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Abstract 

Heterozygous loss-of-function mutations in the transcription factor FOXP1 are strongly associated with 

autism.  Dopamine receptor 2 expressing (D2) striatal projection neurons (SPNs) in heterozygous Foxp1 

(Foxp1+/-) mice have higher intrinsic excitability.  To understand the mechanisms underlying this alteration, 

we examined SPNs with cell-type specific homozygous Foxp1 deletion to study cell-autonomous regulation 

by Foxp1.  As in Foxp1+/- mice, D2 SPNs had increased intrinsic excitability with homozygous Foxp1 

deletion.  This effect involved postnatal mechanisms.  The hyperexcitability was mainly due to down-

regulation of two classes of potassium currents: inwardly rectifying (KIR) and leak (KLeak).  Single-cell RNA 

sequencing data from D2 SPNs with Foxp1 deletion indicated the down-regulation of transcripts of 

candidate ion channels that may underlie these currents: Kcnj2 and Kcnj4 for KIR and Kcnk2 for KLeak.  This 

Foxp1-dependent regulation was neuron-type specific since these same currents and transcripts were either 

unchanged, or very little changed, in D1 SPNs with cell-specific Foxp1 deletion.  Our data are consistent 

with a model where FOXP1 negatively regulates the excitability of D2 SPNs through KIR and KLeak by 

transcriptionally activating their corresponding transcripts.  This, in turn, provides a novel example of how 

a transcription factor may regulate multiple genes to impact neuronal electrophysiological function that 

depends on the integration of multiple current types – and do this in a cell-specific fashion.  Our findings 

provide initial clues to altered neuronal function and possible therapeutic strategies not only for FOXP1-

associated autism but also for other autism forms associated with transcription factor dysfunction. 
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Introduction 

Forkhead box P1 (FOXP1) is a transcription factor that is highly enriched in the developing embryonic and 

mature neocortex, hippocampus, and striatum (1).  Heterozygous mutations and deletions in FOXP1 

resulting in loss-of-function are causative for Intellectual Disabilities (ID) and Autism Spectrum Disorders 

(ASD) (2-4) and are among the most significant recurrent de novo mutations associated with ASD (5-7).  

Characterization of whole brain Foxp1 conditional knockout mice (cKO) has shown that these mice exhibit 

ASD-relevant repetitive behavior and reduced social interaction (8).  Moreover, heterozygous Foxp1 

(Foxp1+/-) mice, which are a relevant genetic model for FOXP1-associated ASD, also show altered 

vocalizations (9). 

ASD patients have altered striatal function and connectivity (10-13), and Foxp1 is among the few genes 

specifically enriched in the mouse striatum (14).  Deletion of Foxp1 in the whole brain leads to a dramatic 

reduction in striatal size and is required for striatal projection neuron (SPN) differentiation in vitro, 

indicating its critical role in striatal development (8, 9, 15, 16).  Beginning at embryonic stages and 

continuing into adulthood, Foxp1 is expressed in dopamine receptor subtype 1 (D1) and dopamine receptor 

subtype 2 (D2) expressing SPNs (1, 9, 16, 17).  However, very little is known about the role of Foxp1 in 

the maturation of these striatal neurons.  

Some mechanistic details, such as the role of SUMOylation, in FOXP1-dependent regulation of brain 

development have been reported in the past (18).  However, none of the studies have made a compelling 

link between downstream targets of FOXP1 – either direct or indirect – with neuronal development.  

Moreover, previous studies have mostly employed embryonic Foxp1 deletion and examined early 

developmental processes (19-22), but as Foxp1 is expressed in adult brain as well, its involvement in 

postnatal development is also possible.  These gaps in understanding apply to other members of the FOXP 

family, like FOXP2.  Therefore, further examination of FOXP1 function is needed, not only for FOXP1 

alone, but also for the FOXP family as a whole. 

FOXP1 has been reported to be involved in the development of synaptic transmission and intrinsic 

excitability – the latter being the propensity to fire action potentials (8, 9, 23).  Brain-wide conditional 

Foxp1 deletion decreases intrinsic excitability of hippocampal pyramidal neurons (8).  In Foxp1+/- mice, 

intrinsic excitability is increased in D2 SPNs, but not in D1 SPNs (9). These studies indicate that FOXP1 

may have differing roles depending on neuron type, but this issue is confounded by the different mouse 

models used and has not been addressed so far.  Furthermore, mechanistic details of these excitability 

alterations remain unknown. 
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Both D1 and D2 SPNs express several potassium (K+) channels, including two classes of subthreshold K+ 

channels – leak (KLeak) and inwardly rectifying (KIR) (24-29).  KLeak channels are the two-pore domain 

channels that are not gated by membrane potential (30).  Evidence supports the existence of KLeak channels, 

particularly KCNK2 (TREK-1), in SPNs (28, 29, 31, 32).  KIR currents in SPNs are mediated by KCNJ2 

(Kir2.1) and KCNJ4 (Kir2.3) channels (24, 25, 27, 33) and are a major source of conductance at 

hyperpolarized potentials.  While some signaling pathways in SPNs have been reported to play a role in the 

maturation of intrinsic excitability through the regulation of KIR currents (27, 34), the transcriptional 

regulation of this maturation is not known. 

Transcriptional regulation of neuronal function during development, and its impairment in ASD, is not well 

understood.  The difficulty is due to the large number of genes impacted by transcriptionally-related 

proteins and to differing roles in different cell-types.  Among the top 50 most commonly studied autism-

associated genes (35), 14 are involved in transcriptional regulation.  Among these, which includes Foxp1, 

a connection between ion channel transcripts and function has only been made for Mef2c and Mecp2 (36, 

37).  And for both of these, direct demonstration on how this link affects neuronal intrinsic excitability has 

not been reported.  And for both, a description of a more multi-faceted regulation involving multiple 

downstream transcripts and corresponding channel function and how this contributes to neuronal 

excitability in different neuron-types was lacking. 

Using a cell-autonomous deletion strategy in either D1 or D2 SPNs, we examine the electrophysiological 

mechanisms by which FOXP1 regulates the maturation of intrinsic excitability.  In D2 SPNs, we find that 

Foxp1-dependent regulation involves multiple currents and transcripts.  However this regulation is either 

absent or diminished in D1 SPNs.  Specifically, we find that FOXP1 negatively regulates hyperexcitability 

by promoting the function of KIR and KLeak currents in D2 SPNs during development.  Using striatal single-

cell RNA sequencing data, we also identify specific candidate channels that underlie these currents: KCNJ2 

and KCNJ4 for KIR and KCNK2 for KLeak. 

Materials and Methods 

Mice 

All mice used were of C57BL/6J background strain.  Drd2 conditional Foxp1 knockout (D2 Foxp1cKO) 

mice were: Drd2-Cretg/-:Foxp1flox/flox:Drd2-eGFPtg/-, while Drd1α Foxp1cKO (D1 Foxp1cKO) were: Drd1α-

Cretg/-:Foxp1flox/flox:Drd1α-tdTomatotg/-.  Heterozygous version of D2 Foxp1cKO is referred by D2 Foxp1cHet.  

Brain slices and Recordings 
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Unless stated otherwise, P14-23 mice were used for the electrophysiological recordings.  Only D2 SPNs 

were recorded in D2 Foxp1cKO mice, where WT controls and Foxp1-deleted neurons were named Foxp1CTL 

and Foxp1cKO D2 SPNs, respectively.  Similar nomenclature applies to D1 SPNs.  For the slices where 

Foxp1 was deleted postnatally using virus, uninfected SPNs were named Foxp1CTL SPNs while virus-

infected neurons were named Foxp1vcKO SPNs. 

Current steps 

In current clamp, incremental current steps (500 ms duration) were applied at resting potential to measure 

number of action potentials elicited at each step to make F-I curve. 

Single -10 voltage step to measure input resistance, capacitance, and conductance 

In voltage clamp, a single -10 mV voltage step (500 ms duration) was applied to measure input resistance, 

capacitance, normalized cell conductance, and the voltage-dependence of holding current at -85, -65, and -

55 mV holding potentials. 

Multi-step protocol using IV-plots 

In voltage clamp, a multi-step protocol (500 ms duration) was applied while maintaining -60 mV holding 

potential (ranging from -30 to -120 mV voltages in -10 mV steps).  The current measured was the average 

of a 200 ms window at the end of the step (see Fig. 2E).    

Morphology and analysis 

Dendritic morphology was measured by filling neurons with a fluorescent dye (AF488, 100 µM, Life 

Technologies, Inc.) and biocytin (2 mg/ml, Life Technologies, Inc.) during the whole-cell recording.  Sholl 

analysis is performed using concentric radii step intervals of 20 µm and dendritic crossings at each radius 

are counted.   

Statistics 

For all data, sample number is the number of neurons, and data are stated in this order: WT control followed 

by Foxp1 deletion groups.  All data are plotted as mean ± standard error.  Unless stated otherwise, a repeated 

measures (RM) 2-way ANOVA is performed with Geisser-Greenhouse correction followed by the Holm-

Sidak test for the correction for multiple comparisons.  When ANOVA analysis is not employed, we use a 

Mann-Whitney (MW) t-test.   

Single-cell RNA sequencing 

We used single-cell RNA sequencing data from our previous study and analyzed D1 and D2 SPNs (15). 
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Results 

Increased intrinsic excitability in D2 SPNs with cell autonomous Foxp1 deletion 

We first examined how intrinsic excitability was altered in D2 SPNs with homozygous Foxp1 deletion.  We 

performed selective Foxp1 deletion in D2-SPNs using D2 Foxp1cKO mice to isolate FOXP1-regulated cell-

autonomous mechanisms.  We targeted D2 SPNs by their GFP expression and obtained “firing versus 

current injection” curves, or “F-I” curves (Fig. 1A,B).  Foxp1cKO D2 SPNs exhibited a ~30-500% increase 

in the number of evoked action potentials when compared to the Foxp1CTL D2 SPNs, indicating that FOXP1 

negatively regulates intrinsic excitability of D2 SPNs. 

Subthreshold membrane properties of the D2 SPNs were also altered upon Foxp1 deletion as observed by 

higher resting membrane potential (Fig. 1C), higher input resistance (Fig. 1D), and altered holding current 

density (Fig. 1E).  When the average holding current density in Foxp1cKO D2 SPNs was subtracted from 

that of Foxp1CTL D2 SPNs, a difference current density was obtained with a reversal potential near -85 mV 

(Fig. 1F).  This is very close to the estimated reversal potential for K+ in our experiments (-88 mV).  These 

changes indicate that a down-regulation of subthreshold K+ currents with Foxp1 deletion causes an increase 

in input resistance and a depolarized resting potential, thereby contributing to their hyperexcitability. 

To examine how these subthreshold alterations contributed to increased intrinsic excitability, we re-

analyzed the F-I data in figure 1B and plotted the number of spikes at different epochs during the current 

step (Fig. 1G).  Action potential firing in the first 50 ms epoch is expected to depend most on the 

subthreshold resting state.  For the subsequent epochs, depolarization-activated currents are engaged and 

the impact of the previous subthreshold properties is diminished.  The greatest increase in excitability is 

observed in the first 50 ms epoch compared to all other subsequent epochs suggesting that subthreshold 

membrane properties are involved in the hyperexcitability of Foxp1cKO D2 SPNs. 

To better isolate the role of input resistance and spike voltage-threshold changes underlying increased 

intrinsic excitability, we analyzed the current step data only for the neurons having resting potential in the 

range between -65 mV to -85 mV.  The F-I curves showed similar hyperexcitability for Foxp1cKO D2 SPNs 

(Data not shown).  In this analysis, the average resting potential and spike voltage-threshold were not 

different in Foxp1cKO D2 SPNs (Table 1).  However, spike current-threshold and input resistance were both 

approximately doubled.  Therefore, increased input resistance appears to be a key mediator for 

hyperexcitability. 

To determine if D2 SPN hyperexcitability in Foxp1+/- mice is due to cell-autonomous deletion (9), we 

performed the same experiments in D2 SPNs that were selectively heterozygous for Foxp1 (Foxp1cHet).  We 
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found no change in excitability or subthreshold properties (Supplementary Fig. S1A-D) indicating that 

hyperexcitability in D2 SPNs of the Foxp1+/- mouse may not be due to a purely cell-autonomous process. 

No significant morphological or anatomical changes with Foxp1 deletion in D2 SPNs 

It is possible that Foxp1cKO D2 SPNs are smaller in size and the resulting reduction in membrane surface 

area could contribute to increased input resistance and increased excitability.  To test this idea, we filled 

D2 SPNs with biocytin, and measured branching complexity (Sholl Analysis) and total dendritic length.  

We could not find any effect of Foxp1 deletion on these properties (Fig. 1H-J), which suggests that cell 

morphology is not affected.  We also measured soma size in live, acutely prepared slices and found no 

difference (Fig. 1K).  In summary, there was no anatomical evidence for change in membrane surface area. 

Another parameter that crudely estimates the membrane surface area is the cell capacitance.  When pooled 

over all experiments conducted under control conditions in our study, there was no detectable change in the 

cell capacitance after Foxp1 deletion (Supplementary Fig. S2, Control).  However, under strong blockade 

of multiple channels, which may more accurately report membrane surface area (or “cell size”) due to better 

space clamp, Foxp1cKO D2 SPNs had a 19% reduction in capacitance (Supplementary Fig. S2, Cs+,Ba2+).  

In summary, while this change is difficult to interpret, there may be some contribution of decreased 

membrane surface area to their hyperexcitability. 

Postnatal Foxp1 deletion in D2 SPNs also results in hyperexcitability 

It is unclear whether hyperexcitability of D2 SPNs is due to deletion of Foxp1 during embryonic or postnatal 

development.  When Foxp1 is deleted during embryonic development, indirect effects involving cell fate 

determination and migration may affect excitability.  This could indeed be a factor since D2 SPN number 

is reduced in D2 Foxp1cKO mice (see Suppl. Methods).  However, if hyperexcitability can be induced with 

Foxp1 deletion at a postnatal stage, then the underlying mechanism is likely independent of these early 

developmental processes.  To test this, we deleted Foxp1 postnatally by infecting SPNs with AAV-Cre-

GFP in P0-1 Foxp1flox/flox mice, resulting in Foxp1 deletion by P10 (see Supp. Methods).  Uninfected D2 

SPNs in the same mice served as controls (Foxp1CTL).  

The F-I curves showed an increased intrinsic excitability of D2 SPNs with Foxp1 deletion (Fig. 1L,M).  

There was a statistical trend for a depolarized resting potential (p=0.06, Fig. 1N) and input resistance was 

higher (Fig. 1O) in Foxp1vcKO D2 SPNs, which was consistent with the down-regulation of a subthreshold 

K+ current.  Dendritic complexity, total dendritic length, soma size, and capacitance were unaltered 

(Supplementary Fig. S3A-E).  When AAV-Cre-GFP was injected into WT mice, none of the 
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electrophysiological changes were observed (Supplementary Fig. S4A-C).  These results indicate a 

postnatal role for Foxp1 in regulating excitability. 

With postnatal deletion, there was no decrease observed in D2 SPN number as with embryonic deletion in 

D2 Foxp1cKO mice (see Suppl. Methods) while the mechanism inducing hyperexcitability is similar for both 

deletion strategies.  Since embryonic deletion was more efficient, consistent, and less intrusive, we used 

D2 Foxp1cKO mice for the remainder of this study. 

Down-regulation of Cs+-sensitive currents indicates that KIR is decreased in D2 SPNs with Foxp1 deletion  

To determine the identity of the subthreshold K+ currents that are downregulated with Foxp1 deletion, we 

examined the effect of specific K+ channel blockers on D2 SPNs.  KIR current (KIR) is a prime candidate 

since KIR channels are highly expressed in SPNs and are open only at hyperpolarized, subthreshold 

membrane potentials (24, 25, 27, 33).  To measure the effect of Foxp1 deletion on KIR, we used Cs+ to 

isolate KIR at subthreshold potentials (25, 38-40) (Supplementary Table S1,S2). 

In nominal ACSF, we observed the similar approximate doubling of the input resistance in Foxp1cKO D2 

SPNs as observed in figure 1D (Fig. 2A).  We also calculated normalized conductance as a measure of 

membrane ion permeability that is more independent of membrane surface area and found this to be roughly 

halved (Fig. 2C).  With application of CsCl (1 mM), the effects relevant to KIR were best observed at -85 

mV membrane potential (see Supp. Methods, Membrane potentials for measuring KIR and KLeak).  For both 

Foxp1CTL and Foxp1cKO D2 SPNs, there was an increase in the input resistance and decrease in the 

normalized conductance at -85 mV (Fig. 2A,C).  Consistent with the down-regulation of KIR with Foxp1 

deletion, these Cs+-induced absolute changes at -85mV were less in Foxp1cKO D2 SPNs.  However, the 

proportional change in both of these properties was not different between Foxp1CTL and Foxp1cKO D2 SPNs 

(Fig. 2B,D) indicating that Cs+-sensitive currents made equal proportional contributions to these properties 

in both groups.  These results indicate that while Foxp1 deletion did indeed reduce KIR, it did not alter the 

proportion of KIR relative to other currents. 

We used a multi-step voltage protocol to measure KIR current density (Fig. 2E).  Current-voltage plots (IV-

plots) derived from these measurements indicated that evoked current densities were consistently less in 

Foxp1cKO D2 SPNs compared to Foxp1CTL D2 SPNs and application of Cs+ affected these currents (Fig. 

2E,F).  For each neuron, the amount of Cs+-sensitive KIR was approximated by subtraction of currents (Fig. 

2E,right).  Average of these difference currents indicated a significant reduction in KIR with Foxp1 deletion 

as observed in the steps to -120 to -90 mV (Fig. 2G).  With conditional heterozygous deletion, we observed 

no change in KIR (Supplementary Fig. S5A-C), which is consistent with the unaltered intrinsic excitability 

under these conditions (see Supplementary Fig. S1). 
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Down-regulation of Ba2+-sensitive/ Cs+-insensitive currents indicates that KLeak is decreased in D2 SPNs 

with Foxp1 deletion 

Both KIR and KLeak are thought to be prominent subthreshold currents in SPNs.  Because differences in 

subthreshold currents and conductances remained between Foxp1CTL and Foxp1cKO D2 SPNs after blocking 

KIR with Cs+, we next determined if the remaining difference was due to a putative KLeak (using the term 

“putative” to acknowledge the lack of effective, specific KLeak blockers in neurons).  We examined KLeak 

through application of BaCl2 (4 mM) since barium blocks most KLeak channel subtypes – including KCNK2 

(Supplementary Table S1,S2).  CsCl (1 mM) was always present to examine membrane properties 

independent of KIR.  This experiment directly measures FOXP1-regulation of Ba2+-sensitive/Cs+-insensitive 

currents, and many KLeak subtypes fit this description - including KCNK2.  Because Cs+ does not completely 

block KIR (39, 40), currents collected in control conditions at and below -75 mV membrane potential may 

have included some residual KIR, and therefore, currents at and above -65 mV  membrane potential were 

analyzed for putative KLeak (see Supp. Methods, Membrane potentials for measuring KIR and KLeak). 

Application of Ba2+ led to a decrease in conductance (Fig. 3A) and an increase in input resistance 

(Supplementary Fig. S6A,B) across all membrane potentials in both Foxp1CTL and Foxp1cKO D2 SPNs.  

Absolute changes in these properties were smaller in Foxp1cKO D2 SPNs which was consistent with reduced 

putative KLeak.  If FOXP1 preferentially regulates KLeak, we would predict a decreased proportional effect 

on conductance and input resistance by Ba2+ application in Foxp1cKO D2 SPNs.  Indeed, this was the case 

(Fig.3B, Supplementary Fig. S6C).  From this, we conclude that Foxp1 deletion preferentially down-

regulated putative KLeak compared to other subthreshold currents. 

Data from IV-plots (Fig. 3C, Supplementary Fig. S7) further supported KLeak being reduced with Foxp1 

deletion.  As expected for incomplete KIR blockade, plots obtained in control ACSF at membrane potentials 

below -70 mV displayed inflections indicating that KLeak was not isolated at those potentials (Fig. 3D,left).  

Application of barium strongly reduced current densities at all membrane potentials by blocking most of 

the KLeak and residual KIR and induced a linearization of the IV-plots (Fig. 3D,right).  As depicted in 

difference IV-plots (Fig. 3E,left), the reduction in current density in Foxp1cKO D2 SPNs was less compared 

to Foxp1CTL D2 SPNs at depolarized membrane potentials, particularly at -70 and -50 mV, confirming that 

putative KLeak was down-regulated with Foxp1 deletion.  The same data replotted into genotypic difference 

IV-plots (Fig. 3E,right) not only confirmed our finding, but also validated that the down-regulated current 

was a K+ current as it either crossed at or was not detectably different from the x-axis at the K+ reversal 

potential (-88 mV). 

We also examined the down-regulation of Ba2+- and Cs+-sensitive currents combined.  In the earlier Cs+-

application experiment, the disparity in conductance between Foxp1CTL and Foxp1cKO D2 SPNs in control 
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conditions was 215 pS/pF (Fig. 2C,left, at -85 mV).  When we block KIR and KLeak with both Ba2+ and Cs+, 

this disparity was reduced to 6 pS/pF (Fig. 3A,right, at -85 mV).  In terms of percentage, the conductance 

disparity decreased from 53% to 17% of control.  Therefore, KLeak and KIR account for a large portion of 

the conductance that is down-regulated with Foxp1 deletion. 

Targeting KCNK2 channels further implicates KLeak down-regulation with Foxp1 deletion 

Pharmacological blockade in the experiments above did not provide a complete accounting for currents 

down-regulated with Foxp1 deletion since differences remained between Foxp1CTL and Foxp1cKO SPNs 

(Fig. 3A,right, 3D,right).  One possible reason could be an incomplete block of KLeak by Ba2+.  KCNK2 is 

the most expressed KLeak channel in the striatum (28, 29) which is only 90% blocked by Ba2+ (41). 

We examined whether additional blockade of KCNK2 channels could further reduce the disparity in 

currents between Foxp1CTL and Foxp1cKO D2 SPNs which would provide additional evidence that KLeak is 

regulated by FOXP1.  We first performed recordings in control ACSF and then in the presence of 

acidification (pH6.2) and Spadin (500 nM, referred to by pH6.2/Spadin-application) to specifically block 

KCNK2 channels (42-45).   Because we wanted to determine the effect of blocking KCNK2 channels 

relative to the Cs+ and Ba2+ blockade examined above, extracellular Cs+ and Ba2+ were always present.   

As observed in similar conditions above (see Fig. 3A,right), normalized conductance was significantly 

lower in Foxp1cKO D2 SPNs than Foxp1CTL SPNs in control ACSF (Fig. 3F,left).  With pH6.2/Spadin-

application, this disparity was no longer observed (Fig. 3F,right).  Furthermore, the percent reduction in the 

normalized conductance was higher in Foxp1CTL D2 SPNs as compared to Foxp1cKO D2 SPNs indicating a 

greater contribution of pH6.2/Spadin-sensitive currents in control SPNs (Fig. 3G).  These results indicated 

that KCNK2 was preferentially decreased with Foxp1 deletion relative to other subthreshold currents. 

In IV-plots, we observed effects of pH6.2/Spadin-application (Fig. 3H,I, Supplementary Fig. S8), and the 

difference IV-plot (Fig. 3J,left) indicated less pH6.2/Spadin-sensitive currents in Foxp1cKO D2 SPNs 

compared to Foxp1CTL D2 SPNs.  These difference plots also indicated that pH6.2/Spadin-sensitive currents 

were not purely KCNK2-mediated since they did not cross the x-axis at the expected reversal potential for 

K+ and displayed a downward deflection at depolarized potentials.  We attribute these effects to a non-

specific effect of acidification on membrane currents.  However, when we replot the data into genotypic 

difference IV-plots (Fig. 3J,right), the non-specific effects are subtracted away and the difference currents 

at -70 mV and above illustrate down-regulation of KCNK2 in Foxp1cKO D2 SPNs (see Supp. Methods, 

Membrane potentials….). 
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D1 SPNs become hyperexcitable with Foxp1 deletion, but through different mechanisms compared to D2 

SPNs 

In Foxp1+/- mice, D2 SPNs were hyperexcitable, but not D1 SPNs (9).  Therefore, either Foxp1 is not 

involved in maturation of intrinsic excitability or a single copy of the Foxp1 allele is sufficient to maintain 

normal excitability in D1 SPNs.  To investigate this further, we examined the cell-autonomous effects of 

Foxp1 deletion in D1 SPNs using D1 Foxp1cKO mice.  In F-I curves, we observed increased intrinsic 

excitability in Foxp1cKO D1 SPNs compared with Foxp1CTL D1 SPNs (Fig. 4A,B), indicating a cell-

autonomous role for FOXP1 in the proper maturation of intrinsic excitability.  However, subthreshold 

current changes in Foxp1cKO D1 SPNs were much less than that observed in Foxp1cKO D2 SPNs.  The 

changes in resting potential (Fig. 4C) and input resistance (Fig. 4D) were either small or not significantly 

different.  IV-plots were unchanged – including the difference plot depicting isolated KIR (Fig. 4E,F).  

Postnatal Foxp1 deletion, using AAV-Cre-GFP infection in D1 SPNs, also did not induce any changes in 

excitability or subthreshold membrane properties (Supplementary Fig. S9A-C).   

As described for D2 SPNs, we performed two additional analyses of F-I curves to determine the relative 

roles of subthreshold and suprathreshold changes underlying increased intrinsic excitability in Foxp1cKO D1 

SPNs.  First, we replotted the F-I curve data (in figure 6B) at different 50 ms epochs during the current step.  

Unlike D2 SPNs, we found that the relative differences between Foxp1CTL and Foxp1cKO D1 SPNs were 

similar in both early and later 50 ms epochs (Fig. 4G) suggesting a decreased role for subthreshold 

membrane properties in the hyperexcitability of Foxp1cKO D1 SPNs compared to Foxp1cKO D2 SPNs. (see 

Fig. 1G). 

Next, we replotted F-I curves only for D1 SPNs falling within a limited resting potential range (between -

75 and -90 mV) and found a similar 2-fold increase in the spike numbers (data not shown).  However, the 

average resting membrane potential and input resistance were not detectably different (Table 1).  Like D2 

SPNs, there was no effect of Foxp1 deletion on the threshold potential.  The threshold current step to evoke 

a spike was decreased by 17% in Foxp1cKO D1 SPNs compared to controls (there was a 44% decrease in 

Foxp1cKO D2 SPNs, Table 1).  Again, these data indicate that subthreshold alterations play a less prominent 

role in the hyperexcitability of Foxp1cKO D1 SPNs when compared with Foxp1cKO D2 SPNs. 

Single cell RNA sequencing data indicate that KIR and KLeak channel transcripts are down-regulated with 

Foxp1 deletion in D2 SPNs 

We analyzed our single-cell RNA-seq (scRNA-seq) dataset(15) from D1 and D2 SPNs to determine 

whether expression of  subthreshold potassium channels are altered when Foxp1 is deleted.  Among KIR 

channels, KCNJ2 and KCNJ4 are the most highly expressed channels in SPNs (24, 25, 33).  Our analysis 
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also showed high expression of their transcripts in Foxp1CTL D1 and D2 SPNs compared to other Kcnj genes 

(Fig. 5A).  However, Foxp1 deletion significantly reduced their expression in D2 SPNs, consistent with the 

reduced KIR currents observed in Foxp1cKO D2 SPNs (Fig. 5B,C).  In contrast, only the expression of Kcnj4 

was found to be reduced in Foxp1cKO D1 SPNs, and this reduction appeared slightly less than that observed 

in D2 SPNs.   

The KLeak currents are mediated by the KCNK family of channels.  Kcnk2 is highly expressed in the striatum 

(28, 29, 31, 32), and consistent with this, we found higher Kcnk2 transcript expression in Foxp1CTL D1 and 

D2 SPNs compared to other Kcnk genes (Fig. 5A).  Upon Foxp1 deletion, Kcnk2 transcript levels were 

significantly reduced in D2 SPNs (Fig. 5D), suggesting an underlying molecular mechanism for decreased 

KLeak currents.  Kcnk2 expression was decreased in Foxp1cKO D1 SPNs as well, however this reduction was 

less compared to Foxp1cKO D2 SPNs.  

Discussion 

Our study provides the most thorough assessment to date of a role for FOXP1 in the normal physiological 

development of neurons.  We report that FOXP1 negatively regulates intrinsic excitability of D2 SPNs 

during development through positive regulation of two subthreshold K+ currents - KIR and KLeak.  This 

regulation is cell-autonomous and likely involves FOXP1 function during both embryonic and postnatal 

developmental stages.  Our pharmacological and single-cell RNA sequencing data indicate that FOXP1 

promotes the expression KCNJ2, KCNJ4, and KCNK2 channels, thereby providing specific channel 

candidates for FOXP1-mediated regulation of KIR and KLeak.  FOXP1 also appears to negatively regulate 

intrinsic excitability in D1 SPNs, but unlike D2 SPNs, subthreshold currents play a much smaller role. 

A larger role of KLeak in D2 SPN intrinsic excitability and its regulation by FOXP1 

Little is known about the developmental and functional roles of KLeak in SPNs.  This partly stems from the 

lack of pharmacological reagents that can specifically and effectively block the KCNK channels in neurons.  

Nevertheless, the combination of pharmacological manipulations, Foxp1 deletion, and single-cell 

transcriptomics enabled us to examine KLeak in SPNs.  In our experiments, reduction in the normalized 

conductance at -65 to -55 mV membrane potential due to Foxp1 deletion most likely reflected changes in 

KLeak, and data from previous studies support this assertion.  Consistent with Cs+ not blocking KLeak (46, 

47), we observed minor effects on the conductance of D2 SPNs at these potentials with Cs+-application 

(<10%, Fig. 2C).  However, we observed large effects in the presence of Ba2+ which is known to block 

KLeak (41) (Fig. 3A).   
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We calculated the approximate contribution of a putative KLeak to the total conductance of Foxp1CTL D2 

SPNs as well as the amount that is regulated by Foxp1 (Table S3).  Putative KLeak accounted for 51% of the 

conductance in Foxp1CTL D2 SPNs which decreased to 42% in Foxp1cKO D2 SPNs.  This decrease is 

consistent with our finding of preferential regulation of KLeak by FOXP1 compared to other subthreshold 

currents (see Fig. 3B,G).  Of the down-regulated conductance due to Foxp1 deletion, KLeak contributed 62%.  

Even with the possibility that our calculations involve minor contamination by other currents, these 

calculations suggest a significant impact by KLeak on D2 SPN excitability and its regulation by FOXP1. 

Mechanisms of FOXP1-mediated regulation of KIR and KLeak 

Our data suggest that FOXP1 negatively regulates the excitability of D2 SPNs through KIR and KLeak by 

transcriptionally activating their corresponding transcripts - Kcnj2 and Kcnj4 for KIR and Kcnk2 for KLeak.  

Consistent with this, other investigators found that Kcnk2 and Kncj4 are up-regulated when human FOXP1 

is overexpressed in mouse striatum (48).  Previously, we have shown using ChIP-seq data from human 

neural progenitor cells that FOXP1 binds to Kcnj2 and Kcnk2 promoters (9) (Kcnk2 regulation is 

unpublished).  Therefore, changes in their expression may involve a direct FOXP1-mediated regulation.  

Taken together with previous studies, our data indicate that FOXP1-dependent regulation of these channels, 

either directly or indirectly, may occur at the transcriptional rather than post-transcriptional level.  Finally, 

this involves postnatal processes, and we have made additional observations suggesting that KIR changes 

emerge earlier in development compared to KLeak changes (see Supplementary Fig. S10).   

Links with alterations in the Foxp1+/- mouse  

The Foxp1+/- mouse is a good model for FOXP1–associated ASD, which is primarily due to heterozygous 

FOXP1 mutations.  In a previous study, using Foxp1+/- mice, we observed changes that closely matched 

our observations with cell-autonomous homozygous deletion in D2 SPNs - increased intrinsic excitability 

in D2 SPNs and decreased striatal levels of two of the transcripts described above - Kcnk2 and Kcnj2 (9).  

However, in the current study, hyperexcitability was not observed with cell-autonomous heterozygous 

Foxp1 deletion in D2 SPNs (Supplementary Fig. S1).  There are two possibilities that may explain this 

discrepancy:  1) hyperexcitability in Foxp1+/- mice is not a cell-autonomous process and involves alterations 

induced by heterozygosity in other cell types or 2) hyperexcitability is a cell-autonomous process in 

Foxp1+/- mice, but due to delayed deletion in D2 Foxp1cHet mice (Cre expression at E14-15), this process is 

not induced.  Alternatively, both possibilities could be occurring.  In this scenario, because gene dosage is 

reduced in Foxp1+/- mice, the same cell-autonomous mechanism is only induced by additional non-cell-

autonomous processes.   
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While we did not observe any change in the excitability of D1 SPNs in Foxp1+/- mice (9) or with postnatal 

Foxp1 deletion, these neurons were hyperexcitable in D1 Foxp1cKO mice.  A few reasons may explain this 

discrepancy.  First, FOXP1 reduction in Foxp1+/- mice is insufficient to induce hyperexcitability.  Second, 

loss of FOXP1 function may be compensated by FOXP2 (15, 49).  Thirdly, D1 Foxp1cKO mice have 

significant Foxp1 deletion in the deep layers of neocortex as well, which include cell populations projecting 

to SPNs.  Therefore, it is possible that hyperexcitability of D1 SPNs in D1 Foxp1cKO mice is not purely cell-

autonomous and is influenced by the homozygous Foxp1 deletion in cortical neurons.  Further experiments 

are required to resolve this issue.   

The D2 Foxp1cKO mouse model 

Although there was a reduction in the number of D2 SPNs in the D2 Foxp1cKO (see Suppl. Methods), the 

changes in the excitability and subthreshold conductance were very similar to that observed in Foxp1+/- 

mice (9) and with postnatal Foxp1 deletion – models where no D2 SPN decrease was observed.  Moreover, 

changes in the relevant KIR and KLeak transcripts were comparable to that observed in Foxp1+/- mice (9).  

These common changes among different deletion strategies indicate that our findings in the D2 Foxp1cKO 

mice are relevant to pathological processes occurring in Foxp1+/- mice – the model for ASD. 

Conclusion 

The functional changes that we describe may be involved in the communication deficits observed both in 

FOXP1-linked ASD patients and in the corresponding Foxp1+/- mouse model (2, 9).  Moreover, the specific 

proteins that have been identified as FOXP1 targets could be further studied as potential therapeutic targets 

for FOXP1-linked ASD. 
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Figure Legends  

Figure 1.  Cell-autonomous Foxp1 deletion leads to increased intrinsic excitability in D2 SPNs but 
does not affect their morphology.  A) Example traces of action potentials evoked by depolarizing current 

steps. Scale bars: 60 ms, 30 mV.  B) Action potential (AP) number versus current step amplitude curves 

(F-I curves) indicate increased number of spikes in Foxp1cKO SPNs.  n’s in B also apply to D-G.  C) Resting 

membrane potential (RMP) was significantly higher in Foxp1cKO SPNs, n=32,37.  D) Input resistance at -

85 mV, -65 mV and -55 mV holding potentials was elevated in Foxp1cKO SPNs.  E) Current density is 

plotted as a function of holding potential.  F) The difference plot based on the plots in E illustrates the 

down-regulated current in Foxp1cKO SPNs.  G) F-I curves in the first 50 ms (left) immediately after the onset 

and during the 100-150 ms (right) window of the current step.  H) Example of dendritic reconstructions of 

D2 SPNs.  I) Sholl analysis revealed no change in the number of dendritic branches with Foxp1 deletion.  

J,K) No difference was observed in the total dendritic length (J, n=9,11) and soma area (K, n=94,63).  L) 

Example traces of action potentials evoked by depolarizing current steps in Foxp1CTL and Foxp1vcKO D2 

SPNs (deletion induced with Cre-expressing virus).  Scale bars: 60 ms, 30 mV.  M) F-I curves indicate 

increased intrinsic excitability of AAV-Cre infected D2 SPNs.  N) A trending increase in resting membrane 

potential was observed in Foxp1vcKO D2 SPNs compared to uninfected controls (Foxp1CTL) (N=12,12).  O) 

Input resistance was increased in Foxp1vcKO D2 SPNs at all the three membrane potentials.  Statistical 

analysis: For B, D, E, G, I, M and O, RM 2W-ANOVA.  As in all figures using ANOVA, asterisks indicate 

post-hoc comparisons.  For C, J, K and N, M-W t-test.  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.   

Figure 2. Cs+-sensitive inwardly rectifying K+ current (KIR) is down-regulated in D2 SPNs with 
embryonic Foxp1 deletion.  A) Input resistance was increased in Foxp1cKO D2 SPNs both before (left) and 

after Cs+-application (right).  B) Cs+ exerted a similar proportional effect on the input resistance of Foxp1CTL 

and Foxp1cKO SPNs at -85 mV membrane potential.  C) Foxp1cKO D2 SPNs had reduced normalized 

conductance both before (left) and after Cs+-application (right).  n’s in C apply to all panels.  D) The 

proportional effect of Cs+ was similar on the conductance of both genotypes at -85 mV membrane potential.  

E) Example current traces collected in the multi-step voltage protocol in control ACSF (left) and in Cs+ 

(middle) which were subtracted to obtain the Cs+-sensitive KIR current (Difference currents, right).  The red 

box indicates when current density was averaged to prepare IV-plots.  F) From the multi-step protocol, 

average current density versus voltage plots (IV-plots) were obtained for control (left) and Cs+ application 

(right).  G) Difference current IV-plots indicate reduced Cs+-sensitive KIR current in Foxp1cKO D2 SPNs. 

Statistical analysis in all panels: RM 2W-ANOVA. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  
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Figure 3.  Cs+-insensitive KLeak is preferentially down-regulated by Foxp1 deletion.  Barium wash-in 

(left): CsCl (1 mM) was present throughout all experiments.  A) Conductance was decreased in both 

Foxp1CTL and Foxp1cKO D2 SPNs after Ba2+ application.  n’s in A also apply to B, D and E.  B) Ba2+ induced 

a lower proportional change in the conductance of Foxp1cKO D2 SPNs.  C) Example current traces of the 

Ba2+-sensitive/Cs+-insensitive difference currents during the multi-step protocol.  The red box indicates 

when current density was averaged to prepare IV-plots.  D) IV-plots for the currents in control ACSF (left) 

and after Ba2+ application (right).  E) Reagent difference IV plots (left) display Ba2+-sensitive/Cs+-

insensitive current while genotypic difference plots (right) exhibit the disparity between both the genotypes 

for control ACSF (derived from D, left) and in presence of Ba2+ (derived from D, right).  Blue boxes mark 

the region of interest for putative KLeak measurements in D-E.  pH-Spadin wash-in (right): CsCl (1 mM) 

and BaCl2 (4 mM) were present throughout all experiments.  F) Acidification (pH8.0→6.2) and Spadin 

(500 nM) application noticeably reduced the conductance in Foxp1CTL, but not in Foxp1cKO, D2 SPNs.  n’s 

in F apply also to G, I and J.  G) The proportional change in conductance was lower in Foxp1cKO D2 SPNs.  

H) Example current traces of the difference current collected in the multi-step protocol.  I) IV-plots obtained 

in control ACSF (left) showed significant differences at potentials relevant to KLeak (-70 mV to -30 mV, 

highlighted with blue box), which substantially reduced in pH 6.2/Spadin (right).  J) The reagent difference 

IV-plot (left) indicates that Foxp1cKO D2 SPNs have significantly reduced average difference current 

compared to Foxp1CTL D2 SPNs, however, this difference current is not purely KLeak.  Genotypic difference 

plot (right) shows down-regulation of putative KLeak currents in Foxp1cKO D2 SPNs as pH 6.2/Spadin-

application reduced the KLeak disparity between Foxp1CTL and Foxp1cKO D2 SPNs.  Statistical analysis: For 

all panels except E (right) and J (right), RM 2W-ANOVA.  (For E (right) and J (right), see Suppl. Methods, 

Multi-step protocol using IV-plots). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.   

Figure 4.  Cell-autonomous, embryonic deletion of Foxp1 increases the intrinsic excitability in D1 
SPNs, but subthreshold properties are unchanged.  A) Example traces of action potentials evoked by 

depolarizing current steps in Foxp1CTL and Foxp1cKO D1 SPNs.  Scale bars: 60 ms, 30 mV.  B) F-I curves 

indicate increased intrinsic excitability in Foxp1 deleted D1 SPNs.  n’s in B also apply to G.  C) Resting 

membrane potential was slightly higher in the D1 SPNs with Foxp1 deletion.  D) No change in input 

resistance was resolved with Foxp1 deletion.  n’s in D also apply to E and F.  E,F) No difference was 

observed between genotypes in the IV-plots.  G) F-I curves in the first 50 ms immediately after the onset 

of the current step (left) and during a 100-150 ms window of the current step (right).  Statistical analysis: 

RM 2W-ANOVA for all panels except M-W t-test for C. *p<0.05, ***p<0.001, ****p<0.0001.  

Figure 5.  Gene expression changes assayed with single-cell RNA-seq implicate specific KIR and KLeak 
subtypes being downregulated with Foxp1 deletion.  Gene expression data from our previous study (15) 
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was analyzed for D2 and D1 SPNs with cell-autonomous Foxp1 deletion using scRNA-seq data.  A) Dot 

plot showing relative expression of transcripts for KIR (Kcnj) and KLeak (Kcnk) channels across D2 and D1 

SPNs.  Color of the dots represents scaled log normalized expression of the transcripts whereas size of the 

dot represents the scaled percentage of SPNs expressing specific transcripts.  B-D) RainCloud plot of log 

normalized expression for Kcnj2 (B), Kcnj4 (C) and Kcnk2 (D).  Cells are grouped as either D2 or D1 SPNs 

within each genotype and compared across genotypes: Foxp1CTL compared to D2 Foxp1cKO for D2 SPNs 

and Foxp1CTL compared to D1 Foxp1cKO for D1 SPNs.  In D2 SPNs, all the three transcripts show a 

significantly down-regulated expression with Foxp1 deletion (*p<0.05; 0.001, 4.01E-05, 1.32E-101) 

whereas only Kcnj4 and Kcnk2 show a significant reduction in D1 SPNs (*p<0.05; 3.93E-05, 1.69E-92).   
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