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Abstract 54 
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Genetic perturbations of the transcription factor Forkhead Box P1 (FOXP1) are causative for severe forms of 55 

autism spectrum disorder that are often comorbid with intellectual disability. Recent work has begun to reveal 56 

an important role for FoxP1 in brain development, but the brain-region-specific contributions of Foxp1 to autism 57 

and intellectual disability phenotypes have yet to be fully determined. Here, we describe Foxp1 conditional 58 

knockout (Foxp1cKO) male and female mice with loss of Foxp1 in the pyramidal neurons of the neocortex and 59 

the CA1/CA2 subfields of the hippocampus. Foxp1cKO mice exhibit behavioral phenotypes that are of potential 60 

relevance to autism spectrum disorder including hyperactivity, increased anxiety, communication impairments, 61 

and decreased sociability. In addition, Foxp1cKO mice have gross deficits in learning and memory tasks of 62 

relevance to intellectual disability. Using a genome-wide approach, we identified differentially expressed genes 63 

in the hippocampus of Foxp1cKO mice associated with synaptic function and development. Furthermore, using 64 

magnetic resonance imaging, we uncovered a significant reduction in the volumes of both the entire 65 

hippocampus as well as individual hippocampal subfields of Foxp1cKO mice. Finally, we observed reduced 66 

maintenance of long-term potentiation in area CA1 of the hippocampus in these mutant mice. Together, these 67 

data suggest that proper expression of Foxp1 in the pyramidal neurons of the forebrain is important for 68 

regulating gene expression pathways that contribute to specific behaviors reminiscent of those seen in autism 69 

and intellectual disability. In particular, Foxp1 regulation of gene expression appears to be crucial for normal 70 

hippocampal development, CA1 plasticity, and spatial learning. 71 

 72 

Significance Statement 73 

Loss-of-function mutations in the transcription factor FOXP1 lead to autism spectrum disorder and intellectual 74 

disability. Understanding the potential brain-region-specific contributions of FOXP1 to disease-relevant 75 

phenotypes could be a critical first step in the management of patients with these mutations. Here we report 76 

that Foxp1 conditional knockout (Foxp1cKO) mice with loss of Foxp1 in the neocortex and hippocampus display 77 

autism and intellectual disability-relevant behaviors. We also show that these phenotypes correlate with 78 

changes in both the genomic and physiological profiles of the hippocampus in Foxp1cKO mice. Our work 79 

demonstrates that brain-region-specific FOXP1 expression may relate to distinct, clinically relevant 80 

phenotypes.  81 

 82 
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Introduction 83 

Autism spectrum disorder (ASD) is often comorbid with intellectual disability (ID) (Geschwind and State, 2015; 84 

de la Torre-Ubieta et al., 2016). Delineating the brain circuits that contribute to distinct ASD and ID symptoms 85 

could be a major first step towards improved treatments for these disorders. ASD has a strong genetic 86 

component (Geschwind and State, 2015; de la Torre-Ubieta et al., 2016) that is shared in part with ID (Vissers 87 

et al., 2016). Numerous transcription factors coordinate the expression patterns of ASD- and ID-risk genes 88 

during early brain development (State and Sestan, 2012; de la Torre-Ubieta et al., 2016). Therefore, 89 

investigating the role of ASD- and ID-relevant transcription factors in a brain-region-specific manner could 90 

reveal circuit-based pathways that contribute to discrete behavioral phenotypes in the two disorders. 91 

 92 

 Heterozygous mutations and deletions in the transcription factor FOXP1 are causative for ASD and ID 93 

(Bacon and Rappold, 2012; Le Fevre et al., 2013; Lozano et al., 2015; Vissers et al., 2016). Additionally, 94 

FOXP1 has been classified as a high-confidence ASD- and ID-risk gene in several recent, large-scale 95 

sequencing studies (Iossifov et al., 2014; Sanders et al., 2015; Stessman et al., 2017). FOXP1 is a member of 96 

the Forkhead Box (FOX) transcription factor family, which is denoted by a unique nomenclature (uppercase for 97 

primates, title case for rodents, and mixed case for all other species or collection of species) (Kaestner et al., 98 

2000).  99 

 100 

 Within the forebrain, Foxp1 expression is largely restricted to the pyramidal neurons of the neocortex 101 

and the CA1/CA2 hippocampal subfields as well the medium spiny neurons of the striatum (Ferland et al., 102 

2003; Tamura et al., 2004; Hisaoka et al., 2010). Conditional, full-brain loss of Foxp1 results in altered social 103 

behaviors, impaired learning and memory, and developmental aberrations in the striatum (Bacon et al., 2014). 104 

Neocortical knockdown of Foxp1 disrupts neuronal migration and axon formation but the resultant behavioral 105 

phenotypes have not been assessed (Li et al., 2015). Finally, using a patient-relevant heterozygous Foxp1 106 

knockout mouse we have shown that Foxp1 regulates distinct, regional transcriptional profiles in the brain and 107 

that loss of Foxp1 expression in the striatum strongly correlates with deficits in ultrasonic vocalization 108 

production (Araujo et al., 2015). While these studies have begun to shed light on the function of Foxp1 within 109 

the brain, the specific contributions of neocortical and hippocampal Foxp1 to ASD and ID phenotypes remain 110 
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to be determined. Addressing this question is important, given that many changes to the anatomy, 111 

transcriptional profiles, and physiology of the neocortex and hippocampus are observed in ASD and ID brains 112 

(Chen et al., 2015). 113 

 114 

 To investigate the regional contributions of Foxp1 expression to ASD- and ID-relevant phenotypes, we 115 

used an Emx1.Cre mouse line (Gorski et al., 2002) to generate a Foxp1 conditional knockout (Foxp1cKO) 116 

mouse with loss of Foxp1 in the pyramidal neurons of the neocortex and the hippocampus. In this study, we 117 

integrate behavioral profiling, electrophysiology, magnetic resonance imaging (MRI) analyses, and genomics. 118 

We show that loss of Foxp1 in the neocortex and hippocampus is sufficient to produce ASD- and ID-relevant 119 

behaviors such as hyperactivity, communication deficits, decreased sociability, and impaired spatial learning 120 

and memory. Additionally, we show that the ID-like learning and memory deficits observed in Foxp1cKO mice 121 

are likely due to alterations in hippocampal function, as behaviors involving broader cortical circuits are 122 

unaffected. Using RNA-sequencing (RNA-seq), we correlate these behavioral phenotypes to specific changes 123 

in the transcriptome of the Foxp1cKO hippocampus. We also employ MRI to demonstrate that loss of forebrain 124 

Foxp1 expression leads to decreased hippocampal volumes. Finally, based on the genomic and morphological 125 

data, we assayed the electrophysiological properties of the Foxp1cKO hippocampus and found reduced CA1-126 

dependent LTP maintenance. As a whole, our data suggest that certain behavioral consequences of Foxp1 127 

loss can be attributed to disrupted gene networks within distinct regions of the brain. Therefore, these data 128 

could lead to improved treatments for specific ASD and ID symptoms.  129 

 130 

Materials and Methods 131 

MICE 132 

Homozygous-floxed Foxp1 (Foxp1flox/flox) mice (Feng et al., 2010) were backcrossed with C57BL/6J mice for at 133 

least 10 generations to obtain congenic animals. Mice hemizygous for Cre recombinase expression under the 134 

control of the Emx1 promoter (Emx1.Cre+/- mice) (Gong et al., 2003) were purchased from Jackson 135 

Laboratories (strain # 005628) and are congenic for the C57BL/6J background. Experimental animals were 136 

generated by crossing male Emx1.Cre+/-;Foxp1flox/flox mice with female Foxp1flox/flox mice. Mice were kept in the 137 

animal facilities of UT Southwestern Medical Center under a 12-hour light-dark cycle and all behavioral testing 138 
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occurred during the light cycle with the experimenter blind to genotype. Unless otherwise specified, all mice 139 

were given ad libitum access to food and water. All mouse studies were approved by the UT Southwestern 140 

Institutional Animal Care and Use Committee. 141 

 142 

IMMUNOBLOTTING 143 

Regional brain lysates from adult (>8 week) male mice were prepared and used in immunoblotting experiments 144 

as previously described (Araujo et al., 2015). 145 

 146 

TISSUE PREPARATION 147 

For immunohistochemistry, adult female and male mice were anesthetized with 80 – 100 mg/Kg Euthasol (UT 148 

Southwestern Medical Center Animal Resources Center Veterinary Drug Services), perfused with PBS 149 

containing 10 U/mL heparin (Sigma) followed by fixative (4% PFA in PBS), and then immediately decapitated. 150 

Whole brains were removed and incubated in fixative for 24 hours at 4°C and then incubated in 30% sucrose 151 

(made in PBS with 0.02% sodium azide) for 24-48 hours at 4°C. Afterwards, brains were sectioned at 35-40 152 

um on an SM2000 R sliding microtome (Leica). Sections were then stored in PBS containing 0.02% sodium 153 

azide until used in immunohistochemistry. 154 

 155 

 For magnetic resonance imaging, adult male mice were anesthetized with 80 – 100 mg/Kg Euthasol, 156 

perfused with PBS (without Ca2+ and Mg2+) containing 10 U/mL heparin and 2mM ProHance (Bracco 157 

Diagnostics), and then fixative (4% PFA in PBS without Ca2+ and Mg2+) containing 2mM ProHance. Afterwards, 158 

animals were immediately decapitated and the cartilaginous nose tip, eyes, skin, lower jar, ears, and zygomatic 159 

bones were removed. Brains (encased in the remaining skull structures) were then incubated in fixative 160 

containing 2mM ProHance and 0.02% sodium azide for 24 hours at 4 C and subsequently transferred to PBS 161 

(without Ca2+ and Mg2+) containing 2mM ProHance and 0.02% sodium azide for storage at 4 C.     162 

 163 

IMMUNOHISTOCHEMISTRY 164 

Floating immunohistochemistry was performed according to standard procedures. Briefly, at room temperature, 165 

sections were first washed with TBS. Next, they were incubated with 3% hydrogen peroxide for 30 minutes, 166 



 

 6 

washed with TBS, treated with 0.3 M glycine for 30 minutes, and washed again with TBS. Sections were then 167 

incubated with primary antibodies diluted in TBS-T (0.4% Triton X-100) containing 1% bovine serum albumin 168 

(BSA) and 3% normal donkey serum (NDS) overnight at 4°C. Next, sections were washed in TBS-T, incubated 169 

with secondary antibodies diluted in TBS-T containing 1% BSA and 3% NDS for 1 hour at room temperature, 170 

and then mounted onto microscope slides. Finally, slides were washed with TBS-T and allowed to dry 171 

overnight at room temperature, mounted with ProLong Diamond Antifade Mountant with DAPI (Thermo) and a 172 

coverslip, and allowed to set overnight at room temperature. Slides were imaged using a LSM 710 Confocal 173 

Microscope (Zeiss) connected to a computer running ZEN 2012 Software (Zeiss).   174 

 175 

MAGNETIC RESONANCE IMAGING 176 

A multi-channel 7.0 Tesla MRI scanner (Agilent) was used to image the brains within skulls. 16 custom-built 177 

solenoid coils were used to image the brains in parallel (Bock et al., 2005; Lerch et al., 2011). A T2-weighted 178 

3D Fast Spin Echo (FSE) sequence was used for the acquisition of the anatomical images. Parameters for the 179 

FSE sequence: TR of 350 milliseconds, and TEs of 12 milliseconds per echo for 6 echoes, two averages, field 180 

of view of 20 x 20 x 25 mm3 and a matrix size of 504 x 504 x 630 giving an image with 40 μm isotropic 181 

resolution. K-space was acquired with a cylindrical acquisition (Nieman et al., 2005). Total imaging time was 14 182 

hours. To visualize and compare any changes in the mouse brains the images are linearly (6 parameter 183 

followed a 12 parameter) and non-linearly registered together. All scans were then resampled with the 184 

appropriate transform and averaged to create a population atlas representing the average anatomy of the 185 

study sample. The result of the registration is to have all scans deformed into alignment with each other in an 186 

unbiased fashion. This allows for the analysis of the deformations needed to take each individual mouse's 187 

anatomy into this final atlas space, the goal being to model how the deformation fields relate to genotype 188 

(Nieman et al., 2006; Lerch et al., 2008). The Jacobian determinants of the deformation fields are then 189 

calculated as measures of volume at each voxel. Significant volume changes can then be calculated by 190 

warping a pre-existing classified MRI atlas onto the population atlas, which allows for the volume of 159 191 

segmented structures encompassing cortical lobes, large white matter structures (i.e. corpus callosum), 192 

ventricles, cerebellum, brain stem, and olfactory bulbs to be assessed in all brains.  This atlas is a combination 193 

of 3 separate atlases (Dorr et al., 2008; Ullmann et al., 2013; Steadman et al., 2014). In addition to the regional 194 
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assessment, these images can be examined on a voxel-wise basis in order to localize the differences found 195 

within regions or across the brain. Multiple comparisons in this study were controlled for using the False 196 

Discovery Rate (Genovese et al., 2002). 197 

 198 

ANTIBODIES 199 

The following antibodies were used for immunoblotting (IB) or immunohistochemistry (IHC): anti-Foxp1 200 

((Spiteri et al., 2007) (rabbit; 1:5000 (IB), 1:1000 (IHC))) and anti-GAPDH (mouse, Millipore; 1:5000 (IB)). 201 

 202 

RNA PROCESSING 203 

RNA purification was performed on tissues dissected from P47 male mice and littermate controls as previously 204 

described (Araujo et al., 2015).  205 

 206 

qPCR 207 

qPCR was performed as previously described (Araujo et al., 2015). All primer sequences are available upon 208 

request.  209 

 210 

RNA-SEQ LIBRARY PREPARATION 211 

RNA-seq library preparation was performed according to previously published methods (Takahashi et al., 212 

2015). Briefly, mRNA was isolated from 2 ug of total RNA (at RIN values  8.9) harvested from adult tissues 213 

via poly(A) selection. 15 PCR cycles were used for cDNA amplification. Pooled libraries, each at a final 214 

concentration of 2 nM, were sequenced on a NextSeq 500 sequencer (Illumina) by the McDermott Sequencing 215 

Core at UT Southwestern Medical Center to generate single-end 75 bp reads. 216 

 217 

RNA-SEQ DATA ANALYSIS 218 

Raw reads were first filtered for phred quality and adapters using FASTQC (Andrews, 2010) and Trimmomatic 219 

(Bolger et al., 2014). Filtered reads were then aligned to the reference mouse genome mm10 220 

(https://genome.ucsc.edu) using STAR (Dobin et al., 2013) aligner. Uniquely mapped reads were used to 221 

obtain the gene counts using HTSeq package (Anders et al., 2015), and the read counts were normalized 222 
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using the CPM (counts per million) method implemented in the edgeR package (Robinson et al., 2010; 223 

McCarthy et al., 2012). For further analysis, we performed a sample-specific CPM filtering, considering genes 224 

with CPM values of 1.0 in all replicates for treatments or controls. DESeq (Anders and Huber, 2010; Love et 225 

al., 2014) was used to detect the differentially expressed genes (DEGs). We applied a filter of an adjusted p-226 

value of  0.005 and absolute log fold change of  0.3 to identify DEGs.  227 

 228 

DEG GENE ONTOLOGY ANALYSIS 229 

Gene Ontology (GO) analysis of the significant DEGs was carried out using ToppGene 230 

(https://toppgene.cchmc.org) and GO terms were reduced using REVIGO (Supek et al., 2011). GO categories 231 

were considered significant if they contained at least three genes and if they had a Benjamini and Hochberg 232 

corrected p-value, q-value,  0.05. 233 

 234 

WEIGHTED GENE CO-EXPRESSION NETWORK ANALYSIS 235 

Weighted gene co-expression network analysis (WGCNA) was carried out on 16 total RNA-seq samples (8 236 

neocortical samples (4 control, 4 Foxp1cKO) and 8 hippocampal samples (4 control, 4 Foxp1cKO)). R package for 237 

WGCNA (Langfelder and Horvath, 2008) was used to build gene co-expression network using filtered CPM 238 

data (CPM >= 1 across all replicates of a condition). A signed network was constructed using 239 

blockwiseModules function of the WGCNA R package. A value of 10 was chosen as Beta with highest scale-240 

free R square (R2 = 0.8). For other parameters, we used corType = pearson, maxBlockSize = 15000, 241 

reassignThreshold = 1x10-6, mergeCutHeight = 0.1, deepSplit = 4, and detectCutHeight = 0.999. Visualizations 242 

of network plots were created using Cytoscape v3.4.0 (Shannon et al., 2003), representing the top 500 edges 243 

based on ranked weights. 244 

 245 

HIPPOCAMPAL ELECTROPHYSIOLOGY 246 

An experimenter blind to genotype performed all electrophysiology studies. Juvenile (6-7 week old) male mice 247 

were anesthetized briefly with isoflurane (Baxter Healthcare Corporation) and rapidly decapitated to remove 248 

the brain, which was then submerged in ice-cold ACSF containing the following (in mM): 75 sucrose, 87 NaCl, 249 

3 KCl, 1.25 NaH2PO4, 7 MgSO4, 26 NaHCO3, 20 dextrose, and 0.5 CaCl2. Acute coronal hippocampal slices 250 
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were cut 350 μm thick using a VT 1000 S vibrating microtome (Leica). To reduce recurrent excitation of CA3 251 

neurons, a cut was made between CA3 and CA1. Slices were allowed to recover at 34°C for 15 minutes in 252 

normal ACSF containing (in mM): 124 NaCl, 5 KCl, 1.25 NaH2PO4, 2 MgCl2, 26 NaHCO3, 10 dextrose, and 1 253 

CaCl2. Recovery continued for 45 minutes as slices were gradually cooled to room temperature for holding 254 

prior to recording. All solutions were pH 7.4 and saturated with 95% O2/5% CO2. 255 

 256 

 All recordings were performed at 33°C ± 0.5°C in ACSF containing (in mM): 124 NaCl, 5 KCl, 1.25 257 

NaH2PO4, 1 MgCl2, 26 NaHCO3, 10 dextrose, and 2 CaCl2 saturated with 95% O2/5% CO2, and all data were 258 

collected using Clampex (pClamp Software Suite 10.2; Molecular Devices). Recordings were filtered at 1kHz 259 

and digitized at 10 kHz. CA3-CA1 synapses were stimulated by a 100μs biphasic pulse through custom-made 260 

nickel dichromate electrodes (A-M Systems) placed 400-500 μm laterally from the recording electrode and kept 261 

constant within this range for all experiments. Stimulation was controlled using a model 2200 stimulus isolator 262 

(A-M Systems). The recording electrode (1-3 MΩ) was filled with normal ACSF and placed in the stratum 263 

radiatum using a SZX7 dissecting microscope (Olympus) at 35X magnification. Sample size for all extracellular 264 

field recordings represents number of slices tested with two-four slices used per mouse. Response size was 265 

determined by fitting a straight line to the initial slope (10–40%) of the field EPSP (fEPSP) using automated 266 

analysis in Clampfit (pClamp Software Suite 10.2; Molecular Devices). For LTP, the stimulus intensity was set 267 

to generate ~50% of the maximum fEPSP, as determined by the I/O curve. LTP was induced with 2 trains of 268 

100 Hz stimulation for 1 second separated by 1 minute. A 20-minute baseline was recorded before LTP 269 

induction and followed by at least 60 minutes of 0.05 Hz stimulation (every 20 seconds). 270 

 271 

NOVEL CAGE ACTIVITY TEST 272 

Adult male and female mice were individually moved from their home cages into clean, plastic (18 cm x 28 cm) 273 

cages with minimal bedding. Each cage was then placed into a dark Plexiglas box.  Movement was measured 274 

with Photobeam Activity System-Home Cage software (San Diego Instruments) for 2 hours for each mouse. 275 

The number of beam breaks were recorded every 5 minutes.   276 

 277 

OPEN FIELD TEST 278 
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The open field assay was performed on adult male and female mice as previously described (Araujo et al., 279 

2015). 280 

 281 

ULTRASONIC VOCALIZATIONS 282 

Ultrasonic vocalizations produced by adult male mice were assessed in a mating paradigm modified from 283 

previously published methods (Holy and Guo, 2005). Briefly, male mice were singly paired with age-matched 284 

C57BL/6J female mice for 1 week. Afterwards, female mice were removed from the cages and the males were 285 

singly-housed for 1 week. The next day (the test day), the male mice were allowed to habituate to the testing 286 

environment for 15 minutes. During habituation, food hoppers were removed and the cage lids were replaced 287 

with Styrofoam lids containing UltraSoundGate condenser microphones (Avisoft Bioacoustics) positioned at a 288 

fixed height. The condenser microphones were connected to UltraSoundGate416H hardware (Avisoft 289 

Bioacoustics) hooked up to a computer running Avisoft RECORDER software (Avisoft Bioacoustics). Next, 290 

habituated, age-matched C57BL/6J female mice were randomly placed into a cage containing a male. The 291 

resultant male songs were recorded for 3 minutes. No female was used in more than 2 recording sessions per 292 

day. Analyses of ultrasonic vocalization features were carried out as previously described (Araujo et al., 2015). 293 

Call duration reflects the average length of calls (in milliseconds), mean frequency denotes the average 294 

frequency of calls (in kilohertz), frequency range is the average difference between the maximum and 295 

minimum frequency at which calls are produced (in kilohertz), the fraction of calls with frequency jumps 296 

represents the ratio of calls with and without frequency breaks, and the average slope of the call reflects 297 

modulation of call frequency over time (in hertz/milliseconds).   298 

 299 

SOCIAL INTERACTION TEST 300 

Adult female and male mice were individually placed in an open field environment (44 cm x 44 cm, with walls 301 

30 cm high) in a dimly lit room and allowed to explore for 5 minutes. Inside the open field arena, a small plastic 302 

chamber (the interaction box, 8.5 cm x 4.5 cm) was placed along one wall of the arena. After 5 minutes, the 303 

test mouse was removed and a novel, unfamiliar mouse (same sex and strain as the test mouse) was placed 304 

into the interaction box.  Small holes in the interaction box allow the mice to see, hear and smell each other. 305 

The test mouse was returned to the open field environment and allowed to explore for another 5 minutes. The 306 
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test mouse was monitored from above by a video camera connected to a computer running Ethovision 3.0 307 

(Noldus). Both the amount of time the test mouse spent in the interaction zone immediately adjacent to the 308 

interaction chamber (within 8 cm) and the time spent in the four corners of the arena (9 cm x 9 cm each) were 309 

recorded. 310 

 311 

NESTING BEHAVIOR 312 

Nesting behavior was gauged in adult male and female mice as previously described (Araujo et al., 2015).   313 

 314 

FEAR CONDITIONING 315 

Fear conditioning was conducted on adult female and male animals using boxes containing a grid metal floor 316 

attached to a scrambled shock generator. Mice were individually trained by placing them into the box for 2 317 

minutes and giving them 3 separate tone-shock pairings (30s white noise, a 2 second, 0.5 mA shock, and 1 318 

minute intervals between pairings). Context recall was assessed 24 hours later by placing the mice back into 319 

the original box and recording freezing for 5 minutes. Cue recall was assessed two days after training by 320 

placing the mice in the boxes altered with a plastic floor, an inverted roof, and a vanilla scent. Freezing was 321 

then measured for 3 minutes followed by the presentation of the white noise cue and measuring freezing for an 322 

additional 3 minutes with Video Freeze software (Med Associates). 323 

 324 

MORRIS WATER MAZE 325 

The Morris water maze was conducted on adult male mice using a 1.2 m diameter circular pool filled with 326 

opaque, tempera-paint dyed 23°C water. Stark visual cues were placed around the room containing the pool. 327 

Within the pool, a 10-cm circular plexiglass escape platform was submerged in one of the quadrants 1 cm 328 

below the water’s surface. For training, mice were placed into the pool in one of four starting locations (north, 329 

south, east, or west, with the order being randomly determined) and allowed to swim until they located the 330 

escape platform. Upon finding the platform, mice were permitted to rest for 5 seconds before being removed. If 331 

they did not locate the platform within 60 seconds, mice were manually guided to the platform and given 5 332 

seconds of rest before being removed. Mice received four training trials per day for 10 days and were placed in 333 

temporary cages between the training trials of a particular day. On day 12, after a day of rest on day 11, a 334 
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probe test was performed in which mice were allowed to swim in the pool for 60 seconds, with the escape 335 

platform removed. The movements of the animals were recorded by a video camera centered above the pool 336 

and tracked using ANY-Maze software (Stoelting). The latency to reach the escape platform was quantified for 337 

each mouse during the 10-day training period. For the probe test, the number of original platform crosses was 338 

analyzed for each mouse.  339 

 340 

T-MAZE 341 

The T-maze was constructed from gray polyvinyl, with the main array 40 cm long, the side arms 33 cm long, 342 

the walls 18.5 cm high, and the alleys 10 cm wide (Actimetrics). Before commencing any testing, adult female 343 

and male mice were subjected to food restriction until their body weight reached 85% of baseline. Then, for 344 

habituation to the T-maze, each mouse was placed into the apparatus, with all of the doors open and a food 345 

pellet (20 mg, Bio-Serv) placed in a cup at the end of each arm. This was carried out in four sessions, each 10-346 

minutes long, for 2 days. After this habituation period, each mouse was used in ten test trials per day for 10 347 

consecutive days. For the testing phase, each trial was composed of two different runs: the sample run and the 348 

test run. In the sample run, the pellet reward was placed randomly at one end of the arms, and the other arm 349 

was closed off. A mouse was then placed at the start position and allowed to travel freely to the end of the arm 350 

and consume the pellet. Immediately after consuming the pellet, the mouse was placed back in the start 351 

position, which was closed off. While the mouse was isolated in the start position, the blocked arm was opened 352 

and the entire apparatus was wiped with 10% ethanol to remove olfactory cues. A food pellet was then placed 353 

in the arm opposite from the one containing the reward in the sample run. After a 30 second delay, the test run 354 

was started. In the test run, each mouse was allowed to travel to either arm. If the mouse chose the opposite 355 

arm that was rewarded in the sample run (a correct choice), it was allowed to consume the pellet. If the mouse 356 

chose the same arm as in the sample run (an incorrect choice), it was blocked in the arm for 30 seconds as 357 

punishment. Spatial working memory was evaluated by the average success rate for each day. 358 

 359 

SET-SHIFTING TASK 360 

With minor modifications, the set-shifting test was conducted as previously described (Cho et al., 2015). Before 361 

testing began, adult male and female mice were subjected to food restriction until their body weight reached 362 
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85% of baseline. Afterwards, animals were individually housed and then presented with two bowls in their 363 

home cage, until they began digging in one bowl. Each of these bowls contained a different odor and a 364 

different digging medium, and the odor-medium combinations were altered and counterbalanced from trial to 365 

trial. The digging media were white calcium sand and pine wood shavings, mixed with an odorant (ground 366 

garlic, or clove, 0.01% by volume) and peanut butter chip powder (0.1% by volume). The reward, a 5-10 mg 367 

piece of a peanut butter chip, was buried in the medium in both of the food bowls.  368 

  369 

 Testing began once mice reached their target weight. The testing procedure consisted of three phases 370 

(training, initial association, and rule-shift), with each phase lasting 1 day for a total of 3 consecutive days. On 371 

day 1 (the training day), mice were given ten consecutive trials in which they were allowed to dig amongst two 372 

bowls containing two different mediums, in order to learn that they could reliably find a food reward in only one 373 

of the bowls. On day 2 (the initial association day), mice learned that a specific cue (an odor or medium) 374 

predicted the presence of food reward, by being presented with different odor-medium combinations (which 375 

were switched and counterbalanced) during each trial. This predictive cue remained constant over the whole 376 

day, with each mouse being randomly assigned their own cue. On day 3 (the rule-shift day), the dimension 377 

(odor or medium) signaling the reward was changed. If the initial association paired a specific odor with the 378 

food reward, then the rule-shift phase paired a certain digging medium with reward and the mice needed to 379 

learn this new rule to obtain a reward.  380 

 381 

 In the initial association and the rule shift phases, the mice were considered to have learned the 382 

association between stimulus and reward if they made ten consecutive, correct choices. The phase ended 383 

when they met this criterion. When the mice made a correct choice on a trial, they were allowed to consume 384 

the food reward before the next trial. Between trials, mice were transferred from their home cage to a holding 385 

cage while new bowls were set up. After making an error on a trial, the mice were transferred to the holding 386 

cage for 1 minute as punishment. Additionally, in the rule-shift phase, two types of error were analyzed; 387 

perseverative errors, when a choice was consistent with the rule of the initial association phase, and random 388 

errors, when a choice was inconsistent with both the rules of the initial association and the rule-shift phases.  389 

 390 
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EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS 391 

All experiments reported in this study were designed to examine genotype-based effects between Foxp1cKO 392 

and littermate control mice. Effects on Foxp1 protein levels in the brain (Fig. 1A-C) were examined using adult 393 

( 8 week old) male mice (3 mice/genotype). Effects on activity in a novel cage activity test (Fig. 2A,B) were 394 

tested using adult female and male mice (7-9 mice/genotype). Effects on activity and anxiety in an open field 395 

assay (Fig. 2C,D) were examined in adult male and female mice (8 mice/genotype). Adult male mice (12-15 396 

mice/genotype) were used to test genotype-based effects on USV song production (Fig. 3A-F). Genotype-397 

effects on nest building (Fig. 3G,H) were assessed in adult male and female mice (7-8 mice/genotype). Effects 398 

on sociability (Fig. 3I) were determined using adult female and male mice (12-16 mice/genotype). Adult male 399 

mice (10-12 mice/genotype) were used to evaluate effects on performance in the Morris water maze (Fig. 4A-400 

C). Effects on performance in an alternating T-maze (Fig. 4D-F) were tested utilizing adult male and female 401 

mice (10 mice/genotype). Effects on performance in a fear conditioning test (Fig. 5A,B) were determined using 402 

adult female and male mice (12-16 mice/genotype). Adult male and female mice (9-10 mice/genotype) were 403 

used to examine effects on performance in a set-shifting task (Fig. 5C,D). Adult male mice (10 mice/genotype) 404 

were used to determine the effects of genotype of relative regional brain volumes (Fig. 6A,B). Effects on 405 

hippocampal electrophysiological properties (Fig 8A-C) were determined using juvenile (6-7 week old) male 406 

mice (15-20 recordings/genotype). Effects on gene expression via qPCR (Figs. 7F, 8E) were tested using adult 407 

male mice (3/genotype). Except as noted for genomic analyses, Student’s t-tests (2-tailed, type 2) were carried 408 

out for analyses of data in Figs. 1B, 2B,C,D, 3A,B,C,D,E,F,H,I, 4C,D,F, 5B, 6B, 7F, 8B,E  and two-way 409 

ANOVAs (all with a Sidak’s multiple comparison test) were carried out for analyses of data in Figs. 2A, 4A,E, 410 

4A,C,D, and 5C. FDR was utilized for Fig. 6B. P-values were calculated using Prism 7 (GraphPad) and 411 

significance was assigned to values  0.05. More detailed statistical information can be found in the Results 412 

section for each figure. 413 

 414 

GEO ACCESSION INFORMATION 415 

The NCBI GEO accession number for the RNA-seq data reported in this study is GSE97181. 416 

   417 

Results 418 
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Foxp1 is expressed within the pyramidal neurons of the neocortex and the CA1/CA2 hippocampal subfields 419 

(Ferland et al., 2003; Hisaoka et al., 2010). However, the distinct ASD- and ID-related behavioral phenotypes 420 

governed by Foxp1 within these regions are undetermined. To examine the neocortical and hippocampal 421 

contributions of Foxp1 to ASD- and ID-relevant behaviors, we characterized Foxp1 conditional knockout 422 

(Emx1.Cre+/-;Foxp1flox/flox) mice (hereafter called Foxp1cKO mice) in comparison to littermate control 423 

(Foxp1flox/flox) mice.  424 

 425 

 There are four murine isoforms of Foxp1 and two of them (Foxp1A and Foxp1D) are highly expressed 426 

within the mouse brain (Wang et al., 2003; Araujo et al., 2015). Consistent with the forebrain expression 427 

pattern of Cre recombinase under the Emx1 locus (Gorski et al., 2002), Foxp1cKO mice displayed near total 428 

loss of Foxp1 protein isoforms A and D in the neocortex (CTX) and hippocampus (HIP) (Fig. 1A,B; Student’s t-429 

test; CTX: F(2,2)=4.21, **p=0.002; HIP: F(2,2)=9.59 ***p=0.0002). As a negative control, we demonstrated that 430 

Foxp1 protein expression is preserved in the striatum (STR) of these animals (Fig. 1A,B; Student’s t-test, 431 

F(2,2)=2.67, p=0.7). In concordance with these results, we observed that Foxp1 expression is ablated in the 432 

projection neurons of the neocortex and the CA1/CA2 hippocampal subfields of Foxp1cKO mice (Fig. 1C). 433 

Because neuroglia and interneurons do not express Foxp1 (Hisaoka et al., 2010; Precious et al., 2016), we 434 

believe that this decrease in protein levels is due to a loss of Foxp1 specifically in forebrain pyramidal neurons. 435 

Adult Foxp1cKO mice are viable, superficially healthy, and exhibit no differences in body weight (Student’s t-test, 436 

F(14,14)=2.45, p=0.96, n=15 mice/genotype). Thus, these animals represent a model with which to examine the 437 

neocortical and hippocampal-based contributions of Foxp1 to ASD- and ID-relevant phenotypes.   438 

 439 

 Symptoms common between ASD and ID include hyperactivity and anxiety (van Steensel et al., 2011; 440 

Ageranioti-Belanger et al., 2012; Leitner, 2014; de la Torre-Ubieta et al., 2016). Therefore, we first assessed 441 

the baseline activity of adult (  8 weeks old) Foxp1cKO mice. Foxp1cKO mice exhibit sustained, increased activity 442 

over a two-hour period in a novel-cage (Fig. 2A; two-way ANOVA; genotype effect: F(1,336)=163.6, 443 

****p<0.0001; time effect: F(23,336)=22.44, p<0.0001; interaction effect: F(23,336)=2.2, p=0.001; and Fig. 2B; 444 

Student’s t-test, F(6,8)=3.6, **p=0.002). Additionally, in an open field assay Foxp1cKO mice cover more distance 445 

(Fig. 2C; Student’s t-test, F(7,7)=2.62, *p=0.02) and spend less time in the center of the arena with a 446 
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corresponding increase in time spent around the border of the arena (Fig. 2D; Student’s t-test; time in center: 447 

F(7,7)=2.79, *p=0.02; time in border: F(7,7)=2.7, *p=0.02). Together, these findings suggest a phenotype of 448 

hyperactivity and increased anxiety in Foxp1cKO mice. 449 

 450 

 As decreased social communication is one of the core features of ASD (Fakhoury, 2015; de la Torre-451 

Ubieta et al., 2016; Park et al., 2016), we examined both the social and communicative behaviors of Foxp1cKO 452 

mice. The ultrasonic vocalizations (USVs) produced by adult male mice in response to the presence of female 453 

mice are a well-characterized form of mouse communication (Holy and Guo, 2005; Portfors and Perkel, 2014). 454 

We therefore assayed the USVs (known as “songs”) produced by adult male Foxp1cKO mice during courtship 455 

encounters with age-matched females. Foxp1cKO mice produce fewer numbers of songs (Fig. 3A; Student’s t-456 

test, F(14,12)=1.12, **p=0.002). Additionally, the songs of Foxp1cKO mice were shorter (Fig. 3B; Student’s t-test, 457 

F(12,13)=3.75, *p=0.01), covered a smaller frequency range (Fig. 3D; Student’s t-test, F(12,13)=1.94, *p=0.02), and 458 

were less complex as revealed by both a reduction in the number of songs with frequency jumps (Fig. 3E; 459 

Student’s t-test, F(12,14)=1.73, *p=0.02) and an alteration in the average call slope (Fig. 3F; Student’s t-test, 460 

F(13,12)=1.72, ***p=0.0003). Notably, the mean frequency of Foxp1cKO songs was not altered (Fig. 3C; Student’s 461 

t-test, F(13,12)=1.52, p=0.45). (See the Materials and Methods section for details on call parameters.) We then 462 

tested nest building in Foxp1cKO mice because it is an important behavior for communal animals such as 463 

rodents (Deacon, 2006; Silverman et al., 2010). Foxp1cKO animals consistently produce low quality nests and in 464 

most cases never interact with the provided nesting material (Fig. 3G,H; Student’s t-test, F(6,7)=2.29, 465 

****p<0.0001). In a social interaction paradigm, Foxp1cKO mice exhibited a social-retreat phenotype as indicated 466 

by their decreased time in the interaction zone (Fig. 3I; Student’s t-test, F(15,11)=1.91, **p<0.01) and their 467 

increased time in the corners of the testing arena (Fig. 3I, Student’s t-test, F(15, 11)=2.68, ***p<0.001). The 468 

increased preference for the corners of the sociability apparatus suggests that the decreased social interaction 469 

displayed by Foxp1cKO mice was not simply due to hyperactivity. Taken together, our results indicate that 470 

neocortical and hippocampal loss of Foxp1 protein expression is sufficient to lead to ASD-relevant deficits in 471 

communication and sociability. 472 

 473 
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 Because both ASD patients and patients with FOXP1 haploinsufficiency frequently present with ID (Le 474 

Fevre et al., 2013; Geschwind and State, 2015; Lozano et al., 2015; de la Torre-Ubieta et al., 2016), we next 475 

examined the learning and memory capabilities of Foxp1cKO mice. Over the course of 10 days of training in the 476 

Morris water maze, Foxp1cKO mice never learn to find the submerged platform (Fig. 4A; two-way ANOVA; 477 

genotype effect: F(1,200)=199.6, ****p<0.0001; training day effect: F(9,200)=6.98, p<0.0001; interaction effect: 478 

F(9,200)=3.25, p=0.001), indicating poor spatial learning (Vorhees and Williams, 2006). Additionally, on a probe 479 

day 48 hours after the last day of training, Foxp1cKO mice make fewer numbers of platform crosses (Fig. 4B,C; 480 

Student’s t-test, F(11,9)=2.78, **p=0.002). This latter result was not unexpected, given that the Foxp1cKO mice 481 

showed no demonstrable learning. These deficits in the Morris water maze were not due to problems in visual 482 

acuity because Foxp1cKO mice are able to escape the maze just as quickly as control littermates on a visual 483 

probe day (Fig. 4D; Student’s t-test, F(11,9)=3.88, p=0.34). Moreover, these deficits are not due to changes in 484 

swim speeds, as Foxp1cKO mice show no differences in their average swimming velocity during training (two 485 

way-ANOVA, genotype effect: F(1,120)=3.35 p=0.07). In a T-maze, Foxp1cKO mice do no better than chance 486 

during the course of a 10-day training period (Fig. 4E; two-way ANOVA; genotype effect: F(1,170)=123.6, 487 

****p<0.0001; training day effect: F(9,170)=0.59, p=0.81; interaction effect: F(9,170)=1.11, p=0.36; and Fig. 4F; 488 

Student’s t-test, F(8,9)=1.3, ****p<0.0001) implying deficits in spatial working memory in these animals (Shoji et 489 

al., 2012). Learning in the Morris water maze and the T-maze both rely on hippocampal function (Vorhees and 490 

Williams, 2006; Shoji et al., 2012; Yamamoto et al., 2014) and thus these results support altered hippocampal 491 

mechanisms in Foxp1cKO animals. 492 

 493 

 We next asked whether the decreased performance of Foxp1cKO mice in learning and memory tasks is 494 

due to impairments in broad cortical circuits or if it is restricted to hippocampal-based spatial memory. We first 495 

employed cue/contextual fear conditioning, as it involves hippocampal, neocortical, and amygdala-based 496 

circuits in associative learning and memory (Puzzo et al., 2014; Tovote et al., 2015). We observed no 497 

differences in the fear response of Foxp1cKO mice, as measured by their performance in a cue-dependent fear 498 

learning paradigm (Fig. 5A; two-way ANOVA; genotype effect: F(1,52)=1.23, p=0.27; tone effect: F(1,52)=242, 499 

p<0.0001; interaction effect: F(1,52)=0.44, p=0.51). We also observed no differences in a context-dependent fear 500 

learning paradigm (Fig. 5B; Student’s t-test, F(11,15)=2.63, p=0.12). Foxp1cKO mice are able to hear the 501 



 

 18 

conditioned stimulus (the tone before the shock), as they demonstrated no differences in freezing when 502 

presented with the stimulus during training (p=0.77, two-way ANOVA). Foxp1cKO mice are also able to perceive 503 

the unconditioned stimulus (the shock itself) just as well as their littermate controls, because they showed no 504 

difference in the stimulus strengths needed to induce jumping, flinching, or vocalizing (Student’s t-test; 505 

jumping: F(11,15)=1.44, p=0.53; flinching: F(11,15)=1.51, p=0.40; vocalizing: F(11,15)=2.0, p=0.45). Given that 506 

contextual fear conditioning is heavily dependent on hippocampal function (Puzzo et al., 2014; Tovote et al., 507 

2015), the intact context-dependent fear conditioning we observed in Foxp1cKO mice was surprising. This 508 

pointed to a specific deficit in complex hippocampal-based spatial tasks. To test this hypothesis, we examined 509 

the performance of Foxp1cKO animals in a set-shifting paradigm, which is a complex task that is largely reliant 510 

on prefrontal neocortical function (Cho et al., 2015; Heisler et al., 2015). We saw no differences in the behavior 511 

of Foxp1cKO mice compared to controls during the set-shifting task, as measured by the number of trials 512 

needed to reach criterion for training or the number of errors made during testing (Fig. 5C; two-way ANOVA; 513 

genotype effect: F(1,9)=0.219, p=0.65; test phase effect: F(1,9)=14.74, p=0.004; interaction effect: F(1,9)=1.05, 514 

p=0.33; and Fig. 5D; two-way ANOVA; genotype effect: F(1,18)=0.65, p=0.43; error type effect: F(1,18)=33.51, 515 

p<0.0001; interaction effect: F(1,18)=0.11, p=0.74). Together, these results indicate that the learning and 516 

memory deficits seen in Foxp1cKO mice are restricted to complex, spatial, hippocampal-based processes.    517 

 518 

  The behavioral deficits we observed in Foxp1cKO mice are associated with many molecular mechanisms 519 

in the hippocampus (Lynch, 2004; Kumar, 2011). To determine the processes governing the behavioral 520 

phenotypes in Foxp1cKO mice, we ascertained transcriptional changes due to Foxp1 loss by carrying out RNA-521 

seq on tissue samples from the neocortex and hippocampus of both Foxp1cKO mice and littermate controls. 522 

Differentially expressed genes (DEGs) were identified by applying an adjusted p-value of 0.005 and an 523 

absolute log fold change of 0.3 (see GEO Accession Information in Methods). By clustering the same number 524 

of top DEGs (based on fold change) in both the neocortex and hippocampus we found transcriptional 525 

signatures (gene clusters) that differentiated the two brain regions by genotype (Fig. 6A). Additionally, these 526 

upregulated and downregulated gene clusters are enriched for specific gene ontology (GO) categories 527 

(https://toppgene.cchmc.org) (Fig. 6A; Figure 6-1). For the hippocampus, these GO categories include terms 528 

such as reduced long term potentiation, abnormal synaptic transmission, and abnormal 529 
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learning/memory/conditioning, (Fig. 6A; Benjamini and Hochberg corrected p-value, q value; reduced long term 530 

potentiation, q=5.09x10-4; abnormal synaptic transmission, q=5.64x10-4, abnormal 531 

learning/memory/conditioning, q=8.57x10-4).  532 

 533 

 To characterize the relevance of Foxp1cKO hippocampal and neocortical DEGs with regards to ASD 534 

pathophysiology, we overlapped these lists with those genes included on the Simons Foundation Autism 535 

Research Initiative (SFARI) website (843 genes) (https://sfari.org/resources/sfari-gene). The SFARI gene list 536 

represents ASD-risk genes that have been manually curated from the scientific literature. We found that both 537 

the neocortical and hippocampal Foxp1cKO DEGs significantly overlap with the ASD-SFARI genes (Fig. 6B; 538 

hypergeometric test; overlap between Foxp1cKO CTX and SFARI-ASD genes, p=2.8x10-7; overlap between 539 

Foxp1cKO HIP and SFARI-ASD genes, p=3.8x10-9). When we excluded ASD-SFARI genes from categories 5 540 

and 6 (hypothesized and not supported, respectively) from this analysis, we obtained a similar result 541 

(hypergeometric test; 17 genes (p=0.003) for Foxp1cKO hippocampal DEGs and 49 genes (p=0.0002) for 542 

Foxp1cKO neocortical DEGs). Finally, accounting for directional consistency, we found a significant overlap 543 

between the Foxp1cKO neocortical and hippocampal DEG datasets (Fig. 6B; hypergeometric test, overlap 544 

between Foxp1cKO HIP and Foxp1cKO CTX genes, p=4.7x10-31). The genes included in this directional overlap 545 

are enriched for GO categories such as potassium channel activity (Benjamini and Hochberg corrected p-546 

value, q value, q=3.3x10-3) and calcium ion transmembrane transporter activity (Benjamini and Hochberg 547 

corrected p-value, q value, q=2.6x10-2). Combined with our previous report (Araujo et al., 2015), these data 548 

suggest that while Foxp1 regulates distinct targets within different neuronal populations, it has an overall role in 549 

regulating the expression of ASD-risk genes and ion receptor genes throughout the brain. 550 

 551 

 Next, to understand the role of Foxp1 specifically within the hippocampus, we compared the 552 

transcriptional targets in the hippocampus of the Foxp1cKO mice with DEGs we previously identified in a whole-553 

body heterozygous Foxp1 knockout (Foxp1+/-) mouse (Araujo et al., 2015). We were unable to compare 554 

neocortical data as there were no DEGs in the neocortex of the heterozygous Foxp1 mice (Araujo et al., 2015). 555 

When we applied the same DEG cutoffs to these two datasets, we found a significant overlap of directionally 556 

consistent hippocampal target genes in these two Foxp1 mouse models (Fig. 6C; hypergeometric test, 557 
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p=1.8x10-22). This overlap represents ~20% of the Foxp1cKO DEGs, but only ~9% of the Foxp1+/- DEGs. That a 558 

relatively small proportion of Foxp1+/- hippocampal DEGs overlap with the DEGs in the Foxp1cKO mouse 559 

hippocampus is an important finding, as the only major behavioral phenotype seen in Foxp1+/- mice was an 560 

alteration in USV production (Araujo et al., 2015). Furthermore, we did not observe a learning and memory 561 

deficit in the Foxp1+/- mice using a novel object recognition task (data not shown). Taken together, these 562 

results indicate that complete and partial loss of Foxp1 produce unique alterations in signaling pathways in the 563 

hippocampus. Moreover, these data suggest that the non-overlapping genes in the Foxp1cKO hippocampus are 564 

likely important for the observed learning and memory deficits seen in Foxp1cKO mice. 565 

 566 

 Next, we sought to determine the extent to which Foxp1cKO hippocampal DEGs affect signaling 567 

processes involved in hippocampal neuron identity. Specifically, we wanted to assess whether loss of Foxp1 568 

perturbs the expression of genes specific to CA1 pyramidal neurons. To accomplish this, we overlapped the 569 

Foxp1cKO hippocampal DEGs with CA1-specific genes identified by single-cell sequencing of the mouse CA1 570 

(Zeisel et al., 2015). We found a significant overlap between these two gene expression datasets (Fig. 6D; 571 

hypergeometric test, p=1.7x10-15; Figure 6-2). The relatively small size of this overlap (~15% of the Foxp1cKO 572 

hippocampal DEGs) is most likely due to the fact that our RNA-seq data captured direct and indirect (as well as 573 

cell-autonomous and non-cell-autonomous) gene expression changes due to loss of Foxp1 in both CA1 and 574 

CA2 neurons throughout the entirety of the hippocampus. 575 

 576 

 We then employed weighted gene co-expression network analysis (WGCNA) to further prioritize 577 

Foxp1cKO hippocampal DEGs with respect to ASD and ID (Langfelder and Horvath, 2008). WGCNA allows for 578 

the identification of networks (or modules) of genes with high co-expression. Three modules were genotype-579 

specific (Fig. 6E,F,G). The “Dark Green” module was hippocampus-specific (Fig. 6E) and contained several 580 

ASD-SFARI genes such as Cadm2, Prkcb, Scn8a, and Syne1. The Dark Green module also contained Fmr1, 581 

which when disrupted in humans leads to Fragile-X syndrome, which frequently includes the presentation of ID 582 

(Hernandez et al., 2009). In addition, both the “Green Yellow” and “Light Cyan” modules also included a 583 

number of ASD-SFARI genes (Fig. 6F,G). The Light Cyan module not only included Foxp1 but also several 584 

ASD-related genes encoding ion channels such as Kcnj10, Kcnq3, and Slc24a2 (Fig. 6G). Finally, a number of 585 
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Foxp1cKO hippocampal DEGs that overlapped with each of the relevant gene lists discussed above (SFARI-586 

ASD genes, and/or Foxp1cKO neocortical DEGs, and/or Foxp1+/- hippocampal DEGs) were chosen at random 587 

and confirmed in independent Foxp1cKO hippocampal samples via qPCR (Fig. 6H; Student’s t-test, p<0.05 for 588 

all genes). In summary, these genomic data identify transcriptional programs downstream of Foxp1 that may 589 

drive the regulation of hippocampal function. 590 

 591 

 The genomic data indicated a role for Foxp1 in the regulation of both neocortical and hippocampal 592 

development (Fig. 6A,D). To assess neuroanatomical alterations due to forebrain Foxp1 loss that could explain 593 

the observed phenotypes, we analyzed the brains of Foxp1cKO mice via magnetic resonance imaging (MRI), 594 

which has been used on other ASD mouse models (Ellegood et al., 2015). We chose to focus our analyses on 595 

relative regional volumes (normalized to total volumes) as there was a significant decrease in the overall 596 

volume of Foxp1cKO mouse brains (-12%, p<0.0001, Student’s t-test and FDR<1%). In summary, we found 597 

reductions and increases in the relative volumes of numerous brain regions in Foxp1cKO mice (Fig 7A,B; 598 

p<0.05, Student’s t-test, and FDR<0.05, for all regions; Figure 7-1). Brain regions with decreased relative 599 

volumes constituted neuronal populations expressing Emx1 (including many neocortical areas) or white matter 600 

tracts originating from populations expressing Emx1 (Fig. 7A,B; Figure 7-1). Interestingly, the most affected 601 

region (in terms of percent decrease) was the hippocampus (Fig. 7B). Moreover, hippocampal subfields and 602 

parahippocampal regions such as the dentate gyrus, stratum granulosum, and the pre-para subiculum were 603 

also significantly reduced in volume (Fig. 7A,B; Figure 7-1). Brain regions with increased relative volumes 604 

mostly constituted cerebellar nuclei, cerebellar white matter tracts, and subcortical nuclei (Fig. 7A; Figure 7-1). 605 

Taken as a whole, these data demonstrate that loss of Foxp1 expression in the forebrain leads to alterations in 606 

regional volumes throughout the brain, with hippocampal structures being drastically affected. 607 

 608 

 The significant decrease in hippocampal volumes exhibited by Foxp1cKO mice suggested alterations in 609 

the functional properties of this region (Fig. 7A,B). Additionally, plasticity in general and long-term potentiation 610 

(LTP) in particular were GO categories enriched in the Foxp1cKO HIP DEGs (Fig. 6A). LTP is a well-studied 611 

process by which excitatory synapses are strengthened in response to neuronal stimulation (Lynch, 2004; 612 

Kumar, 2011). Hippocampal LTP mediated by projections from CA3 pyramidal neurons to CA1 pyramidal 613 
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neurons (Schaffer-collateral projections) is thought to underlie the encoding of spatial memory (Lynch, 2004; 614 

Kumar, 2011). Thus, we chose to examine hippocampal LTP in Foxp1cKO mice. Given that Foxp1 expression in 615 

the hippocampus is restricted to CA1/2 pyramidal neurons (Ferland et al., 2003), we recorded LTP in area CA1 616 

in response to Schaffer collateral stimulation in Foxp1cKO mice. While the initial magnitude of CA1 LTP was 617 

normal in Foxp1cKO mice (arrows in Fig. 8A), the mean magnitude of LTP during the last 10 minutes of 618 

stimulation was significantly reduced (Fig. 8A,B; Student’s t-test, F(19,14)=2.16, ****p<0.0001), indicative of 619 

impaired plasticity maintenance. This result was not due to differential baseline synaptic transmission in the 620 

Foxp1cKO mice, as we found no difference in the fEPSP slope relative to current stimulation intensity (Fig. 8C; 621 

two-way ANOVA; genotype effect: F(1,236)=0.23, p=0.63; time effect: F(7,236)=11.97, p<0.0001; interaction effect: 622 

F(7,236)=0.04, p>0.99). To characterize the Foxp1cKO hippocampal RNA-seq data with regards to genes involved 623 

in LTP maintenance, we overlapped our gene list with a dataset generated from microarrays performed on 624 

hippocampi 5-hours after undergoing LTP-inducing high-frequency stimulation (Ryan et al., 2012). These two 625 

datasets significantly overlapped (Fig. 8D; hypergeometric test, p=2.32x10-4). We then tested all 12 of the 626 

overlapping genes (which included Foxp1) via qPCR and we were able to confirm differential expression for 9 627 

of them in independent Foxp1cKO hippocampal samples (Fig. 8E; Student’s t-test, p<0.05 for all genes except 628 

Ccnd1, Dusp5, and Sorcs3). Of the 12 genes overlapping between the LTP-maintenance dataset and the 629 

Foxp1cKO hippocampus dataset, 7 (Ccnd1, Dsp, Gnb4, Grin3a, Rasd1, Runx1t1, and Sorcs3) are not included 630 

in the Foxp1+/- hippocampus dataset (Araujo et al., 2015). These 7 genes therefore represent mechanisms that 631 

are uniquely disrupted in the Foxp1cKO hippocampus and which could explain the physiological and behavioral 632 

phenotypes displayed by Foxp1cKO mice. Indeed, several of these genes (Rasd1, Gnb4, and Grin3a) have 633 

been directly implicated in hippocampal-based learning and memory (de Quervain and Papassotiropoulos, 634 

2006; Vilches et al., 2014; Carlson et al., 2016). These data suggest that control of genes involved in 635 

hippocampal LTP maintenance is disrupted in Foxp1cKO mice and that this may contribute to their learning and 636 

memory deficits. 637 

 638 

Discussion 639 

Elucidating molecular mechanisms important for learning and memory is an ambitious undertaking, especially 640 

in terms of connecting these mechanisms to disorders such as ASD and ID. Numerous genes have been 641 
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linked to an increased risk for both of these disorders and this suggests common mechanisms between them 642 

(Santini and Klann, 2014; Plummer et al., 2016). However, only a few of these genes have been categorized 643 

as high-confidence risk genes (Iossifov et al., 2014; Sanders et al., 2015; de la Torre-Ubieta et al., 2016; 644 

Mullins et al., 2016; Vissers et al., 2016; Stessman et al., 2017). FOXP1 is among this list of high-confidence 645 

ASD-risk genes (Iossifov et al., 2014; Sanders et al., 2015; Vissers et al., 2016; Stessman et al., 2017), yet 646 

relatively little is known about the function of FOXP1 in the brain. We previously demonstrated that an ASD- 647 

and ID-patient-relevant haploinsufficient Foxp1 mouse model exhibits vocalization deficits with alterations in 648 

striatal function and gene expression (Araujo et al., 2015). In addition, a mouse model with complete loss of 649 

Foxp1 in the brain demonstrates a number of behavioral deficits and functional alterations in several brain 650 

regions (Bacon et al., 2014). Thus, these previously published data do not address the requirement for Foxp1 651 

in specific brain regions and how such a requirement might be important for specific ASD- and ID-relevant 652 

phenotypes. 653 

 654 

 To investigate the functional role of Foxp1 in a brain-region-specific manner, we generated Foxp1cKO 655 

mice with complete loss of Foxp1 in the hippocampus and neocortex (Fig. 1A,B). We observe a number of 656 

striking behavioral deficits in these mice, most notably altered social interactions (Fig. 3I) and an almost total 657 

absence of spatial learning (Fig. 4A-F). Because the neural circuits for social behaviors are not fully 658 

understood, and because the hippocampus has been studied in depth for its relationship to learning and 659 

memory, we chose to focus on the potential role of Foxp1 in hippocampal-based functions in Foxp1cKO mice. 660 

Importantly, the majority of documented patients with ASD-causing mutations in FOXP1 also have a diagnosis 661 

of ID (Le Fevre et al., 2013; Lozano et al., 2015; Vissers et al., 2016), making a mechanistic study of Foxp1 662 

function in the hippocampus disease-relevant.  663 

 664 

 Foxp1cKO mice possess deficits in spatial learning, as they perform poorly in both the alternating T-665 

maze and the Morris water maze (Fig. 4A-F). Conversely, Foxp1cKO mice have intact learning in contextual fear 666 

conditioning (Fig. 5A,B). Such results are seemingly in conflict with one another. However, when performed 667 

prior to testing, lesions of the hippocampus impair learning in the Morris water maze but preserve contextual 668 

fear conditioning in mice (Cho et al., 1999). Indeed, other mouse models of neuropsychiatric disorders have 669 
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also shown that these two processes can be dissociated (Kubota et al., 2001; Huynh et al., 2009). Another 670 

explanation could be that hippocampal function in Foxp1cKO mice is sufficient to allow for associations between 671 

discrete, easily recognizable elements of the contextual-conditioning environment and the unconditioned 672 

stimulus (Maren, 2001). Finally, these opposing results could be explained by the simple idea that Foxp1cKO 673 

mice might not be able to meet the cognitive load necessary for complex spatial tasks but that they are able to 674 

meet the cognitive load required for fear-based tasks, which involve more salient conditioning. The amygdala is 675 

critically involved in cue-based fear learning (Puzzo et al., 2014; Tovote et al., 2015) and there is limited 676 

expression of Foxp1 in the amygdala (Ferland et al., 2003). However, the intact cue-dependent fear 677 

conditioning in Foxp1cKO mice (Fig. 5A,B) suggests that the role the hippocampal-amygdala circuit plays in this 678 

task is spared with loss of Foxp1.  679 

 680 

 The intact set-shifting learning we observed in Foxp1cKO mice (Fig. 5C,D) suggests that while Foxp1 681 

expression is almost completely absent in the neocortex of these animals, this expression loss does not affect 682 

other, broader types of learning. Additionally, the spared set-shifting learning in Foxp1cKO mice (Fig. 5C,D) 683 

could represent compensation by subcortical circuits in which Foxp1 expression is preserved. Regardless, 684 

these results need to be interpreted carefully, as we cannot fully rule out other learning defects due to 685 

neocortical loss of Foxp1 that were not tested in this study. Together, our results suggest that Foxp1cKO mice 686 

exhibit a specific deficit in complex, hippocampal-based spatial tasks. 687 

 688 

 Mice with full-brain loss of Foxp1 also display hyperactivity, impaired spatial learning, and impaired 689 

social behaviors (Bacon et al., 2014). Conversely, unlike the results presented here (Fig. 8A,B), hippocampal 690 

neuron excitability is reduced and hippocampal LTP is unaltered in full-brain Foxp1 knockout mice (Bacon et 691 

al., 2014). However, the study of full-brain Foxp1 knockout mice employed a weaker protocol for LTP induction 692 

(Bacon et al., 2014) than our study and thus it is possible that such a protocol may not have recruited the same 693 

plasticity-maintenance mechanisms recruited in this study.  694 

 695 

 The Foxp1cKO hippocampus dataset possessed fewer DEGs than the Foxp1+/- hippocampus RNA-seq 696 

dataset (Fig. 6C). This result was surprising to us because we expected complete loss of Foxp1 to yield 697 
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greater disruptions to the hippocampal transcriptome than Foxp1 haploinsufficiency. The larger number of 698 

hippocampal DEGs observed in Foxp1+/- mice could be explained by improper signaling to the hippocampus 699 

from subcortical regions that also experience reduced Foxp1 levels. Using an available single cell RNA-seq 700 

dataset (Zeisel et al., 2015), we find that Foxp1cKO hippocampal DEGs are most significantly enriched for genes 701 

expressed in CA1 and Foxp1cKO neocortical DEGs are most significantly enriched for genes expressed in 702 

pyramidal neurons of somatosensory cortex (S1) (Figure 6-2). Therefore, our data suggest that loss of Foxp1 703 

leads to disruptions in the expression of genes important for cellular identity in both brain regions. The DEGs 704 

that result from loss of Foxp1 in the hippocampus also indicate changes in pathways known to be important in 705 

hippocampal LTP, synaptic signaling, and spatial memory (Fig. 6A). We observed no differences in the basal 706 

synaptic transmission in the Foxp1cKO mouse hippocampus (Fig. 8C), suggesting that the diminished LTP 707 

maintenance we recorded in the Foxp1cKO CA1 region (Fig. 8A,B) are due to the dysregulation of downstream 708 

signaling networks and not alterations to baseline synaptic function (Kotaleski and Blackwell, 2010). This is 709 

supported by the finding that our Foxp1cKO hippocampal RNA-seq dataset significantly overlapped with a 710 

hippocampal-maintenance gene list (Fig. 8D) (Ryan et al., 2012).  711 

 712 

 Future studies that directly test the involvement of genes regulated by Foxp1 in LTP-maintenance 713 

would be compelling, especially since disrupted synaptic signaling has a widely appreciated role in explaining 714 

the etiology of ASD and ID (Santini and Klann, 2014). Still, it is unclear whether restoration of any one 715 

downstream gene (or combination of genes) would be sufficient to rescue both the physiological and 716 

behavioral deficits seen in Foxp1cKO mice. The generation of additional brain-region-specific Foxp1 knockout 717 

mice will address whether the expression of Foxp1 in the hippocampus is required for the observed behavioral 718 

deficits. Moreover, Foxp1 expression in the striatum is intact in the Foxp1cKO mice detailed here (Fig. 1A,B), yet 719 

there are robust striatal deficits in heterozygous Foxp1 knockout mice (Araujo et al., 2015) and brain-wide 720 

Foxp1 knockout mice (Bacon et al., 2014). Thus, a Foxp1 knockout mouse that primarily targets the striatum 721 

will be important for understanding the contributions of Foxp1 to the complex behavioral phenotypes 722 

associated with ASD and ID.  723 

 724 
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 In summary, this study is an important step towards completing our understanding of the region-specific 725 

roles of FoxP1 within the brain. Since FOXP1 is among the most salient ASD- and ID-genes, any knowledge of 726 

FOXP1 function should contribute to our understanding of ASD and ID pathophysiology. Indeed, an in-depth 727 

understanding of the basic mechanisms of brain development and function, as it pertains to certain 728 

neurodevelopmental disease-relevant genes such as FOXP1, will be critical to designing effective therapeutics 729 

for the resultant conditions. 730 

  731 
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Figure Legends 910 

Figure 1. Generation of Foxp1cKO mice. (A) Representative immunoblot displaying reduced Foxp1 protein 911 

levels in the neocortex (CTX) and hippocampus (HIP), but not the striatum (STR), of Foxp1cKO mice, compared 912 

to littermate control mice. GAPDH is a loading control. (B) Quantification of Foxp1 expression in adult Foxp1cKO 913 

mouse brains. Data are represented as means (± SEM). n=3 control mice, 3 Foxp1cKO mice. **p=0.002; 914 

***p=0.0002, Student’s t-test, compared to control levels normalized to GAPDH. (C) Representative 915 

immunohistochemistry images showing that Foxp1 protein (green) expression is ablated in the projection 916 

neurons of the CTX, the CA1/CA2 subfields of the HIP, but preserved in the STR, of Foxp1cKO mice. cc = 917 

corpus callosum, DG = dentate gyrus, CPu = caudate/putamen. Scale bars represent 100 μm.  918 

 919 

Figure 2. Foxp1cKO mice display hyperactivity and anxiety-like behaviors.  (A,B) Foxp1cKO mice are 920 

hyperactive, as indicated by their increased activity in a novel cage environment. (A) Foxp1cKO mice display 921 

sustained, increased activity in a novel cage. Data are represented as means (± SEM). n=9 control mice, 7 922 

Foxp1cKO mice. p<0.0001, two-way ANOVA, compared between genotypes. (B) As measured by their average 923 

activity over the course of two hours, Foxp1cKO mice are hyperactive. Data are represented as means (± SEM). 924 

n=9 control mice, 7 Foxp1cKO mice. **p=0.002, Student’s t-test, compared between genotypes. (C) Foxp1cKO 925 

mice are hyperactive, as determined by their total distance moved in the open field test. Data are represented 926 

as means (± SEM). n=8 control animals, 8 Foxp1cKO animals. *p=0.02, Student’s t-test, compared between 927 

genotypes. (D) Foxp1cKO mice are anxious, as determined by the amount of time they spend in the border of 928 

the open field apparatus. Data are represented as means (± SEM). n=8 control animals, 8 Foxp1cKO animals. 929 

*p=0.02, Student’s t-test, compared between genotypes.  930 

 931 

Figure 3. Impaired social communication in Foxp1cKO mice.  (A) Adult Foxp1cKO male mice produce fewer 932 

total numbers of USV songs in a mating paradigm. Data are represented as means (± SEM). n=13 control 933 

mice and 15 Foxp1cKO mice. **p=0.0019, Student’s t-test, compared between genotypes. (B) Foxp1cKO mice 934 

exhibit a significant reduction in their mean call duration. Data are represented as means (± SEM). n=13 935 

controls mice, 14 Foxp1cKO mice. *p=0.011, Student’s t-test, compared between genotypes. (C) Foxp1cKO mice 936 

show no differences in their mean call frequencies. Data are represented as means (± SEM). n=13 controls 937 
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mice, 14 Foxp1cKO mice. p=0.45, Student’s t-test, compared between genotypes. (D) Adult Foxp1cKO male mice 938 

produce USVs with smaller frequency ranges. Data are represented as means (± SEM). n=13 control mice and 939 

14 Foxp1cKO mice. *p=0.019, Student’s t-test, compared between genotypes. (E) Foxp1cKO mice produce a 940 

smaller fraction of USVs with frequency jumps. Data are represented as means (± SEM). n=13 controls mice, 941 

15 Foxp1cKO mice. *p=0.025, Student’s t-test, compared between genotypes. (F) Foxp1cKO mice show a 942 

significant difference in the average slope of their USV songs. Data are represented as means (± SEM). n=13 943 

controls mice, 14 Foxp1cKO mice. ***p=0.0003, Student’s t-test, compared between genotypes. (G) 944 

Representative photographs of the nests produced by littermate control and Foxp1cKO mice. (H) Foxp1cKO mice 945 

produce nests with low quality scores. Data are represented as means (± SEM). n=8 control mice, 7 Foxp1cKO 946 

animals. ****p<0.0001, Student’s t-test, compared between genotypes. (I) Foxp1cKO mice are less social than 947 

their littermate controls, as determined by the decreased time they spend interacting with a sex-matched 948 

conspecific (time in interaction zone). Data are represented as means (± SEM). n=16 control mice, 12 949 

Foxp1cKO mice. **p<0.01, ***p<0.001, Student’s t-test, compared between genotypes. 950 

 951 

Figure 4. Foxp1cKO mice display impairments in spatial learning. (A) Foxp1cKO mice display poor learning 952 

via their escape latency in the training phase of the Morris water maze (MWM). Data are represented as 953 

means (± SEM). n=12 control animals, 10 Foxp1cKO animals. p<0.0001, two-way ANOVA, compared between 954 

genotypes. (B,C) Foxp1cKO show poor memory via the number of platform crosses they make during the MWM 955 

spatial probe. (B) Representative trace of swimming paths taken by Foxp1cKO and control littermate mice on a 956 

spatial probe day. Roman numerals designate different quadrants. The original location of the hidden platform 957 

is indicated by a circle in quadrant I. (C) Quantification of the number of platform crosses made by Foxp1cKO 958 

and control mice on a spatial probe day. Data are represented as means (± SEM). n=12 control animals, 10 959 

Foxp1cKO animals. **p=0.002, Student’s t-test, compared between genotypes. (D) Foxp1cKO mice display no 960 

difference in their ability to locate a raised platform during a visual probe day in the MWM. Data are 961 

represented as means (± SEM). n=12 control animals, 10 Foxp1cKO animals. p=0.34, Student’s t-test, 962 

compared between genotypes. (E) Foxp1cKO mice demonstrate poor learning and memory, as measured by 963 

their percentage of successful trials during training in the T-maze. Dashed line represents success based on 964 

chance. Data are represented as means (± SEM). n=10 control animals, 9 Foxp1cKO animals. p<0.0001, two-965 
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way ANOVA, compared between genotypes. (F) As measured by their average performance during training, 966 

Foxp1cKO mice display impaired learning in the T-maze. Data are represented as means (± SEM). n=10 control 967 

mice, 10 Foxp1cKO mice. ****p<0.0001, Student’s t-test, compared between genotypes. The main effects for 968 

genotype and postnatal day, and their interactions, are presented within panels A and E.  969 

 970 

Figure 5. Foxp1cKO mice do not display deficits in generalized learning and memory. (A,B) Foxp1cKO mice 971 

show no deficiencies in associative fear-memory tasks, as displayed by their performance in both the (A) cue 972 

and (B) context-dependent portions of a fear conditioning (FC) paradigm. Data are represented as means (± 973 

SEM). n=16 control mice, 12 Foxp1cKO mice. p=0.27, two-way ANOVA compared between genotypes (A), 974 

p=0.12, Student’s t-test compared between genotypes (B). (C,D) Foxp1cKO show no deficits in cognitive 975 

flexibility, as measured by (C) the number of trials they need to reach criterion during both the initial 976 

association (IA) or the rule-shift (RS) portion of training for the set-shifting task (SST) or (D) the number of 977 

perseverative (Pers) or random (Rand) errors they make in the RS portion of the SST. Data are represented as 978 

means (± SEM). n=10 control, 9 Foxp1cKO mice. p=0.65 (C), and p=0.43 (D), two-way ANOVA, compared 979 

between genotypes. 980 

 981 

Figure 6. Altered transcriptional programs in Foxp1cKO brains. (A) Heatmap showing that based on the 982 

differentially expressed genes (DEGs) of either region, the neocortex (CTX) and hippocampus (HIP) segregate 983 

by genotype (Foxp1cKO (cKO) and control (CTL)). Color indicates a Z score from -2 to 2 for each gene. 984 

Significantly enriched gene ontology (GO) terms (https://toppgene.cchmc.org; GO enrichment is the negative 985 

log of a Benjamini and Hochberg corrected p-value, q-value) associated with groups of genes are highlighted 986 

next to their respective DEG clusters. Representative GO categories for both the Foxp1cKO neocortex and 987 

hippocampus can be found in Figure 6-1. (B) Significant overlaps between DEGs in Foxp1cKO mouse CTX and 988 

HIP and ASD-associated genes (SFARI-ASD genes; https://sfari.org/resources/sfari-gene). 92 genes 989 

overlapped between Foxp1cKO CTX and SFARI-ASD genes (p=2.8x10-7; hypergeometric test), and 31 genes 990 

overlapped between Foxp1cKO HIP and SFARI-ASD genes (p=3.8x10-9; hypergeometric test). (C) Significant 991 

overlaps between Foxp1cKO HIP DEGs and heterozygous Foxp1 knockout (Foxp1+/-) HIP DEGs (Araujo et al., 992 

2015). The Foxp1+/- HIP dataset was filtered using the same cutoffs for identifying DEGs (an adjusted p-value 993 
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of 0.005 and an absolute log fold change of 0.3) that were applied to the Foxp1cKO datasets. 49 genes 994 

overlapped between Foxp1+/- HIP and Foxp1cKO HIP (p=1.8x10-22; hypergeometric test). (D) Significant overlaps 995 

between Foxp1cKO HIP DEGs and CA1 pyramidal neuron single-cell sequencing data (Zeisel et al., 2015). 36 996 

genes overlapped between Foxp1cKO HIP and Zeisel CA1 data (p=1.7x10-15; hypergeometric test). The 997 

enrichment of DEGs in other single-cell categories are in Figure 6-2. Visualization of the top 500 connections in 998 

the (E) hippocampus-specific Dark Green module, (F) the Green Yellow module, and (G) the Light Cyan 999 

module. ASD-SFARI genes are highlighted in yellow. (H) Confirmation of salient gene targets in independent 000 

Foxp1cKO hippocampal samples using qPCR. Red bars indicate RNA-seq-based log2-fold changes in 001 

expression. Colored bars represent the category of gene (SFARI-ASD, and/or Foxp1cKO neocortex, and/or 002 

Foxp1+/- hippocampus) that these Foxp1cKO hippocampal DEGs overlap with. Data are represented as means 003 

(± SEM).  n=3 control mice, 3 Foxp1cKO mice. All qPCR values are significant at p<0.05 (Student’s t-test, 004 

compared to control levels, normalized to beta-actin).  005 

 006 

Figure 7. Altered regional brain volumes in Foxp1cKO mice. (A) Fly-through of representative coronal slices 007 

of the Foxp1cKO brain highlighting average, relative differences in regions with larger (red) or smaller (blue) 008 

volumes. (B) Representation of the average, relative volume decreases in several of the most significantly (in 009 

terms of percent decreases from control (100%) levels) affected hippocampal and neocortical areas in the 010 

Foxp1cKO mouse brain. Dashed line represents control levels. Data are represented as means (± SEM). All 011 

values are significant at p<0.05, Student’s t-test, and FDR<0.05. Cg = cingulate cortex, FrA = frontal 012 

association cortex, MO = medial orbital cortex, Pre-PAR = pre-para subiculum, and V2MM = secondary visual 013 

cortex-mediomedial area. The top 20 increases and decreases in relative regional brain volumes (in terms of 014 

percent difference from control volumes) are in Figure 7-1.  015 

 016 

Figure 8. Altered hippocampal synaptic plasticity in Foxp1cKO mice. (A,B) In response to high-frequency 017 

stimulation (HFS), there is no difference in the initial magnitude of LTP in Foxp1cKO CA1 neurons (A), but there 018 

is a difference in the LTP response during the last 10 minutes of stimulation (B). Data are represented as 019 

means (± SEM). n = 15 control recordings, 20 Foxp1cKO recordings, Student’s t-test, compared between 020 

genotypes. (C) Basal synaptic transmission is unchanged between Foxp1cKO and littermate control mice as 021 
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measured by input/output curves comparing stimulus intensity to fEPSP slope in CA1 pyramidal neurons. Data 022 

are represented as means (± SEM). n=15 control recordings, 19 Foxp1cKO recordings. p=0.63, two-way 023 

ANOVA, compared between genotypes. (D) Significant overlaps between Foxp1cKO HIP DEGs and LTP-024 

maintenance DEGs (Ryan et al., 2012). 12 genes overlapped between Foxp1cKO HIP and LTP-maintenance 025 

dataset (p=2.32x10-4; hypergeometric test). (E) Confirmation of genes that overlap between the Foxp1cKO 026 

hippocampal dataset and LTP-maintenance genes in independent Foxp1cKO hippocampal samples, using 027 

qPCR. Box insert highlights Foxp1. With the exception of Ccnd1, Dusp5, and Sorcs3, all qPCR values are 028 

significant at p<0.05 (Student’s t-test, compared to control levels, normalized to beta-actin). Data are 029 

represented as means (± SEM).  n=3 control mice, 3 Foxp1cKO mice.  030 

 031 

Figure 6-1. Representative Foxp1cKO neocortex and hippocampus DEG REVIGO GO categories. Using 032 

the REVIGO web tool (see Materials and Methods), we identified enrichment for gene ontology (GO) 033 

categories among the up-regulated and down-regulated differentially expressed genes (DEGs) in the Foxp1cKO 034 

neocortex and hippocampus. GO category enrichment was determined using a Benjamini and Hochberg 035 

corrected p-value, q-value,  0.05.     036 

 037 

Figure 6-2. Overlaps between Foxp1cKO DEGs and cell-type-specific genes. Foxp1cKO neocortical (CTX) 038 

DEGs and hippocampal (HIP) DEGs significantly overlap with cell-type-specific genes (Zeisel et al., 2015). The 039 

number of genes for each Foxp1cKO DEG category and overlap are reported.  040 

 041 

Figure 7-1. Top 20 increases and decreases to regional brain volumes in Foxp1cKO mice. Regions with 042 

relative volume increases are characterized by Emx1-expressing neuronal subpopulations, whereas regions 043 

with relative volume decreases are characterized by cerebellar nuclei, white matter tracts, and subcortical 044 

nuclei (FDR < 0.05). The percent difference (% Diff) from control volumes are reported for each region. 045 

 046 
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