (Durieux et al., 2009).

Striatal MSNs are roughly equally divided into striatopallidal and striatonigral neurons. 

Although Drd1+ and Drd1-GFP+ striatonigral neurons were not apparently affected (Figure 

2S, W), the observation of loss 57% of striatal Foxp1+ cells in Sp9LacZ/LacZ mutant striatum 

(Figure 2X) suggesting that striatonigral MSNs are slightly affected.

Sp9 Mutant LGE SVZ Has Reduced Proliferation

To test whether Sp9 regulates cell proliferation in the LGE, we performed a 30-min BrdU 

pulse-labeling at E13.5 and E15.5 (Figure 3A-H). At E13.5, the number of BrdU+ cells in 

the Sp9LacZ/LacZ mutants was reduced in the SVZ, but not the VZ (Figure 3M). At E15.5, we 

observed a reduction in SVZ BrdU+ progenitor cells and in SVZ Foxp1+ postmitotic MSNs 

(Figure 3E-H, N).

Next, we performed a BrdU birth-dating analysis: an injection of BrdU was given at E12.5 

and the number of BrdU+ and BrdU+/Foxp1+ cells were counted in the striatum of P0 in 

Sp9LacZ/LacZ and wild type littermate controls (Figure 3I-L). The mutants had reduced 

BrdU+ cells (996 ± 73 cells vs. 526 ± 62.5 cells per striatal section, p=0.0081) and BrdU+/

Foxp1+ cells (911 ± 79.7 cells vs. 465 ± 52.7 cells per striatal section, p=0.0095; controls vs. 
mutants) (Figure 3O, P). The percentage of BrdU+ and BrdU+/Foxp1+ cells was reduced in a 

similar ratio (47.2% vs. 49%). Thus, loss of Sp9 function results in a loss of cycling 

progenitors (BrdU pulse-label data) in the LGE SVZ, which results in loss of striatal MSNs 

(BrdU birth-dating data).

Sp9 Specifically Regulates the Production of Striatopallidal MSNs

We have taken advantage of β-gal expression from the Sp9LacZ mutant allele to follow Sp9+ 

MSNs in the striatum of Sp9 mutant mice. At P0, we found that both β-gal+ (3638 ± 302.1 

vs. 1223 ± 108.6, p=0.0016) and β-gal+/Foxp1+ (2866 ± 202.8 vs. 219 ± 10.8, p=0.0058) 

cells were greatly reduced in the Sp9LacZ/LacZ mutant striatum compared to Sp9LacZ/+ 

control striatum (Fig. S4A-F). Because Sp9 is expressed in all striatopallidal MSNs and only 

in a few striatonigral MSNs, this provides evidence that loss of Sp9 preferentially blocks 

production of striatopallidal MSNs.

To further assess the production of striatal MSNs at E16.5, we performed in situ RNA 

hybridization using ten striatal MSN markers. We used 5 markers for striatopallidal MSNs: 

Drd2, Penk, Gpr6, Adora2a and Ptprm; and 5 markers for striatonigral MSNs: Drd1, Tac1, 
Ebf1, Pdyn and Chrm4 for striatonigral MSNs (Gerfen et al., 1990; Heiman et al., 2008; 

Lobo et al., 2006). All markers were detectable in Sp9LacZ/+ controls, although Gpr6 had 

low expression at this time point (Figure 4A-E, F-J). In contrast, in Sp9LacZ/LacZ mutant 

SVZ and striatum, striatopallidal MSN markers were either almost undetectable (Gpr6 and 

Adora2a) or great downregulated (Drd2, Penk, and Ptprm) (Figure 4F’-J’). Our qRT-PCR 

analysis revealed similar results (Figure 4Q). On the other hand, striatonigral marker 

expression was modestly affected (Figure 4A’-E’). These results further support the 
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evidence from the BrdU birth-dating and Sp9-β-gal quantification data, that large population 

of mature striatopallidal MSNs are not produced in the absence of Sp9.

Next we compared GFP expression from the Drd2-EGFP allele in control vs. Sp9 mutant 

E16.5 and P0 striatum (Sp9LacZ/+ vs Sp9LacZ/LacZ). The mutant had very few Foxp1+/Drd2-

GFP+ MSN cells in the SVZ and striatum (Figure 4K-P, R). Taken together, these results 

indicate that Sp9 specifically promotes the production of striatopallidal MSNs in the 

striatum.

Loss of Sp9 Induces a Bax-dependent Apoptosis in the Postnatal Striatum

We next analyzed cell death in Sp9LacZ/LacZ mutant postnatal striatum, as marked by 

Cleaved Caspase-3 expression. The number of Caspase-3+ cells in the striatum of control 

mice increased from P0, reached a maximum at P3, and then declined (Figure 5A, C). The 

mutant had a robust increase in the number of Caspase-3+ cells in the striatum at all 

postnatal stages analyzed (P0, P3, P5 and P7) (Figure 5B, C). Because most mature 

striatopallidal MSNs were not generated, because we did not observe Caspase-3+ cells 

express Drd2-GFP, and because we did not observe a severe reduction of striatonigral 

MSNs, we inferred that most of the dying cells in Sp9 mutant striatum were immature 

striatopallidal MSNs.

To determine whether Sp9LacZ/LacZ striatopallidal MSNs apoptosis was Bcl-2-associated X 

protein (Bax)-dependent, we generated Sp9LacZ/LacZ; Bax−/− double mutants. We found that 

striatal cell death was nearly absent in the Sp9LacZ/LacZ; Bax−/− double mutants at P3 (data 

not shown). We analyzed the numbers of Foxp1+ cells in the striatum of Sp9LacZ/+; Bax−/+, 

Sp9LacZ/LacZ; Bax−/+ and Sp9LacZ/LacZ; Bax−/− mice at P15 (Figure S5A-I, P) and found that 

the number of Foxp1+ cells in Sp9LacZ/LacZ; Bax−/− striatum was significantly larger than 

that in Sp9LacZ/LacZ; Bax−/+ striatum (Figure S5P). Perhaps because this genetic 

manipulation didn't rescue Sp9-mediated cell proliferation in the LGE SVZ, the number of 

Foxp1+ cells in Sp9LacZ/LacZ; Bax−/− striatum was still smaller than that of in Sp9LacZ/+; 
Bax−/+ striatum (controls) (Figure S5P).

We noted that the “rescued” Foxp1+ cells in Sp9LacZ/LacZ; Bax−/− mutant failed to fully 

mature into striatopallidal MSNs as they did not express Enk, Drd2 and Adora2a at P15 

(Figure S5J-O, data not shown), suggesting that in addition to promoting LGE proliferation 

and survival, Sp9 is essential for the differentiation and maturation of striatopallidal neurons.

Sp9 in Striatopallidal MSNs Is Required for their Survival

All striatopallidal MSNs in the striatum express Sp9 (Fig. S3). To directly investigate the 

requirement of Sp9 in postmitotic striatopallidal MSNs, we utilized a conditional knockout 

strategy. We generated Sp9 conditional mouse mutants by breeding male Drd2-Cre; 
Sp9Flox/+ mice with female Sp9Flox/Flox mice (Figure S1) with or without the Rosa-YFP 
Cre-reporter allele. The Drd2-Cre transgene expresses Cre specifically in immature and 

mature striatopallidal MSNs (Gong et al., 2007). The offspring of this cross, including Drd2-
Cre; Sp9Flox/Flox conditional mutants, developed normally and were fertile.
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We quantified the number of Foxp1+ and Foxp1+/GFP+ cells in the striatum of Drd2-Cre; 
Sp9Flox/Flox; Rosa-YFP mice and Drd2-Cre; Sp9Flox/Flox; Rosa-YFP triple transgenic mice 

at P30 (Figure 5D-F). The mutants had decreased numbers of Foxp1+ and Foxp1+/GFP+ 

cells (Figure 5F). Next, we analyzed cell death in the striatum of these mice. Similar to Sp9 
constitutive mutants, the striatum of Sp9 conditional mutants had increased numbers of 

Caspase-3+ cells at P0, P3 and P5 (Figure 5G-I). Thus, the loss of Drd2+ striatopallidal 

MSNs in Sp9 conditional mutants was due to cell programmed death, demonstrating that 

Sp9 expression in postmitotic striatopallidal MSNs is necessary for their survival.

Loss of Striatopallidal MSNs Results in Hyperlocomotion

Activation of the striatonigral (direct) pathway promotes locomotion, whereas activation of 

the striatopallidal (indirect) pathway inhibits locomotion (Durieux et al., 2009; Durieux et 

al., 2012; Kravitz et al., 2010). Therefore, the loss of striatopallidal MSNs observed in the 

Drd2-Cre; Sp9Flox/Flox conditional mutant mice could influence locomotive behaviors. To 

test this, we examined the locomotive activity of 2-month-old Drd2-Cre; Sp9Flox/Flox, Drd2-
Cre; Sp9Flox/+ (control) and Sp9Flox/+ (control) mice in an open filed. Compared to controls, 

Drd2-Cre; Sp9Flox/Flox mice exhibited a significant increase in locomotion based on the total 

distance traveled (Figure 5J). However, on the basis of the ratio of the center to the total 

distance in the open field test, we did not observe any significant difference in anxiety-

related behaviors (Figure 5K). In addition, Drd2-Cre; Sp9Flox/Flox mice showed normal 

performance in a rotarod test (Figure 5L), indicating normal motor coordination and motor 

learning. Overall, these experiments indicate that loss of striatopallidal MSNs in Drd2-Cre; 
Sp9Flox/Flox mice resulted in hyperlocomotion, but no measurable change in anxiety or 

motor coordination/learning.

Ascl1 Directly Binds Sp9’s Promoter and Enhances its Expression in vivo

Previous studies have shown that proneural factor Ascl1 is required for the production of 

striatal Drd2+ MSNs at E18.5 (Casarosa et al., 1999). We confirmed this result using in situ 
RNA hybridization. Compared with Ascl1GFP/+ control mice, the expression level of Drd2 in 

P0 Ascl1GFP/GFP mutant mice was severely reduced (Figure S6E, F), whereas the expression 

of Drd1 was less affected (Figure S6G, H). We also observed that the expression of Sp9 

(both protein and RNA) was reduced in the ventral LGE SVZ of Ascl1GFP/GFP mutants at 

E14.5 and E16.5 (Figure 6A-D, Figure S6A-D), suggesting that Ascl1 positively regulates 

Sp9 expression. This is consistent with previous reports (Long et al., 2009a; Long et al., 

2009b).

Ascl1 promotes cell differentiation and proliferation in GEs (Castro et al., 2011). Thus, it is 

possible that Ascl1 controls striatopallidal MSN progenitor proliferation in the LGE SVZ 

through Sp9. To test this hypothesis, we informatically studied the putative promoter and 

enhancers near the Sp9 locus. We found the consensus Ascl1 binding motif (E-box sites, 

CAGCTG or CACCTG) in the putative promoter, and in two enhancers (E953 and E245) 

(Castro et al., 2011; Pacary et al., 2011) (Figure 6E). To determine whether Ascl1 physically 

associates with these regulation regions, we carried out ChIP-qPCR using an Ascl1 rabbit 

polyclonal antibody and chromatin prepared from E13.5 LGE of wild type mice. The Rnd3 
E1 enhancer (Rnd3 E1) was used as a positive control as previous studies demonstrated that 
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Ascl1 promotes Rnd3 expression in the embryonic brain by a direct regulation of Rnd3 E1 

(Pacary et al., 2011). We found that the Rnd3 E1, Sp9 putative promoter, E953 and E245 

were all enriched in the immunoprecipitated genomic DNA over input (Figure 6F).

We performed a Dual-luciferase transcription activation assay using the P19 embryonal 

carcinoma cell line. Ascl1 activated transcription from Sp9’s putative promoter and to a 

lesser extent from Sp9 E245 (Figure 6G), whereas it did not activate Sp9 E953 (Figure 6G). 

Finally, we found that the Ascl1 binding motif (CAGCTG) contributed to regulation of the 

Sp9 promoter, as deletion CAGCTG attenuated Ascl1-mediated activation (Figure 6H). 

Together, these results provide evidence that Ascl1 promotes Sp9 expression in the LGE 

SVZ, at least in part, through its direct binding to the promoter and possibly other regulatory 

elements within the Sp9 locus (e.g. E245).

Sp9 Promotes Adora2a Expression in the Striatum

To investigate the cause of striatopallidal MSN apoptosis in Drd2-Cre; Sp9Flox/Flox 

conditional knockout mice, we performed RNA-Seq analysis. We compared gene expression 

profiles from the P0 littermate Sp9Flox/Flox control striatum (including SVZ) and conditional 

mutant striatum of Drd2-Cre; Sp9Flox/Flox mice and identified about 90 genes that were 

either significantly upregulated or downregulated in Drd2-Cre; Sp9Flox/Flox mice (Table S1) 

(GEO: GSE83373). Of these, we found that the expression of three GPCRs (Adora2a, Gpr6 
and P2ry1) was significantly decreased in Sp9 conditional mutant striatum, especially 

Adora2a (p= 0.0000000134, Q-value= 0.00000115) (Table S2). Two of them (Adora2a and 

Gpr6) are markers for striatopallidal MSNs (Heiman et al., 2008; Lobo et al., 2006); the 

third one (P2ry1) is predominately expressed in striatopallidal MSNs during development. In 

addition, Grik3 expression was also greatly reduced in Sp9 conditional mutant striatum. As 

most striatopallidal MSNs have not yet died at P0, the majority of striatopallidal MSN-

specific genes were not significantly downregulated (Table S2), and none of striatonigral 

MSN-specific genes were significantly downregulated (Table S2). We postulate that genes 

with an expression difference prior to cell death may lead to apoptosis.

To validate our RNA-Seq results, we performed RNA in situ hybridization on E16, E18 and 

P4 sections with a number of these genes (Figure 7 and Figure S7). First, we confirmed the 

absence of Sp9 in the mutant LGE mantle zone (striatum) at E16 (normal expression in the 

SVZ is present because the Cre eliminates Sp9 in the mantle zone). GFP+ and Cre+ cells 

were present in striatum as apoptosis had not begun (Figure S7AC’). The development of 

striatonigral MSNs appeared normal based on expression of their markers, Drd1 and Ebf1 
(Figure S7D-E’). The expression of striatopallidal MSN markers, Drd2, Penk and Ptprm, 

were slightly reduced (Figure S7F, F’, I-J’). Strikingly, Adora2a RNA striatal expression was 

almost undetectable (Figure S7G, G’) and Gpr6 expression was severely reduced (Figure 

S7H, H’) (Table S2). Similar results were also observed in E18 striatum (Figure 7A-H’). In 

addition, we observed that the expression of P2ry1 and Grik3 were greatly reduced (Figure 

7I-J’), consistent with our RNA-Seq data. At P4, we began to observe the loss of Drd2+ 

striatopallidal MSNs in Sp9 conditional striatum (Figure S7K, K’). However, based on our 

in situ RNA hybridization, Adora2a RNA expression remained almost undetectable (Figure 

S7L, L’), and Gpr6, P2ry1 and Grik3 expression were still severely reduced in Sp9 
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conditional striatum (Figure S7M-O’). Adora2a RNA striatal adult expression continued to 

remain very weak (data not shown). These data indicate that Sp9 is required to drive 

Adora2a expression in the striatopallidal MSNs. Furthermore, the Sp9 conditional mutants 

had reduced expression of two other GPCRs, Gpr6 and P2ry1, and glutamate ionotropic 

receptor, Grik3, in striatopallidal MSNs.

Adora2a, among its many functions, participates in protecting cells from neuronal death 

after brain insults (Chen et al., 2007; Rivera-Oliver and Diaz-Rios, 2014). We propose that 

the apoptotic cell death of striatopallidal MSNs in the Sp9 constitutive and conditional 

mutant is likely in part a consequence of the loss of Adora2a expression, along with 

attenuated expression of Gpr6, P2ry1 and Grik3.

DISCUSSION

Here we find that Sp9 has several critical roles in striatal MSN development. Sp9+ LGE 

progenitors generate most MSNs, and Sp9 expression is maintained in postmitotic 

striatopallidal MSNs, but not striatonigral MSNs. In the absence of Sp9, striatal development 

was disrupted for three main reasons: 1) LGE SVZ cell proliferation was reduced; 2) 

striatopallidal MSN differentiation and maturation was arrested; 3) Bax-dependent apoptosis 

of these neurons. The later two processes largely did not affect striatonigral neurons. We 

suggest that Ascl1 drives Sp9 expression in the SVZ through binding and activation of the 

Sp9 promoter. Finally, striatopallidal MSN survival is mediated in part through Sp9 driving 

the expression of several GPCRs, especially Adora2a.

Sp9 Specifically Promotes Striatopallidal MSN Progenitor Cell Division in the LGE SVZ

Sp9 expression is detected in the SVZ but not the VZ (primary neural stem/progenitors) of 

the GEs. Sp9 is co-expressed with progenitor cell markers, Ascl1 and Ki67, particularly at 

the VZ-SVZ boundary (also known as SVZ1) (Petryniak et al., 2007) (Figure 1I-K). The 

reduced numbers of S phase cells labeled by BrdU pulse at E13.5 and E15.5 in the 

constitutive null mutant mice indicate that Sp9 promotes proliferation of the progenitors. 

This reduced proliferation leads to a reduced LGE neurogenesis, as revealed by our BrdU 

birth-dating analysis, based on significant reduction of BrdU+ and BrdU+/Foxp1+ cells in the 

Sp9 mutant striatum at P0 (Figure 3I-L, O, P). Thus, decreased progenitor proliferation 

contributes to reduced numbers of MSNs in the mutant mice. Although Sp9+ progenitors in 

the LGE SVZ give rise to all striatal MSNs, Sp9 expression is restricted to striatopallidal 

MSN in the striatum, as only a few of striatonigral MSNs express Sp9. Using the Sp9-LacZ 
mutant allele, we found that there was a significant reduction of β-gal+ cells in P0 Sp9 
mutant striatum compared to Sp9LacZ/+ controls (Figure S4). This strongly suggests that the 

function of Sp9 in the LGE SVZ is mainly promoting striatopallidal MSN progenitor cell 

proliferation.

Regulation of Sp9 Expression in the LGE by Ascl1

Ascl1 is a basic helix-loop-helix proneural TF that is expressed in the VZ and SVZ of the 

GEs. Ascl1 expression has been shown to promote both cell proliferation (Castro et al., 

2011) and cell cycle exit (Castro et al., 2006; Farah et al., 2000; Nakada et al., 2004). In the 
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present study, we showed that Ascl1 is co-expressed with Sp9 in SVZ of the LGE (Figure 1I, 

J). In Ascl1 mutant mice, the expression of Sp9 is reduced (Figure S6A-D, Figure 6A-D). 

These data indicate that Sp9 is genetically downstream of Ascl1. We also found that loss of 

striatopallidal MSNs was more severe than loss of striatonigral MSNs in Ascl1 mutant 

striatum (Figure S6E-H). Thus, Ascl1 mutants phenocopy Sp9 mutants; both have reduced 

LGE cell proliferation and Drd2 striatal expression (Casarosa et al., 1999; Castro et al., 

2011). Ascl1 ChIP-chip analysis with promoter microarrays revealed that Ascl1 activates a 

large number of positive cell cycle regulators (Castro et al., 2011). We thus hypothesized 

that Ascl1 regulates development of striatopallidal MSNs in part through controlling Sp9 
expression, which specifically promotes striatopallidal MSN progenitor division. Indeed, our 

ChIP-qPCR experiments supported this idea by showing that Ascl1 directly binds to Sp9’s 

promoter.

Sp9 Controls the Survival of Striatopallidal MSNs Likely via Positively Regulating GPCR 
Expression

Sp9 expression and function starts from LGE progenitors and then becomes restricted to 

differentiating striatopallidal MSNs. Consistent with this expression pattern, reduction of 

cycling progenitors was observed in the Sp9 constitutive mutant LGE SVZ and reduction of 

markers of striatopallidal MSNs was observed in the LGE mantle zone (striatum) of Sp9 
constitutive and conditional mutants. The Sp9 constitutive mutant may result in the 

premature cell cycle exit of striatopallidal MSN; these neurons have a differentiation defect 

(fail to express markers of striatopallidal MSNs) and undergo Bax-dependent apoptosis 

largely in the early postnatal period. Indeed, we never observed striatal Caspase-3+ cells that 

expressed Drd2-GFP. Conditional inactivation of Sp9 in striatopallidal MSNs using Drd2-
Cre transgenic mice largely phenocopied the striatal defects of Sp9 constitutive mutants, 

showing that elimination of Sp9 beginning at E13.5 in striatal postmitotic neurons leads to 

the failure of striatopallidal MSN differentiation followed by their apoptotic elimination.

Previous studies have shown that Ntrk2 (known as TrkB), a receptor for brain-derived 

neurotrophic factor (BDNF), is required for the development of striatum and survival of 

striatopallidal MSNs (Baydyuk et al., 2011; Li et al., 2012). However, we did not find 

altered RNA expression of Ntrk2 in the embryonic striatum of Sp9 mutants (Figure S7C, D). 

This suggests that programmed cell death occurring in the Sp9 mutant striatum is not due to 

the lack of Ntrk2. By contrast, we observed that the expression of GPCRs in striatopallidal 

MSNs was downregulated in the absence of Sp9 at E16.5, E18 and P4 striatum. These 

GPCRs are Adora2a, Gpr6, and P2ry1. Adora2a and Gpr6 are only expressed in 

striatopallidal MSNs; P2ry1 is mainly expressed in striatopallidal MSNs during 

development. We also noted that the expression of Adora2a remained barely detectable in 

Sp9 constitutive and conditional mutants from E16 to P4. This demonstrated that the 

expression of Adora2a in striatopallidal MSNs was dependent on Sp9. Indeed, even in 

adults, although ~30% of striatopallidal MSNs remained in the Sp9 conditional mutant 

striatum, very few expressed Adora2a (data not shown).

Adora2a mediates neuroprotection against brain injuries in various animal models of 

neurological disorders. Adora2a can either promote, or protect from, cell death, depending 
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on the nature of brain injuries (Chen et al., 2007; Rivera-Oliver and Diaz-Rios, 2014). We 

show that Sp9 is required for Adora2a expression in differentiating and mature 

striatopallidal MSNs. We propose that the nearly complete loss of Adora2a, combined with 

partial loss of Gpr6, P2ry1 and Grik3 in striatopallidal MSNs during development, 

contributed to the striatal apoptotic cell death in Sp9 constitutive and conditional mutants.

Loss of Striatopallidal MSNs and Human Disease

Aberrant basal ganglia circuitry leads to locomotor dysfunction in humans. Many diseases, 

such as Huntington’s disease (HD) and attention-deficit/hyperactivity disorder (ADHD), are 

associated with abnormal striatal MSNs (Russell, 2007; Vonsattel et al., 1985). A dramatic 

decrease in the expression of Adora2a in the striatum is evident at a very early stage of the 

HD (Glass et al., 2000). The preferential loss of striatopallidal MSNs in the early and middle 

phases of HD contributes to choreiform movements (Mitchell et al., 1999; Reiner et al., 

1988). As Drd2-Cre; Sp9Flox/Flox mutants have hyperlocomotion, this further supports the 

idea that striatopallidal MSNs promote movement inhibition (Kravitz et al., 2010). Thus, 

Drd2-Cre; Sp9Flox/Flox mutants may serve as a model to study basal ganglia disorders caused 

by abnormal development and survival of striatopallidal MSNs.

EXPERIMENTAL PROCEDURES

Animals

All experiments were performed in accordance with institutional guidelines. We generated 

Sp9LacZ/+ mice, Sp9Flox/+ mice and Sp9-Cre knockin mice in this study. See supplemental 

experimental procedures for detailed methods. Other mouse strains used in this study are 

Drd2-EGFP, Drd2-Cre, Drd1-EGFP (Gong et al., 2007; Gong et al., 2003) (from MMRRC) 

and Ascl1GFP/+ knockin knockout (Kim et al., 2007; Leung et al., 2007), Bax−/+ (Knudson et 

al., 1995). We used 2 Cre-reporter mouse lines in this study: Rosa-YFP (Srinivas et al., 

2001) and Ai14 (Madisen et al., 2010). All lines in this study were maintained in a mixed 

genetic background of C57BL/6J, 129S6 and CD1.

RNA-Seq

The striatum (including SVZ) from P0 Sp9 Flox/Flox littermate controls and Drd2-Cre; 
Sp9 Flox/Flox conditional mutants were dissected (n=3, each group). Total RNA was purified 

with a Mini RNA Isolation Kit (Zymo). RNA-Seq was performed as recommended by the 

manufacturer (Illumina). Levels of gene expression were reported in FPKM (fragments per 

kilobase of exon per million fragments mapped) (Trapnell et al., 2012). A gene was 

considered to be expressed if it had an FPKM >1. For a gene to be called as differentially 

expressed, it required a P-value <0.05. Data from this experiment has been deposited in the 

GEO database (accession GSE83373).

Chromatin immunoprecipitation and qPCR

ChIP was performed on E13.5 LGE using Ascl1 rabbit polyclonal antibody (Cosmo Bio, 

SK-T01-003). Co-precipitated DNAs were purified with phenol-chloroform, and detected by 

qRT-PCR (Vogt et al., 2014). The Rnd3 E1 is the positive control (Pacary et al., 2011). See 

experimental procedures for detailed methods.
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Luciferase assays

The DNA fragments of E953 and E245 enhancers of Sp9 gene were created by PCR and 

subsequent cloned into pGL4.23 firefly luciferase vector (Promega) upstream (U) or 

downstream (D) of Luc2 gene (e.g. pGL4.23-E953U or pGL4.23-E953D). The putative Sp9 
promoter was amplified by PCR and cloned into pGL4.10 promoterless firefly luciferase 

vector (Promega). Mouse embryonal carcinoma cell line P19 were grown in medium MEMα 

(Gibco 12571-063) supplemented with 10% fetal bovine serum (FBS, Gibco 10099-141). 

For luciferase assay, P19 cells transfections were performed in triplicate in 24-well plates by 

using Fugene HD transfection regent according to the manufacturer's protocol (Promega, 

E2311). Luciferase sparks were quantified by microplate luminometer (Turner BioSystems, 

Inc. ModulusTM Microplate Reader).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

This work was supported by research grants to Z. Yang from: National Natural Science Foundation of China 
(31425011, 31421091 and 31429002), and Program of Shanghai Subject Chief Scientist (14XD1400700), and 
research grant to J.L. Rubenstein from National Institutes of Health (R37 MH049428).

REFERENCES

Anderson SA, Qiu M, Bulfone A, Eisenstat DD, Meneses J, Pedersen R, Rubenstein JL. Mutations of 
the homeobox genes Dlx-1 and Dlx-2 disrupt the striatal subventricular zone and differentiation of 
late born striatal neurons. Neuron. 1997; 19:27–37. [PubMed: 9247261] 

Arlotta P, Molyneaux BJ, Jabaudon D, Yoshida Y, Macklis JD. Ctip2 controls the differentiation of 
medium spiny neurons and the establishment of the cellular architecture of the striatum. J Neurosci. 
2008; 28:622–632. [PubMed: 18199763] 

Baydyuk M, Russell T, Liao GY, Zang K, An JJ, Reichardt LF, Xu B. TrkB receptor controls striatal 
formation by regulating the number of newborn striatal neurons. Proceedings of the National 
Academy of Sciences of the United States of America. 2011; 108:1669–1674. [PubMed: 21205893] 

Casarosa S, Fode C, Guillemot F. Mash1 regulates neurogenesis in the ventral telencephalon. 
Development. 1999; 126:525–534. [PubMed: 9876181] 

Castro DS, Martynoga B, Parras C, Ramesh V, Pacary E, Johnston C, Drechsel D, Lebel-Potter M, 
Garcia LG, Hunt C, et al. A novel function of the proneural factor Ascl1 in progenitor proliferation 
identified by genome-wide characterization of its targets. Genes Dev. 2011; 25:930–945. [PubMed: 
21536733] 

Castro DS, Skowronska-Krawczyk D, Armant O, Donaldson IJ, Parras C, Hunt C, Critchley JA, 
Nguyen L, Gossler A, Gottgens B, et al. Proneural bHLH and Brn proteins coregulate a neurogenic 
program through cooperative binding to a conserved DNA motif. Dev Cell. 2006; 11:831–844. 
[PubMed: 17141158] 

Chen JF, Sonsalla PK, Pedata F, Melani A, Domenici MR, Popoli P, Geiger J, Lopes LV, de Mendonca 
A. Adenosine A2A receptors and brain injury: broad spectrum of neuroprotection, multifaceted 
actions and "fine tuning" modulation. Prog Neurobiol. 2007; 83:310–331. [PubMed: 18023959] 

de Vries WN, Binns LT, Fancher KS, Dean J, Moore R, Kemler R, Knowles BB. Expression of Cre 
recombinase in mouse oocytes: a means to study maternal effect genes. Genesis. 2000; 26:110–112. 
[PubMed: 10686600] 

Deacon TW, Pakzaban P, Isacson O. The lateral ganglionic eminence is the origin of cells committed 
to striatal phenotypes: neural transplantation and developmental evidence. Brain research. 1994; 
668:211–219. [PubMed: 7704606] 

Zhang et al. Page 12

Cell Rep. Author manuscript; available in PMC 2017 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Durieux PF, Bearzatto B, Guiducci S, Buch T, Waisman A, Zoli M, Schiffmann SN, de Kerchove 
d'Exaerde A. D2R striatopallidal neurons inhibit both locomotor and drug reward processes. 
Nature neuroscience. 2009; 12:393–395. [PubMed: 19270687] 

Durieux PF, Schiffmann SN, de Kerchove d'Exaerde A. Differential regulation of motor control and 
response to dopaminergic drugs by D1R and D2R neurons in distinct dorsal striatum subregions. 
Embo J. 2012; 31:640–653. [PubMed: 22068054] 

Ehrman LA, Mu X, Waclaw RR, Yoshida Y, Vorhees CV, Klein WH, Campbell K. The LIM homeobox 
gene Isl1 is required for the correct development of the striatonigral pathway in the mouse. 
Proceedings of the National Academy of Sciences of the United States of America. 2013; 
110:E4026–4035. [PubMed: 24082127] 

Ena SL, De Backer JF, Schiffmann SN, de Kerchove d'Exaerde A. FACS array profiling identifies 
Ecto-5' nucleotidase as a striatopallidal neuron-specific gene involved in striatal-dependent 
learning. The Journal of neuroscience : the official journal of the Society for Neuroscience. 2013; 
33:8794–8809. [PubMed: 23678122] 

Farah MH, Olson JM, Sucic HB, Hume RI, Tapscott SJ, Turner DL. Generation of neurons by transient 
expression of neural bHLH proteins in mammalian cells. Development. 2000; 127:693–702. 
[PubMed: 10648228] 

Gerfen CR. The neostriatal mosaic: multiple levels of compartmental organization in the basal ganglia. 
Annu Rev Neurosci. 1992; 15:285–320. [PubMed: 1575444] 

Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN, Monsma FJ Jr. Sibley DR. D1 and D2 
dopamine receptor-regulated gene expression of striatonigral and striatopallidal neurons. Science. 
1990; 250:1429–1432. [PubMed: 2147780] 

Gerfen CR, Surmeier DJ. Modulation of striatal projection systems by dopamine. Annual review of 
neuroscience. 2011; 34:441–466.

Glass M, Dragunow M, Faull RL. The pattern of neurodegeneration in Huntington's disease: a 
comparative study of cannabinoid, dopamine, adenosine and GABA(A) receptor alterations in the 
human basal ganglia in Huntington's disease. Neuroscience. 2000; 97:505–519. [PubMed: 
10828533] 

Gong S, Doughty M, Harbaugh CR, Cummins A, Hatten ME, Heintz N, Gerfen CR. Targeting Cre 
recombinase to specific neuron populations with bacterial artificial chromosome constructs. The 
Journal of neuroscience : the official journal of the Society for Neuroscience. 2007; 27:9817–9823. 
[PubMed: 17855595] 

Gong S, Zheng C, Doughty ML, Losos K, Didkovsky N, Schambra UB, Nowak NJ, Joyner A, Leblanc 
G, Hatten ME, Heintz N. A gene expression atlas of the central nervous system based on bacterial 
artificial chromosomes. Nature. 2003; 425:917–925. [PubMed: 14586460] 

Hansen DV, Lui JH, Flandin P, Yoshikawa K, Rubenstein JL, Alvarez-Buylla A, Kriegstein AR. Non-
epithelial stem cells and cortical interneuron production in the human ganglionic eminences. 
Nature neuroscience. 2013; 16:1576–1587. [PubMed: 24097039] 

Heiman M, Schaefer A, Gong S, Peterson JD, Day M, Ramsey KE, Suarez-Farinas M, Schwarz C, 
Stephan DA, Surmeier DJ, et al. A translational profiling approach for the molecular 
characterization of CNS cell types. Cell. 2008; 135:738–748. [PubMed: 19013281] 

Kawaguchi Y, Wilson CJ, Augood SJ, Emson PC. Striatal interneurones: chemical, physiological and 
morphological characterization. Trends in neurosciences. 1995; 18:527–535. [PubMed: 8638293] 

Kawaguchi Y, Wilson CJ, Emson PC. Projection subtypes of rat neostriatal matrix cells revealed by 
intracellular injection of biocytin. The Journal of neuroscience : the official journal of the Society 
for Neuroscience. 1990; 10:3421–3438. [PubMed: 1698947] 

Kim EJ, Leung CT, Reed RR, Johnson JE. In vivo analysis of Ascl1 defined progenitors reveals 
distinct developmental dynamics during adult neurogenesis and gliogenesis. The Journal of 
neuroscience : the official journal of the Society for Neuroscience. 2007; 27:12764–12774. 
[PubMed: 18032648] 

Knudson CM, Tung KS, Tourtellotte WG, Brown GA, Korsmeyer SJ. Bax-deficient mice with 
lymphoid hyperplasia and male germ cell death. Science. 1995; 270:96–99. [PubMed: 7569956] 

Zhang et al. Page 13

Cell Rep. Author manuscript; available in PMC 2017 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kravitz AV, Freeze BS, Parker PR, Kay K, Thwin MT, Deisseroth K, Kreitzer AC. Regulation of 
parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry. Nature. 2010; 
466:622–626. [PubMed: 20613723] 

Leung CT, Coulombe PA, Reed RR. Contribution of olfactory neural stem cells to tissue maintenance 
and regeneration. Nature neuroscience. 2007; 10:720–726. [PubMed: 17468753] 

Li Y, Yui D, Luikart BW, McKay RM, Rubenstein JL, Parada LF. Conditional ablation of brain-derived 
neurotrophic factor-TrkB signaling impairs striatal neuron development. Proceedings of the 
National Academy of Sciences of the United States of America. 2012; 109:15491–15496. 
[PubMed: 22949667] 

Lobo MK, Karsten SL, Gray M, Geschwind DH, Yang XW. FACS-array profiling of striatal projection 
neuron subtypes in juvenile and adult mouse brains. Nature neuroscience. 2006; 9:443–452. 
[PubMed: 16491081] 

Lobo MK, Yeh C, Yang XW. Pivotal role of early B-cell factor 1 in development of striatonigral 
medium spiny neurons in the matrix compartment. J Neurosci Res. 2008; 86:2134–2146. 
[PubMed: 18338816] 

Long JE, Cobos I, Potter GB, Rubenstein JL. Dlx1&2 and Mash1 transcription factors control MGE 
and CGE patterning and differentiation through parallel and overlapping pathways. Cereb Cortex. 
2009a; 19(Suppl 1):i96–106. [PubMed: 19386638] 

Long JE, Swan C, Liang WS, Cobos I, Potter GB, Rubenstein JL. Dlx1&2 and Mash1 transcription 
factors control striatal patterning and differentiation through parallel and overlapping pathways. J 
Comp Neurol. 2009b; 512:556–572. [PubMed: 19030180] 

Lu KM, Evans SM, Hirano S, Liu FC. Dual role for Islet-1 in promoting striatonigral and repressing 
striatopallidal genetic programs to specify striatonigral cell identity. Proceedings of the National 
Academy of Sciences of the United States of America. 2014; 111:E168–177. [PubMed: 24351932] 

Ma T, Wang C, Wang L, Zhou X, Tian M, Zhang Q, Zhang Y, Li J, Liu Z, Cai Y, et al. Subcortical 
origins of human and monkey neocortical interneurons. Nature neuroscience. 2013; 16:1588–1597. 
[PubMed: 24097041] 

Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, Gu H, Ng LL, Palmiter RD, Hawrylycz 
MJ, Jones AR, et al. A robust and high-throughput Cre reporting and characterization system for 
the whole mouse brain. Nature neuroscience. 2010; 13:133–140. [PubMed: 20023653] 

Marin O, Anderson SA, Rubenstein JL. Origin and molecular specification of striatal interneurons. J 
Neurosci. 2000; 20:6063–6076. [PubMed: 10934256] 

Mitchell IJ, Cooper AJ, Griffiths MR. The selective vulnerability of striatopallidal neurons. Prog 
Neurobiol. 1999; 59:691–719. [PubMed: 10845758] 

Nakada Y, Hunsaker TL, Henke RM, Johnson JE. Distinct domains within Mash1 and Math1 are 
required for function in neuronal differentiation versus neuronal cell-type specification. 
Development. 2004; 131:1319–1330. [PubMed: 14993186] 

Olsson M, Bjorklund A, Campbell K. Early specification of striatal projection neurons and 
interneuronal subtypes in the lateral and medial ganglionic eminence. Neuroscience. 1998; 
84:867–876. [PubMed: 9579790] 

Olsson M, Campbell K, Wictorin K, Bjorklund A. Projection neurons in fetal striatal transplants are 
predominantly derived from the lateral ganglionic eminence. Neuroscience. 1995; 69:1169–1182. 
[PubMed: 8848105] 

Pacary E, Heng J, Azzarelli R, Riou P, Castro D, Lebel-Potter M, Parras C, Bell DM, Ridley AJ, 
Parsons M, Guillemot F. Proneural transcription factors regulate different steps of cortical neuron 
migration through Rnd-mediated inhibition of RhoA signaling. Neuron. 2011; 69:1069–1084. 
[PubMed: 21435554] 

Petryniak MA, Potter GB, Rowitch DH, Rubenstein JL. Dlx1 and Dlx2 control neuronal versus 
oligodendroglial cell fate acquisition in the developing forebrain. Neuron. 2007; 55:417–433. 
[PubMed: 17678855] 

Reiner A, Albin RL, Anderson KD, D'Amato CJ, Penney JB, Young AB. Differential loss of striatal 
projection neurons in Huntington disease. Proceedings of the National Academy of Sciences of the 
United States of America. 1988; 85:5733–5737. [PubMed: 2456581] 

Zhang et al. Page 14

Cell Rep. Author manuscript; available in PMC 2017 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rivera-Oliver M, Diaz-Rios M. Using caffeine and other adenosine receptor antagonists and agonists 
as therapeutic tools against neurodegenerative diseases: a review. Life Sci. 2014; 101:1–9. 
[PubMed: 24530739] 

Rodriguez CI, Buchholz F, Galloway J, Sequerra R, Kasper J, Ayala R, Stewart AF, Dymecki SM. 
High-efficiency deleter mice show that FLPe is an alternative to Cre-loxP. Nat Genet. 2000; 
25:139–140. [PubMed: 10835623] 

Russell VA. Neurobiology of animal models of attention-deficit hyperactivity disorder. J Neurosci 
Methods. 2007; 161:185–198. [PubMed: 17275916] 

Skarnes WC, Rosen B, West AP, Koutsourakis M, Bushell W, Iyer V, Mujica AO, Thomas M, Harrow 
J, Cox T, et al. A conditional knockout resource for the genome-wide study of mouse gene 
function. Nature. 2011; 474:337–342. [PubMed: 21677750] 

Srinivas S, Watanabe T, Lin CS, William CM, Tanabe Y, Jessell TM, Costantini F. Cre reporter strains 
produced by targeted insertion of EYFP and ECFP into the ROSA26 locus. BMC Dev Biol. 2001; 
1:4. [PubMed: 11299042] 

Stenman J, Toresson H, Campbell K. Identification of two distinct progenitor populations in the lateral 
ganglionic eminence: implications for striatal and olfactory bulb neurogenesis. J Neurosci. 2003; 
23:167–174. [PubMed: 12514213] 

Tamura S, Morikawa Y, Iwanishi H, Hisaoka T, Senba E. Foxp1 gene expression in projection neurons 
of the mouse striatum. Neuroscience. 2004; 124:261–267. [PubMed: 14980377] 

Testa G, Schaft J, van der Hoeven F, Glaser S, Anastassiadis K, Zhang Y, Hermann T, Stremmel W, 
Stewart AF. A reliable lacZ expression reporter cassette for multipurpose, knockout-first alleles. 
Genesis. 2004; 38:151–158. [PubMed: 15048813] 

Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR, Pimentel H, Salzberg SL, Rinn JL, 
Pachter L. Differential gene and transcript expression analysis of RNA-seq experiments with 
TopHat and Cufflinks. Nat Protoc. 2012; 7:562–578. [PubMed: 22383036] 

Vogt D, Hunt RF, Mandal S, Sandberg M, Silberberg SN, Nagasawa T, Yang Z, Baraban SC, 
Rubenstein JL. Lhx6 Directly Regulates Arx and CXCR7 to Determine Cortical Interneuron Fate 
and Laminar Position. Neuron. 2014; 82:350–364. [PubMed: 24742460] 

Vonsattel JP, Myers RH, Stevens TJ, Ferrante RJ, Bird ED, Richardson EP Jr. Neuropathological 
classification of Huntington's disease. J Neuropathol Exp Neurol. 1985; 44:559–577. [PubMed: 
2932539] 

Waclaw RR, Allen ZJ 2nd, Bell SM, Erdelyi F, Szabo G, Potter SS, Campbell K. The zinc finger 
transcription factor Sp8 regulates the generation and diversity of olfactory bulb interneurons. 
Neuron. 2006; 49:503–516. [PubMed: 16476661] 

Wang B, Lufkin T, Rubenstein JL. Dlx6 regulates molecular properties of the striatum and central 
nucleus of the amygdala. The Journal of comparative neurology. 2011; 519:2320–2334. [PubMed: 
21452241] 

Wang C, You Y, Qi D, Zhou X, Wang L, Wei S, Zhang Z, Huang W, Liu Z, Liu F, et al. Human and 
monkey striatal interneurons are derived from the medial ganglionic eminence but not from the 
adult subventricular zone. The Journal of neuroscience : the official journal of the Society for 
Neuroscience. 2014; 34:10906–10923. [PubMed: 25122892] 

Xu Q, Tam M, Anderson SA. Fate mapping Nkx2.1-lineage cells in the mouse telencephalon. J Comp 
Neurol. 2008; 506:16–29. [PubMed: 17990269] 

Yun K, Potter S, Rubenstein JL. Gsh2 and Pax6 play complementary roles in dorsoventral patterning 
of the mammalian telencephalon. Development. 2001; 128:193–205. [PubMed: 11124115] 

Zhang et al. Page 15

Cell Rep. Author manuscript; available in PMC 2017 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Sp9 Is Widely Expressed in the LGE, MGE and CGE
(A-D) Sp9 expression by whole mount β-gal staining on E9.5-E12.5 embryos of Sp9LacZ/+ 

mice. (E-H) Sp9 protein, Sp9 mRNA and Sp9-LacZ were widely expressed in the SVZ and 

mantle zone of E13.5 mouse LGE, MGE and CGE. (I-K) Sp9/Ascl1 and Sp9/Ki67 double-

immunostained E13.5 mouse brain section showing Sp9+/Ascl1+ and Sp9+/Ki67+ cells in 

the SVZ of the LGE. Scale bars: 200 μm in H for E-H; 20 μm in K for I-K.
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Figure 2. Striatopallidal MSNs Are Lost in Postnatal Sp9LacZ/LacZ Mutants
(A) Sp9+/+, Sp9LacZ/+ and Sp9LacZ/LacZ littermates were taken at P20 to compare their size.

(B) P20 images of Sp9LacZ/+ and Sp9LacZ/LacZ brains.

(C) Brains were weighted at P20; the weight of Sp9LacZ/LacZ was significantly reduced 

compared to Sp9LacZ/+ controls. Student’s t-test, *** p < 0.001, n = 6, mean ± SEM.

(D, E) Telencephalon coronal section of Sp9LacZ/+ control and Sp9LacZ/LacZ mutant 

counterstained with DAPI at P9. Note the reduction of striatal (Str) size in Sp9LacZ/LacZ 

mutants compared to Sp9LacZ/+ controls. Scale bar: 1 mm.

(F-J) Foxp1/GFP double-immunostained striatal sections from Drd2-EGFP; Sp9LacZ/+ P9 

mice.

(K-O) Foxp1/GFP double-immunostained striatal sections from Drd2-EGFP; Sp9LacZ/LacZ 

mutant mice at P9 showed severe reduction of GFP+ striatopallidal MSNs. Note that almost 

all GFP+ striatopallidal MSNs were eliminated in the dorsal medial striatum.

(P, T) Severe reduction of Drd2 RNA in Sp9LacZ/LacZ mouse striatum at P9 shown by in situ 
hybridization.

(Q, U) In the dorsal striatum of Drd2-EGFP; Sp9LacZ/+ control mice (Q), less than 3% of 

Drd2-GFP+ cells expressed ChAT, whereas in the dorsal striatum of Drd2-EGFP; 
Sp9LacZ/LacZ mutant mice (U), most of the remaining Drd2-GFP+ cells express ChAT 

(>67%), suggesting they are ChAT+ interneurons rather than striatopallidal MSNs.

(R, V) Severe reduction of Enk+ cells in Sp9LacZ/LacZ mice compared to Sp9LacZ/+ mice at 

P9 shown by immunostaining.

(S, W) Drd1/GFP double-immunostained striatal sections from P9 controls (Drd1-EGFP; 
Sp9LacZ/+) and mutants (Drd1-EGFP; Sp9LacZ/LacZ). Expression of Drd1 and Drd1-GFP 

were not obviously reduced in Sp9 mutant striatum compared to controls. Scale bars: 200 

μm in W for F-H, K-M, P, R-T, V, W; 50 μm in U for I, J, N, O, Q, U.
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(X, Y) Approximately 57% of Foxp1+ and 97% Foxp1+/Drd2-GFP+ cells were reduced in 

the P9 striatum of mutant (Drd2-EGFP; Sp9LacZ/LacZ) compared to control (Drd2-EGFP; 
Sp9LacZ/+). Student’s t-test, *** p < 0.001, n = 3, mean ± SEM.
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Figure 3. Sp9 Mutants: Reduction of Proliferation in the LGE SVZ, and Reduction of MSN 
Production in the Striatum
(A-H) Immunostaining of BrdU and Foxp1 of LGE sections at E13.5 and E15.5, 30 min 

after a BrdU pulse.

(M, N) Quantification showing Sp9LacZ/LacZ mutants had reduced BrdU+ and Foxp1+cells in 

the SVZ, but not in the VZ. Student’s t-test, * p < 0.05; ** p < 0.01; *** p < 0.001, n = 3, 

mean ± SEM.

(I-L) Immunostaining of BrdU and Foxp1 of striatal sections at P0 after a BrdU injection at 

E12.5. Scale bars: 50 μm in L for A-H, I-L.

(O, P) Quantification showing Sp9 mutants had reduced BrdU+ and BrdU+/Foxp1+cells in 

the striatum. Student’s t-test, ** p < 0.01, n = 3, mean ± SEM.
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Figure 4. Most Mature Striatopallidal MSNs Are not Generated in Sp9 Mutants
(A-E’) In situ RNA hybridization of striatonigral MSN markers on E16.5 brain sections 

showing the development of striatonigral MSN were less affected.

(F-J’) RNA expression of striatopallidal markers was significantly reduced. Note complete 

loss of Adora2a RNA in the Sp9 mutant LGE SVZ and mantle zone (striatum) except a few 

cells in the lateral striatum (H’).

(K-P) Most Drd2-EGFP+ cells were lost in the SVZ and striatum at E16.5 and P0. Scale 

bars: 100 μm in P for A-K, M, N, P; 50 μm in O for L, O.

(Q, R) Validation of striatopallidal MSN loss in the E16.5 LGE by q-PCR (Q) and 

quantification of Foxp1+, Foxp1+/Drd2-GFP+ and Foxp1+, but Drd2-GFP− (negative) cells 

in the LGE SVZ at E16.5 (R). Student’s t-test, * p < 0.05; ** p < 0.01; *** p < 0.001, n = 3, 

mean ± SEM.
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Figure 5. Programmed Cell Death Eliminates Striatopallidal MSNs in Postnatal Sp9 Constitutive 
and Conditional Mutants
(A, B) Significant increase in expression of Cleaved Caspase-3 in Sp9 mutant striatum 

compared to controls at P3.

(C) Temporal profile of numbers of Caspase-3+ cells in postnatal striatum in Sp9 mutant and 

control mice. One-way ANOVA followed Tukey-Kramer post hoc test, * p < 0.05, ** p < 

0.01; *** p < 0.001, n = 3, mean ± SEM.

(D-F) Foxp1/GFP double-immunostaining revealed a significant decrease in numbers of 

Foxp1+, and Foxp1+/GFP+ cells in the striatum of Drd2-Cre; Sp9 Flox/Flox; Rosa-YFP 
conditional mutants compared to Drd2-Cre; Sp9 Flox/+; Rosa-YFP (controls) at P30. 

Student’s t-test, ** p < 0.01; *** p < 0.001, n = 3, mean ± SEM. Scale bar: 50 μm.

(G-I) Caspase-3+ cells in controls and Sp9 conditional mutants at P3 showing a significant 

increase in numbers of Caspase-3+ cells in the striatum of Sp9 conditional mutants 

compared to controls at P0, P3 and P5. One-way ANOVA followed Tukey-Kramer post hoc 

test, ** p < 0.01; *** p < 0.001, n = 3, mean ± SEM. Scale bars: 100 μm in H for A, B, G, 

H.

(J, K) In the open field test, adult Drd2-Cre; Sp9Flox/Flox mice exhibited increased locomotor 

activity compared to Sp9Flox/+ or Drd2-Cre; Sp9Flox/+ littermate controls (J, measured by the 

total distance), but they exhibited similar anxiety related behavior (K, measured by the 

center distance/total distance ratio). One-way ANOVA followed Tukey-Kramer post hoc 

test, * p < 0.05, mean ± SEM.

(L) In the rotarod test, adult Drd2-Cre; Sp9Flox/Flox mice and littermate control mice 

displayed similar motor coordination and learning ability in the latency to fall during three 

training days (day1,2,3) and one trial day (day 4).
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Figure 6. Ascl1 Directly Regulates the Sp9 Expression in the LGE
(A-D) Sp9 expression in the LGE was reduced in Ascl1GFP/GFP mutant mice compared to 

Ascl1GFP/+ control mice at E14.5. Scale bar: 200 μm.

(E) Evolutionarily conserved noncoding elements in the Sp9 locus (putative promoter, 

enhancer E953 and E245) contain the consensus Ascl1-binding motif (E-box sites, 

CAGCTG or CACCTG).

(F) Ascl1 ChIP-qPCR demonstrated Ascl1 binding in chromatin from wild type E13.5 LGE 

to the Sp9 putative promoter, E953 and E245. The Rnd3 E1 is a positive control.

(G) Ascl1 activated transcription from the Sp9 putative promoter and E245 in Dual-

luciferase assay within P19 cells. Student’s t-test, * p < 0.05, n = 3 individuals, mean ± 

SEM.

(H) Deletion of the Ascl1 binding motif reduced activation of the Sp9 putative promoter by 

Ascl1. Student’s t-test, * p < 0.05, n = 3 individuals, mean ± SEM.
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Figure 7. Sp9 Promotes the Expression of GPCRs in Striatopallidal MSNs
(A, A’) Sp9 RNA expression in the striatum was greatly reduced in Drd2-Cre; Sp9 Flox/Flox 

conditional mutants compared to Sp9 Flox/Flox controls at E18, whereas its expression in the 

SVZ appeared normal. (B-C’) Drd1 and Tac1 RNA expression appeared normal. (DG’) 

Striatal expression of Drd2, Penk and Ptprm were slightly reduced, whereas expression of 

Adora2a was nearly undetectable except in the lateral striatum. (H-J’) Expression of Gpr6, 

P2ry1 and Grik3 were greatly reduced in the striatum. Scale bar: 200 μm in J’ for A-J’.
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