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Abstract

Functional imaging and gene expression studies both implicate the medial prefrontal cortex 

(mPFC), particularly deep layer projection neurons, as a potential locus for autism pathology. 

Here, we explored how specific deep-layer prefrontal neurons contribute to abnormal physiology 

and behavior in mouse models of autism. First, we find that across three etiologically distinct 

models – in utero valproic acid (VPA) exposure, CNTNAP2 knockout, and FMR1 knockout – 

layer 5 subcortically-projecting (SC) neurons consistently exhibit reduced input resistance and 

action potential firing. To explore how altered SC neuron physiology might impact behavior, we 

took advantage of the fact that in deep layers of the mPFC, dopamine D2 receptors (D2Rs) are 

mainly expressed by SC neurons, and used D2-Cre mice to label D2R+ neurons for calcium 

imaging or optogenetics. We found that social exploration preferentially recruits mPFC D2R+ 

cells, but that this recruitment is attenuated in VPA-exposed mice. Stimulating mPFC D2R+ 

neurons disrupts normal social interaction. Conversely inhibiting these cells enhances social 

behavior in VPA-exposed mice. Importantly, this effect was not reproduced by nonspecifically 
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inhibiting mPFC neurons in VPA-exposed mice, or by inhibiting D2R+ neurons in wildtype mice. 

These findings suggest that multiple forms of autism may alter the physiology of specific deep-

layer prefrontal neurons which project to subcortical targets. Furthermore, a highly overlapping 

population – prefrontal D2R+ neurons – plays an important role in both normal and abnormal 

social behavior, such that targeting these cells can elicit potentially therapeutic effects.

INTRODUCTION

Autism spectrum disorder causes lifelong disability in millions of people 1. Despite its high 

prevalence, there is no cure and treatments for core symptoms, such as social deficits, have 

been elusive. Although many genes have now been implicated in autism, specific cellular 

abnormalities that link genes with behavior remain obscure. Functional imaging studies 

reveal that the prefrontal cortex (PFC) is heavily involved in social cognition, specifically in 

analyzing the emotions and intentions of others 2,3. The medial PFC (mPFC) is particularly 

important: lesions cause loss of social skills 4 and impair emotional learning 5. In rodents, 

acute optogenetic manipulation of the excitatory/inhibitory balance within mPFC disrupts 

normal social exploration 6. In humans, genes strongly linked to autism are convergently co-

expressed within layers 5 and 6 (L5/6) projection neurons in the PFC during midfetal 

development 7, and in human autism, functional imaging studies reveal abnormally 

decreased activation of the mPFC during social tasks 3,8,9.

Human studies demonstrate that autism includes abnormal structural and functional 

connectivity between the PFC and subcortical structures such as the thalamus 10,11, but it is 

not known to what extent these defects might reflect abnormal electrical signaling within 

specific neurons that link the PFC and thalamus. mPFC neurons which project to the 

mediodorsal (MD) thalamus reside in L5/6. Previous studies have found changes in neuronal 

excitability and synaptic connectivity in L5 neurons in the mPFC of autism models 12,13; 

however, it is not clear whether these represent nonspecific changes, or alternatively, 

whether they might differentially affect specific subpopulations of L5 neurons 14,15. Work 

from our lab 16,17 and others 18,19 has shown that in the mPFC, L5 pyramidal neurons can be 

divided into distinct subpopulations that project to different targets. We hypothesized that 1) 

these various subtypes of prefrontal projection neurons might be differentially affected in 

autism, disrupting specific prefrontal circuit interactions; 2) if disruptions in specific circuits 

play important roles in core aspects of autism, then associated changes in the physiology of 

specific neuronal subtypes should be conserved across multiple etiologies of autism; 3) if 

neuronal subtypes which play particularly important roles in social behavior are abnormal in 

autism, then manipulations which target these subtypes may effectively ameliorate autism-

associated behavioral abnormalities.

Human autism is associated with a diverse array of environmental and genetic etiologies that 

have been modeled with good construct validity in rodents. For instance, in humans, prenatal 

exposure to valproic acid (VPA), but not other anticonvulsants, is associated with a markedly 

increased prevalence of autism 20,21. The offspring of pregnant rodents exposed to VPA at a 

specific time point (around the time of neural tube closure, embryonic day ~10.5) similarly 

exhibit the core deficits of autism 22. In humans, mutations in the genes contactin-associated 
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protein-like 2 (CNTNAP2), which encodes a cell adhesion molecule 23, and fragile X mental 

retardation 1 (FMR1), which encodes an mRNA binding protein) 24 are both associated with 

autism. Mice lacking both copies of CNTNAP2 show autistic features: juveniles spend less 

time interacting with each other and pups emit fewer isolation-induced ultrasonic 

vocalizations 25. FMR1 knockout (KO) mice 26 display social anxiety, deficits in 

communication, repetitive behaviors, and hyperactivity 27.

This study consists of two parts. First, to identify specific prefrontal circuits that may play 

important roles in autism, we looked for physiological abnormalities that were specific for 

particular neuronal subtypes and conserved across multiple autism models. For this, we 

analyzed the electrophysiological properties of prefrontal L5 projection neurons across the 

three autism models described above. In every case, we found a reduction in the excitability 

and input resistance of subcortically projecting (SC) L5 pyramidal neurons. By contrast, 

changes in other subtypes of L5 neurons were more heterogeneous across models. Second, 

we sought to understand how SC neurons (or a similar neuronal population) might 

contribute to normal, pathological, and potentially therapeutic aspects of social behavior. For 

this, we used D2-Cre mice to label a population of prefrontal neurons that is highly enriched 

for SC neurons. Then we examined how this population is recruited during normal and 

abnormal social behavior, and how optogenetically manipulating this neuronal subtype 

affects normal social behavior and social deficits associated with autism.

METHODS

Animals

All experiments were conducted in accordance with procedures established by the 

Administrative Panels on Laboratory Animal Care at the University of California, San 

Francisco. Mice were fed ad libitum and reared in normal lighting conditions (12h/12h light/

dark cycle). We used the following mouse lines: wild-type C57BL/6 (Simonsen), wild-type 

CD1 (Simonsen), FVB.129P2-Pde6b+ Tyrc-ch Fmr1tm1Cgr/J (Jackson), B6.129(Cg)-

Cntnap2tm1Pele/J (Jackson), Drd2-Cre (line ER44; gensat.org). For Fragile X experiments, 

knockout animals were compared to wildtype littermates. For CNTNAP2 experiments, 

knockout animals were compared to heterozygous littermates. We initially used a mating 

scheme of het het (to produce KO and WT littermate controls), but we had a very low yield 

of knockout mice. Given the lack of evidence that heterozygous CNTNAP2 mutations are 

associated with autism 66, we used a het × KO breeding scheme to produce knockouts with 

heterozygous littermates as controls. For prenatal VPA exposure experiments, pregnant 

C57Bl/6 or CD1 mice received a single intraperitoneal (IP) dose of VPA (500 mg/kg) or 

saline vehicle at embryonic day (E) 10.5 67. Animals of both sexes were used for all 

experiments except for the experiments in Fragile X mice and their wildtype littermate 

controls which used only male mice.

Fluorescent labeling of specific neuron populations

Mice were anesthetized with 2% isoflurane and mounted in a stereotactic frame. 

Craniotomies were made according to stereotaxic coordinates relative to Bregma. To label 

interneurons in the mPFC, we injected AAV encoding the Dlxi1/2b enhancer driving 
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mCherry into the ipsilateral mPFC as previously reported 17. To selectively label subcortical 

projection (SC) or intratelencephalic (IT) neurons, we injected fluorescently-labeled latex 

microspheres (Retrobeads, Lumafluor) or fluorescently-labeled cholera toxin subunit B 

(CTB, Molecular Probes) into contralateral mPFC or ipsilateral MD thalamus. Coordinates 

for injection into contralateral mPFC were (in millimeters relative to Bregma): +1.7 anterior-

posterior (AP), –0.3 mediolateral (ML), and –2.75 dorsoventral (DV). Coordinates for 

injection into ipsilateral MD thalamus were –1.7 AP, +0.3 ML, and –3.5 DV. We injected 

500 nL at 150 nL/min for mPFC and 400 nL at 100 nL/min for MD thalamus. We waited 5 

minutes after the end of the injection before slowly withdrawing the syringe. We waited 3–5 

days following retrograde tracer injections before performing experiments. At the time of 

the experiments, we visually verified that retrograde tracer injections were targeted 

appropriately and that tracer was not present in nearby structures.

Slice preparation

Mice 8–12 weeks old were deeply anesthetized with isoflurane and then decapitated. We 

prepared coronal slices 250 μm thick using ice-cold solution containing (in mM): 234 

sucrose, 26 NaHCO3, 11 glucose, 2.5 KCl, 10 MgSO4, 1.25 NaH2PO4, and 0.5 CaCl2. 

ACSF contained (in mM): 126 NaCl, 26 NaHCO3, 14 glucose, 3 KCl, 2 CaCl2, 2 MgCl2, 

and 1 NaH2PO4. Slices were incubated in a warmed 50/50 mixture of ACSF and slicing 

solution at 30–32°C for 15 minutes and then at least one hour at room temperature before 

being used for recordings. During experiments, slices were perfused with ACSF and secured 

by placing a harp along the midline between the two hemispheres.

Intracellular recordings

Somatic whole-cell patch recordings were obtained from retrogradely-labeled visually 

identified neurons in Layer 5 (L5) of infralimbic and prelimbic cortex using differential 

contrast video microscopy on an upright microscope (BX51WI; Olympus). Layer 2/3 was 

identified as the first tight band of cells deep to the pial surface. Layer 6 was identified as the 

tight band of cells superficial to the white matter. Layer 5 was defined as the relatively 

loosely packed cells between these two bands. Recordings were made using a Multiclamp 

700A (Molecular Devices). Patch electrodes (tip resistance = 2–6 MΩ) were filled with the 

following (in mM): 118 K-gluconate, 10 KCl, 10 HEPES, 4 MgATP, 1 EGTA, and 0.3 

Na3GTP (pH adjusted to 7.2 with KOH). Slices were continuously perfused with ACSF in 

an immersion chamber (Warner Instruments) with temperature maintained at 32.5±1°C. 

Series resistance was usually 10–20 MΩ, and experiments were discontinued above 30 MΩ 
or if action potentials failed to overshoot 0 mV.

We did not correct for liquid junction potential. We measured resting membrane potential in 

current clamp immediately following whole cell break in. Fast-spiking interneurons were 

distinguished from other interneuron subtypes based on narrow spike widths (≤ 1 ms), 

minimal adaptation during sustained firing, steep f/i slopes, and high peak firing rates 

(typically >100 Hz). We calculated input resistance from the steady-state voltage change 

measured in response to –50 pA current steps. We calculated membrane time constant as the 

time at which the membrane voltage decayed to 1/e of the initial value following –50 pA 

current steps. We calculated membrane capacitance as the membrane time constant divided 
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by input resistance. We estimated H current using the sum of the “sag” and “rebound” in 

response to –200 pA steps 16. We quantified action potential firing during one second 

current steps from 0 to +400 pA in 50 pA intervals. We estimated action potential threshold 

as the point at which the third derivative of the membrane potential was maximal. Action 

potential half-width was estimated as the time (in msec) for the membrane potential to rise 

from the point halfway between the trough and peak to the peak and then fall to the point 

halfway between the peak and the trough.

Histology

All viruses were obtained from the University of North Carolina (UNC) Vector Core. Mice 

were stereotactically injected with rAAV5-EF1alpha-DIO-eYFP-WPRE (“DIO-eYFP”, 

UNC Vector Core) into the right mPFC, 1.5 μL total volume (750 nL at 150 nL/min at 

+0.30–0.32 / +1.70 / –2.25 plus 750 nL at 150 nL/min at +0.30–0.32 / +1.70 / –2.75). 

Coordinates are given as mm from Bregma (medial-lateral / anterior-posterior / dorsal-

ventral). Fluorescently labeled CTB was injected into either the left mPFC (to label IT cells) 

or the right MD thalamus (to label SC cells). After 4 days, animals were deeply anesthetized 

with Euthasol and transcardially perfused with 4% paraformaldehyde. Brains were incubated 

in 4% PFA overnight and then sliced on a Leica vibratome into coronal sections 100 μm 

thick. Brain slices were mounted onto glass slides and imaged using a confocal microscope. 

We counted 100 cells per slice in prelimbic and infralimbic cortices in the area that had the 

maximum overlap between eYFP and the fluorescently labeled CTB.

In vivo calcium imaging (fiber photometry)

To express genetically-encoded calcium indicators in Drd1::Cre and Drd2::Cre mice, 500 nL 

of AAV viral vector carrying GCaMP6s or GCaMP6f were infused unilaterally into the right 

mPFC (anterior-posterior (AP): +1.7 mm, mediolateral (ML): +0.3 mm) at four different 

depths at 125 nL/location (dorsoventral (DV): –2.0 mm; –2.25; –2.50 mm; –2.75 mm) at a 

rate of 100 nL/min. Fiber optic cannulas with zirconia sheaths (400 μm diameter, 0.48 NA; 

Doric Lenses, Quebec City, Canada) were implanted over the mPFC (AP: +1.7 mm; ML: 

+0.3 mm; DV: –2.5 mm). We waited 4–6 weeks before starting experiments.

The fiber photometry system was set up as previously reported 35. The light from a 473 nm 

diode laser (Omicron) was chopped at 400 Hz and reflected off a dichroic (Semrock, 

FF495). It was then coupled into a 400 μm optical fiber (Thorlabs). The patchcord was 

attached to the implanted optical fibers, and GCaMP6 fluorescence was collected and 

focused through a bandpass filter (Semrock) onto a femtowatt silicon photoreceiver 

(Newport). The output was directed through a lock-in amplifier (Stanford Research 

Systems), digitized (LabJack), and recorded on a PC. Signals were collected at a sampling 

rate of 500 Hz.

To estimate the relative light intensity transmitted from the fiber tip centered in L5 to the 

neurons in Layer 2/3, we estimated the light intensity at a point 100 μm deep and 100 μm 

lateral to the fiber tip. We used the ScatterBrain matlab app 68. Using this method, the 

relative light intensity was 0.0016 using the following parameters: Fiber radius: 100 μm; 
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Fiber numerical aperture: 0.22; Tissue scattering coefficient: 211 cm−1; absorption 

coefficient: 0.6 cm−1; anisotropy index: 0.86; refraction index: 1.36.

Data were aligned so the first sniff took place at time = 0 seconds. Peak ΔF/F0 was 

calculated as the maximum of the calcium response following the first sniff. We estimated 

the plateau as the mean ΔF/F0 at t = +60 seconds averaged over a 20 second window. Please 

note that in the photometry experiments presented in Fig. 3, the exploration epochs each 

lasted 3 minutes (in contrast to the photometry experiments presented in Fig. 4 and the 

optogenetics experiments presented in Fig. 5 in which exploration epochs lasted 5 minutes).

In vivo optogenetic manipulations

To express halorhodopsin (eNpHR) or channelrhodopsin (ChR2) in D2R-expressing 

neurons, we stereotactically injected rAAV5-EF1α-DIO-eNpHR3.0-mCherry-WPRE or 

rAAV5-Ef1α-DIO-hChR2(H134R)-eYFP into the mPFC of Drd2-Cre mice. In control 

experiments in which no virus was expressed, we injected virus encoding Cre-dependent 

eNpHR into Drd2-Cre negative mice. To express halorhodopsin nonspecifically throughout 

the mPFC, we stereotactically injected rAAV5-hSyn-eNpHR3.0-mCherry-WPRE in mPFC 

of Drd2-Cre negative mice.

Virus encoding eNpHR was injected bilaterally at (in millimeters relative to Bregma) +1.7 

AP, +0.32–0.35 and –0.32–0.35 ML, with 750 nL injected at –2.25 DV and 750 nL at –2.75 

DV. In VPA mice, virus encoding ChR2 (1000 nL) was injected bilaterally at +1.7 AP, 

+0.32–0.35 and –0.32–0.35 ML, –2.25 DV. In non-VPA-exposed controls, 750 nL virus 

encoding ChR2 was injected into right mPFC (AP: +1.7 mm; ML: +0.3 mm; DV: –2.75 

mm). In all cases, immediately following viral injections, fiber optic cannulas (Doric Lenses, 

Québec City) were implanted over the injected areas with the tips at –2.25 DV. Cannulas 

were silica multimode optical fibers with a flat tip, 0.22 numerical aperture, a 200 μm core, 

240 μm outer diameter, with an outer layer of yellow polyamide buffer. Cannulas were 

affixed to the skull using Metabond dental cement (C&B). Following behavioral assays, we 

sacrificed mice and verified that virus expression and the fiber optic tips were localized 

within the mPFC.

To activate halorhodopsin (eNpHR), continuous green (532 nm) laser light was directed 

through the bilateral fiber optic at 10 mW total power (5 mW in each hemisphere). In VPA 

mice, channelrhodopsin (ChR2) was activated in bilateral mPFC using blue (473 nm) laser 

light in 5 ms square pulses at 10 Hz with total bilateral light power of 0.6 mW (0.3 mW in 

each hemisphere). In non-VPA-exposed controls, ChR2 was activated using 473 nm laser 

light in 5 ms square pulses at 10 Hz with a total unilateral light power of 2 mW.

Behavioral assays

Audio and video were recorded for offline analysis. For optogenetic experiments, animals 

performed the task two times, one week apart. Animals were randomized to receive light on 

or off during the first week and the opposite during the second week. We made within-

animal comparisons between the two trials. Animals were allowed to habituate to the fiber 

attached to their head for 10 minutes in their home cage prior to starting the trial. The laser 

was turned on and 60 seconds later a juvenile (3–4 week old) mouse of the same strain and 
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sex was introduced to the home cage. After 5 minutes, the juvenile was removed from the 

home cage and the laser turned off. After a 5 minute break, the laser was turned on again. 

After 60 seconds of light on, a novel object (typically a plastic test tube cap) was introduced 

into the home cage for five minutes. We scored videos offline, blind to genotype and 

condition (light on or off). We measured the number of seconds the mouse spent with its 

nose in direct contact with the novel object or juvenile in the 180 seconds following the time 

the juvenile or object was introduced into the cage. In addition, we noted any aggressive-

appearing behaviors toward the juvenile, freezing, and grooming behaviors. One cohort of 

VPA and saline mice was eliminated from analysis for aggressive behavior toward the 

juvenile mice. Otherwise, there were no other significant behaviors noted.

Statistical analyses

We used the “sampsizepwr” function in MATLAB to calculate sample sizes based on 

preliminary data. For electrophysiology experiments, we estimated that between autism 

models and controls, to detect a difference in action potential firing of 25% with a standard 

deviation of 10 Hz, given alpha of 0.05 and power of 0.8, we required 10 cells. For 

photometry experiments, we estimated that between VPA mice and controls, to detect a 50% 

change in plateau florescence with a standard deviation of 60%, given alpha of 0.05 and 

power of 0.8, that we would require 12 trials in each group. For behavior / optogenetics 

experiments, we estimated that between light on and light off conditions, to detect a 

difference of 20 seconds with a standard deviation of 20 seconds, given alpha of 0.05 and 

power of 0.8, we required 10 animals. We therefore tested ≥10 animals in each group. Of 

note, our sample sizes are similar to those reported previously 16,35.

For all data analyses, we used GraphPad Prism software and custom code written in matlab. 

We first measured if the data were normally distributed. If they passed the D’Agostino & 

Pearson normality test, we used parametric statistics (Welch’s t test, which does not assume 

equal standard deviations). If data did not pass the normality test, we used non-parametric 

measurements (e.g. Mann-Whitney test). All statistics were two-tailed. Using GraphPad 

QuickCalcs, we performed a Grubbs’ test (extreme studentized deviate test) to detect if our 

data sets included outliers. Based on this method, none of the data sets contained significant 

outliers. We considered p values < 0.05 to be significant. In all figures, error bars represent 

±1 standard error of the mean and * p <0.05; ** p <0.01; *** p <0.001, **** p < 0.0001. 

For plots of AP frequency vs. current steps, we used ANOVA to assess significance between 

groups. For electrophysiological recordings, data collection was not performed blind to the 

conditions of the experiments, but data analysis was. For behavioral and in vivo optogenetic 

experiments, animals were randomized by which experimental condition (light on vs. off) 

they received during the first trial, and we were blind to the experimental conditions during 

offline video scoring and data analysis.

RESULTS

In VPA mice the excitability of prefrontal L5 pyramidal neurons is abnormal

To identify possible abnormalities linked to autism in L5 of the mPFC, we first measured the 

intrinsic properties of mPFC L5 pyramidal neurons and fast-spiking interneurons in C57Bl/6 
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mice exposed to VPA or saline (SAL) in utero. In VPA-exposed mice, mPFC L5 pyramidal 

neurons tended to fire fewer action potentials in response to depolarizing current steps (Fig. 

S1, top; Table S6; SAL: n=15 cells, VPA n=19, p=0.0074, ANOVA). In contrast, the 

intrinsic properties of fast-spiking interneurons in L5 of mPFC were not different between 

VPA-exposed and control mice (Fig. S1, bottom; Table S6; SAL: n=19 cells, VPA n=16, 

p=0.51, ANOVA).

Defects in intrinsic excitability consistently occur in subcortically-projecting (SC) but not 
intratelencephalic (IT) neurons

As outlined above, deep layer pyramidal neurons in the neocortex can be distinguished 

based on their projection targets 16–19. In particular, L5 comprises subcortical (SC) 

projection neurons, which project to structures such as the MD thalamus, and 

intratelencephalic (IT) neurons, which project to the contralateral mPFC. These two 

populations can be distinguished based on their axonal targeting, intrinsic physiology, 

dendritic morphology, and synaptic connectivity. To determine whether the hypoexcitability 

we observed was generically expressed across mPFC pyramidal neurons vs. specific for a 

particular projection neuron subtype, we examined these non-overlapping (Fig. S2) neuronal 

subpopulations to evaluate their specific contributions to altered physiology in mouse 

models of autism.

To distinguish SC and IT cells in our recordings, prior to experiments we injected 

retrogradely-transported fluorescent labels into either the ipsilateral MD (to label SC cells) 

or contralateral mPFC (to label IT cells; Fig. 1A and B). In VPA-exposed mice, we found 

that SC cells exhibited reduced excitability while IT cells did not (Fig. 1C and D; Tables S1 

and S2; SC – SAL: n=22, VPA n=33, p<0.0001, ANOVA; IT – SAL: n=9, VPA n=9, p=0.89, 

ANOVA). This indicates that the decreased excitability we initially observed in unlabeled 

mPFC L5 pyramidal neurons (Fig. S1) reflects specific changes in SC neurons rather than a 

global change throughout all L5 pyramidal projection neurons. Next, as outlined in the 

Introduction, to better understand the potential significance of these physiological 

alterations, we examined whether they might be conserved across multiple models of autism.

Deficits in SC neuron excitability are conserved across multiple autism models

We measured the intrinsic physiology of mPFC L5 SC and IT neurons in CNTNAP2 KO 

mice and FMR1 KO mice to look for alterations like those found in VPA mice. We also 

studied CD1 mice exposed to VPA in utero, to confirm that the phenotype found in VPA 

C57Bl/6 mice was robust across background strains. In all four models (VPA C57Bl/6, VPA 

CD1, CNTNAP2 KO, FMR1 KO), we found that L5 SC pyramidal neurons fired 

significantly fewer action potentials in response to depolarizing current steps (Fig. 2A, Table 

S1, n=7–21 cells / group, p<0.0001–0.0057, ANOVA). In contrast, changes in the firing of 

intratelencephalic (IT) neurons were either not present or not consistent across these four 

models (Fig. 2B, Table S2, n=12–26 cells / group).

Decreased SC neuron excitability reflects decreased input resistance

To explore possible cellular mechanisms underlying the decreased action potential firing of 

SC neurons, we measured passive and active membrane properties of mPFC L5 SC and IT 
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neurons in the autism models and control mice (Tables S1 and S2). Across all four models, 

we observed decreased input resistance in L5 SC cells (Fig. 2C, Table S1). Other passive 

membrane properties (e.g. membrane time constant, capacitance, and resting membrane 

potential) were not consistently altered in SC cells (Table S1). There were no consistent 

changes in the action potential halfwidth, spike amplitude, afterhyperpolarization, or spike-

frequency adaptation in SC neurons (Fig. 2E, Tables S1 and S2), suggesting that changes in 

active conductances related to spiking do not cause the decreased firing of SC neurons we 

observed in autism models.

Changes in tonic inhibition or synaptic connectivity could potentially drive changes in input 

resistance, and altered synaptic connectivity has been reported in animal models of autism 
13,28,29. Therefore, to further explore mechanisms that could reduce the input resistance and 

excitability of SC neurons in VPA mice, we repeated our measures of passive and active 

membrane properties before and after applying blockers of excitatory and inhibitory 

synaptic transmission. Synaptic blockers did not change action potential firing or input 

resistance in SC neurons from VPA mice (Fig. S3A, n=10, p=0.66, ANOVA), suggesting 

that changes in synaptic input do not drive reduced SC neuron excitability, at least in VPA 

mice.

L5 SC neurons can be identified based on their prominent hyperpolarization-activated cation 

currents (Ih), which are mediated by hyperpolarization-activated cyclic nucleotide-gated 

(HCN) channels 16,18. In SC neurons, Ih gives rise to a characteristic “sag” and rebound 

during and following hyperpolarizing current injection. Changes in Ih can alter cellular 

excitability 30 and have been previously described for some models of autism 14,31. To test 

whether changes in Ih might cause reduced SC neuron excitability, we first estimated Ih by 

measuring the membrane potential sag and rebound elicited by a –200 pA current step (Fig. 

2D). For VPA and CNTNAP2 KO mice, there was no difference in this estimate for Ih in SC 

neurons from autism models vs. controls. Interestingly, L5 SC neurons from FMR1 KO mice 

did have significantly increased sag + rebound, relative to controls. Next, we measured the 

passive membrane properties and excitability of L5 SC neurons before and after applying the 

specific Ih antagonist, ZD7288 (25 μM). Blocking Ih increased input resistance but decreased 

action potential firing in VPA mice (Fig. S3B, n=10, p<0.0001, ANOVA). This contrasts 

with our observation that both input resistance and action potential firing were decreased in 

autism models. Finally, we estimated the resonant frequency of mPFC L5 SC pyramidal 

neurons, which is determined largely by Ih 18 and did not observe major differences between 

VPA and saline control mice (Fig. S4, SAL: n=9, VPA: n=17, p=0.2463, Mann-Whitney 

test,). These three observations suggest that at least in VPA mice, changes in Ih are not 

sufficient to explain altered SC neuron excitability.

In summary, our slice electrophysiology studies demonstrate a consistent cell subtype-

specific reduction in the excitability and input resistance of L5 SC neurons across multiple 

mouse models of autism. Of course different factors may contribute to this physiological 

abnormality in the three autism models studied here (e.g., increased Ih may be relevant in 

FMR1 KO mice). Nevertheless, the strikingly conserved nature of this specific physiological 

abnormality across diverse etiologies suggests that SC neurons may be relevant to core 

behavioral abnormalities in autism. This does not imply that SC neuron dysfunction is 
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necessarily sufficient to drive behavioral abnormalities in all cases. Furthermore, 

dysfunction of other cell types, e.g. IT neurons or GABAergic interneurons, may drive 

behavioral abnormalities in specific autism models. Nevertheless, based on our physiological 

findings, we decided to explore how SC neurons (or closely related subtypes of prefrontal 

neurons) might contribute to normal and abnormal social behavior. Specifically, we set out 

to measure the activity of specific prefrontal neurons during normal and abnormal social 

behavior using calcium imaging, and test whether optogenetic stimulation or inhibition of 

these neurons could elicit or ameliorate abnormal social behavior.

Prefrontal D2Rs are expressed in L5 SC neurons but not in L5 IT or L6 CT neurons

Studying the role of SC neurons in social behavior requires the ability to preferentially 

express genetically encoded calcium indicators and excitatory or inhibitory opsins within SC 

neurons, to monitor and manipulate their activity in a cell-type specific manner. Within 

mPFC, neurons projecting to MD thalamus are actually more prevalent in L6 than L5; thus 

using a retrograde strategy (e.g., CAV2-Cre) to target SC cells rather than IT cells (as we did 

for our slice electrophysiology experiments), would not be adequate to differentiate 

thalamically-projecting SC neurons (in L5) from corticothalamic (CT) neurons in L6. 

Previous work from our lab suggests that L5 SC neurons should be preferentially labeled by 

D2-type dopamine receptors 16. Specifically, we found that L5 SC neurons have prominent 

Ih whereas Ih is difficult to detect in L5 IT neurons 16, and L5 projection neurons with 

prominent Ih (i.e., presumed SC cells) express D2Rs whereas L5 neurons with lower Ih and 

L6 CT cells do not 16. Thus, if L5 SC neurons express D2Rs, whereas L5 IT and L6 CT 

neurons do not, then we should be able to use D2R-Cre mice to preferentially express 

GCaMP or opsins in L5 SC neurons.

To validate this strategy, we injected D2R-Cre mice with adeno associated virus (AAV) 

encoding Cre-dependent DIO-eYFP in the right mPFC. Mice were also injected with the red 

fluorescent retrograde tracer CTB in either ipsilateral MD thalamus (to label L6 CT and L5 

SC neurons) or contralateral mPFC (to label L5 IT neurons). We measured the percentage of 

L5 D2R+ cells that were also SC or IT as well as the percentage of L5 SC and IT cells that 

were D2R+. The majority of mPFC L5 SC neurons were also D2R+ whereas L5 IT neurons 

were mostly D2R negative (Fig. S5; Table S7, n=6 slices from 4 mice, p=0.0095, Mann 

Whitney test). Conversely, the vast majority of D2R+ neurons were located in L5 (not L6) 

and belonged to the SC (not IT) population (Fig. S5, Table S7). Based on these data, we 

concluded that it would be reasonable to use D2R-Cre mice to preferentially label L5 SC 

neurons (relative to L5 IT and L6 CT cells). Importantly, we also observed a smaller number 

of D2R+ cells in L2/3. This superficial population is smaller both in number and in soma 

size, suggesting it should contribute less to GCaMP signals; furthermore, for both GCaMP 

imaging and optogenetic experiments, we centered our viral injections and optical fibers 

implantations over L5 to maximize imaging / modulation of deep layer D2R+ neurons (Figs. 

3B and 5B); nevertheless, throughout the following experiments, it important to remember 

that while highly enriched for SC neurons, the mPFC D2R+ neurons we are monitoring or 

manipulating do not comprise exclusively L5 SC neurons.
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Prefrontal D2R+ cells are preferentially and persistently recruited by social exploration

To measure neuronal activity during normal social behavior, we performed bulk calcium 

imaging (also referred to as “fiber photometry” 32–35) in the mPFC of wildtype mice (Fig. 3; 

Table S3). We stereotactically injected Cre-dependent AAV encoding the calcium indicator 

GCaMP6s into the mPFC of D2R-Cre mice and implanted an optical fiber above the 

injection site. After waiting 4–5 weeks for expression, we measured GCaMP signals from 

D2R+ cells using fiber photometry at baseline and during a social exploration task. In 

contrast to D2Rs, which are preferentially expressed on L5 SC neurons, D1Rs are more 

broadly expressed throughout the mPFC, including both SC and IT cells 16,19. Therefore, as 

a comparison, we also measured GCaMP signals from D1R+ mPFC neurons using a 

separate cohort of D1R-Cre mice.

To assay social behavior, we measured the time a subject mouse spent exploring a novel 

juvenile mouse of the same sex introduced to its home cage. Separately, we measured the 

amount of time the subject mouse spent exploring a novel object introduced to its home cage 
6,35. We measured the average baseline fluorescence, then quantified the change in 

fluorescence following the introduction of the juvenile mouse or novel object. For both D2R

+ (primarily SC) and D1R+ (mixed SC and IT) mPFC neurons, we observed pronounced 

increases in fluorescence during the first interaction between the adult and juvenile or the 

novel object (Fig. 3). The increase in ΔF/F was significantly larger in the D2R population 

than the D1R population over the first 10 seconds of social interaction (n = 12/20 D1R/D2R 

recordings, p = 0.004, Mann-Whitney test). By contrast, during novel object exploration 

signals in these two populations were not significantly different (n = 12/18 D1R/D2R 

recordings, p = 0.69, Mann-Whitney test). For D2R+ neurons, the increase in fluorescence 

was greater during social exploration than novel object exploration (10.7 ± 1.5% for social 

vs. 4.7 ± 1.5% for novel object, comparing the 10 sec following the interaction to the period 

−15 to −5 sec before the interaction, n = 20/18 for social/novel; p = 0.003, Mann-Whitney 

test). In contrast, for D1R-expressing neurons, the increase in fluorescence was not 

significantly different during social and novel object exploration.

Interestingly, following the adult’s first interaction with the juvenile, there was an extended 

period (~100 seconds) during which ΔF/F in D2R-expressing neurons remained significantly 

higher than in D1R–expressing neurons (n = 12/20 D1R/D2R recordings, p = 0.012, Mann-

Whitney test). This difference did not appear during novel object exploration (n = 12/18 

D1R/D2R recordings, p = 0.85, Mann-Whitney test). To determine whether this prolonged 

“plateau” of activity was driven by (or independent of) subsequent interactions, we 

compared ΔF/F during epochs in which the adult is engaging in social or novel-object 

exploration with epochs in which the mouse is not interacting. Looking at epochs >30 

seconds after the first interaction, during the social task, ΔF/F in D2R+ neurons was not 

significantly different depending on whether the mouse was exploring or not (p = 0.77, W = 

113, Wilcoxon sign-rank test). By contrast, during the novel-object task, D2R+ neuron ΔF/F 

was significantly higher during periods of active exploration (p = 0.003, W = 11, Wilcoxon 

sign-rank text). These results show that D2R+ neurons maintain activity when the juvenile is 

present, even when the animals are not actively interacting.
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Thus, D2R+ neuron responses are greater in magnitude and duration for social exploration 

than novel object objection, and during social exploration, responses of D2R+ neurons are 

greater in magnitude and duration than those of D1R+ neurons. In other words, D2R+ 

neurons (which are highly overlapping with the SC population) are preferentially and 

persistently recruited by social exploration, whereas other populations of mPFC neurons 

(D1R+ neurons) are not.

The recruitment of mPFC D2R+ neurons by social exploration is abnormal in VPA mice

To confirm that the prolonged GCaMP signal observed in D2R+ neurons following an initial 

social interaction reflects neuronal activity, not just GCaMP kinetics, we repeated the 

experiment in saline-exposed (control) mice using the genetically encoded calcium indicator 

GCaMP6f, which has faster kinetics than GCaMP6s 36. Once again, in control mice, 

GCaMP signals from mPFC D2R+ cells exhibited a prolonged elevation that lasted ~100 

seconds after an initial social interaction (Fig. 4) and did not occur following novel object 

exploration.

Given that SC cells, which comprise the bulk of mPFC D2R+ neurons, have abnormal 

excitability in multiple autism models (Fig. 2), we wondered whether social exploration-

driven signals from D2R+ neurons would be altered in an autism model. We specifically 

decided to explore this question using VPA mice, simply because in the assay described 

above, we observed decreased social exploration for VPA mice, but not CNTNAP2 or FMR1 

KO mice (Fig. S6). We exposed D2R-Cre mice to VPA or saline in utero, then performed 

fiber photometry to measure GCaMP6f signals from mPFC D2R+ neurons. VPA mice did 

exhibit a transient increase in GCaMP signal when they first sniffed the novel juvenile, but 

instead of a persistent elevation, this signal rapidly decayed back to baseline (Fig. 4; Table 

S4, n=28/18 VPA/SAL recordings, p=0.0001, Mann-Whitney test). Thus, prefrontal D2R+ 

neurons, which are preferentially recruited by social exploration, exhibit abnormal 

recruitment during social exploration in VPA mice.

Optogenetic manipulations of D2R+ neurons bidirectionally modulate social behavior

To test whether D2R+ neurons play a causal role in normal or abnormal social behavior, we 

stereotactically injected AAV into mPFC to drive Cre-dependent expression of the inhibitory 

opsin halorhodopsin (eNpHR) or the excitatory opsin channelrhodopsin (ChR2) in D2R-Cre 

mice exposed to VPA in utero or control (not VPA-exposed) mice, and implanted fiber optic 

cannulas. We then selectively inhibited or excited D2R+ prefrontal neurons during social 

exploration and novel object exploration. For each mouse, we performed the assay two times 

(separated by at least 6 days), once in the presence and once in the absence of light 

stimulation; the order of experiments (light on or off) was randomized and counterbalanced 

across mice, and we performed within mouse comparisons. Importantly, the amount of time 

an individual mouse engages in social exploration is highly variable35 and depends on many 

aspects of the housing and testing conditions. Therefore, comparisons between different 

groups of mice should only be made when those two groups were adequately powered and 

closely matched, i.e., bred, housed, and tested at the same time under identical conditions. 

This was the case, for example, when we compared social exploration in VPA and saline 

mice (Fig. S6), but was not the case for the different groups shown in Fig. 5, which were 
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often tested several months apart. Photometry experiments in VPA and saline mice (Fig. 4) 

also used mice that were bred, housed, and tested concurrently.

In VPA mice, optogenetic inhibition of mPFC SC neurons increased social interaction (the 

amount of time VPA mice spend exploring novel juvenile mice) by >20%, but had no 

significant effect on novel object exploration (Fig. 5, Table S5, n=10, p=0.03, Welch’s two-

tailed t test). In control mice, we observed no increase in social behavior following 

optogenetic inhibition of mPFC D2R+ cells (n=11, p=0.30, Welch’s two-tailed t test). This 

suggests that the pro-social effects of inhibiting D2R-expressing mPFC neurons reflect the 

suppression of abnormal activity that is present in VPA-exposed mice but not in controls. 

Furthermore, VPA mice in which halorhodopsin was broadly expressed in the mPFC using 

the pan-neuronal promoter synapsin exhibited no enhancement of social or novel object 

exploration between light on and off conditions; in fact, social exploration was decreased in 

these animals (Fig. 5, Table S5, n=11, p=0.03, Welch’s two tailed t test). This shows that in 

VPA mice, the pro-social effects of optogenetic inhibition in the mPFC are cell-subtype 

specific and do not generalize to nonspecific inhibition. Conversely, in both control and VPA 

mice, acute optogenetic stimulation at 10 Hz using ChR2 in D2R-Cre mice decreased social 

exploration and tended to increase novel object exploration (though changes in novel object 

exploration did not reach statistical significance). Thus, consistent with our hypothesis, 

optogenetic manipulations that target a specific population of D2R+ neurons can elicit social 

deficits in control mice, and exacerbate (stimulation) or ameliorate (inhibition) social 

deficits in a mouse model of autism.

DISCUSSION

Deep layer (L5/6) projection neurons within PFC represent the strongest locus for genetic 

convergence in autism 7, but specific abnormalities within these neurons that contribute to 

abnormal behavior in autism have been elusive. Here we identified a specific subtype of 

deep layer prefrontal projection neurons – SC neurons – that exhibit conserved abnormalities 

(reduced input resistance and excitability) across multiple models of autism. Then we 

showed that prefrontal D2R+ neurons are preferentially recruited during normal social 

behavior, abnormally recruited by social behavior in a mouse model of autism, and can be 

targeted to either reproduce, exacerbate, or ameliorate autism-associated social deficits. As 

noted above, in the mPFC, the D2R+ and SC neuron populations are largely overlapping; 

our optical fibers targeted the deep prefrontal layers, where D2R expression is largely 

confined to SC neurons, and most SC neurons are D2R+.

Three aspects of these results are particularly noteworthy. First, they suggest that 

abnormalities in prefrontal SC neurons are likely present in many forms of autism. Second, 

prefrontal D2R+ neurons are more strongly recruited by social than novel object exploration, 

and stimulating these neurons elicits distinct effects on social vs. novel object exploration, 

suggesting that D2R+ neurons play some kind of specific role in social interaction as 

opposed to a generic role in all exploratory behaviors. Third, inhibiting prefrontal D2R+ 

neurons improved social behavior in VPA mice, whereas nonspecific inhibition of prefrontal 

neurons did not. Taken together, these results suggest that abnormalities in SC / D2R+ 
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neurons in mPFC may contribute to social deficits in autism, and conversely that targeting 

these cells may be a particularly effective way to ameliorate those deficits.

Caveats and future directions

Even though SC neuron hypoexcitability occurs in VPA mice, FMR1 KO mice, and 

CNTNAP2 KO mice, we did not observe deficits in our social exploration assay for FMR1 
or CNTNAP2 KO mice (Fig. S6). This suggests that SC neuron abnormalities do not 

invariably drive social deficits under all conditions. Additional abnormalities present in VPA 

mice may contribute to social deficits. Alternatively, compensations present in FMR1 or 

CNTNAP2 KO mice may prevent the emergence of SC neuron-induced social deficits in this 

particular assay. In other words, while abnormalities in prefrontal SC / D2R+ neurons may 

be one mechanism contributing to social deficits in autism, other factors must also play key 

roles.

Although prefrontal SC / D2R+ neurons seem to be abnormal in autism models and involved 

in social behavior, we have not identified a simple monotonic relationship between activity 

in SC / D2R+ neurons and behavior. That is, in autism models, SC neurons are 

hypoexcitable and D2R+ neurons are less active during social behavior in VPA mice. 

However, inhibiting D2R+ neurons in VPA mice increases social exploration. This argues 

against a simple model in which higher or lower SC neuron activity drives increased or 

decreased social interaction. This is not surprising given that neurons in the mPFC typically 

exhibit complex firing patterns that reflect the conjunction of multiple task-relevant stimuli 

and parameters 37–39. Thus a more conservative interpretation that is consistent with our 

observations and the complexity of prefrontal circuits is as follows: in VPA mice, the 

encoding of social interactions is altered in mPFC D2R+ neurons, and suppressing the 

abnormal activity of this neuronal population enhances social behavior; the hypoexcitability 

of SC neurons is likely related to this abnormal in vivo activity, though the exact nature of 

this relationship (contributory vs. compensatory vs. other) remains unknown.

We have not determined the precise cellular mechanisms which drive reduced SC neuron 

excitability and input resistance. At least in VPA mice, these do not appear to involve HCN 

channels or synaptic transmission. Rather than drilling further into these mechanisms, we 

chose to investigate how a closely related population of prefrontal neurons (D2R+ neurons) 

contribute to social behavior in vivo. Future work, beyond the scope of the current study, 

will pinpoint the ionic or structural basis for altered SC neuron physiology.

In behavioral studies we used D2R-Cre mice and the placement of our optical fibers to 

preferentially target L5 SC neurons. However, D2Rs are expressed not only by L5 SC 

neurons but also by L2/3 neurons (Fig. S5) and some interneurons 40. As such, our 

experiments surely included other populations of D2R+ neurons. Thus, our results – that 

prefrontal D2R+ neurons are preferentially recruited by social exploration (unlike D1R+ 

neurons), and can be targeted to improve social exploration in VPA mice (whereas 

nonspecific targeting of mPFC neurons is ineffective) – represent valuable starting points for 

the field. But it will be important for future studies, using improved methods for labeling 

specific neuronal populations, to clarify exactly how SC neurons vs. other D2R+ populations 
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contribute to the GCaMP signals and behavioral effects of optogenetic manipulations 

observed here.

Our behavioral measures do not capture all of the nuances of what is already a highly 

simplified social assay. Nevertheless, this experimental paradigm does highlight deficits in 

social interest, a core challenge for many people with autism. Finally, our optogenetic and 

calcium imaging studies targeted both prelimbic (PL) and infralimbic (IL) cortices. As 

differences have been observed between PL and IL in terms of connectivity and roles in 

behavior 41, future studies which selectively target PL or IL may refine our results.

The mPFC and MD thalamus in autism

The mPFC shares rich reciprocal connections with the MD thalamus 42–47, a region 

implicated in learning and memory, cognitive flexibility, and corollary discharge 48–54. 

Several pieces of evidence suggest that changes in thalamic volume 55,56 as well as changes 

in the structural 10,11,57 and functional 11 connectivity between PFC and MD occur in human 

autism. Thus, the electrophysiological changes we observed in mPFC SC neurons represent 

a potential mechanism for decreases in PFC-MD functional connectivity associated with 

human autism.

Relationship to the excitatory/inhibitory imbalance hypothesis of autism

A prominent hypothesis is that an excess of excitatory neuronal activity relative to neuronal 

inhibition (“E/I imbalance”) leads to the core clinical features of autism along with 

associated findings such as hyperactivity, epileptiform activity, and epilepsy 58,59. One 

straightforward prediction based on this hypothesis is that pyramidal neurons should be 

hyperexcitable in mouse models of autism compared to controls 14,60. In contrast, the 

electrophysiology data presented here suggest that in the autism models we studied, mPFC 

L5 SC neurons are intrinsically hypoexcitable due to a reduction in their input resistance. A 

key caveat is that the intrinsic hypoexcitability we found should not be interpreted in 

isolation. Specifically, we do not know, for example, whether L5 SC neurons receive 

excessive excitatory synaptic input, which outweighs their intrinsic hypoexcitability; indeed, 

intrinsic hypoexcitability may represent a compensation for synaptic or circuit-level 

abnormalities.

Relationship to previous physiological studies

Changes in the electrophysiological properties and synaptic connectivity of L5 neocortical 

pyramidal neurons have been demonstrated in individual rodent models of autism 13–15,28,61, 

with diverse results. For example, in FMR1 KO mice, somatosensory cortex L5 pyramidal 

neurons had deficits in dendritic but not somatic excitability; this was related to changes in 

dendritic Ih 61. In this same model, prefrontal L5 PT neurons had normal somatic input 

resistance, but displayed decreased Ih at the soma and dendrites 14. In juvenile VPA mice, L5 

neurons did not have altered intrinsic membrane properties, but had higher probability of 

local synaptic connections; these connections were weaker than in control mice 13. Of note, 

these changes were observed in L5 neurons which, like SC neurons, had thick apical tufts. 

This implies that electrophysiological defects start early in development and persist into 

adulthood. In a conditional MET knockout model, frontal L5 corticostriatal (but not 
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corticopontine) neurons received increased local inputs but did not differ in their intrinsic 

electrophysiological properties 15. In MECP2 knockout mice, primary somatosensory cortex 

L5 pyramidal neurons had decreased spontaneous firing rates, but did not differ in their 

intrinsic properties compared to wildtype controls 62. In addition to this literature examining 

cortical changes in individual autism models, extensive work has been done examining the 

changes in the electrophysiological properties of hippocampal neurons and other subcortical 

structures in individual autism models 63. Our study also builds upon others that have 

examined electrophysiological abnormalities associated with autism in more than one animal 

model 64,65.

Importantly, a previous study used optogenetic stimulation in the mPFC to disrupt social 

behavior in wild-type mice and showed that this effect was ameliorated by the concomitant 

stimulation of interneurons 6. Whereas that study mitigated social deficits that were induced 

by optogenetic excitation in wild-type mice, here we use a cell-type specific optogenetic 

manipulation to rescue social deficits in an established mouse model of autism.

Conclusion

Despite limitations, we have demonstrated that a specific population of mPFC neurons 

exhibits a consistent physiological defect across multiple models of autism, and linked a 

highly overlapping population to both normal social behavior and social deficits in an animal 

of autism. These findings identify specific circuits within the mPFC as potential therapeutic 

target for social deficits, a core symptom of autism for which there are no current medical 

treatments. Elucidating pathways that are either upstream of autism-associated abnormalities 

in subcortically projecting mPFC neurons or downstream of their synaptic targets, and/or 

devising additional ways (besides D2R-expression) to preferentially target these neurons 

may lead to novel circuit-based approaches for understanding and treating the social deficits 

at the heart of this disorder.
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Figure 1. Prenatal VPA exposure causes deficits in the excitability of mPFC L5 subcortical 
projection (SC) pyramidal neurons.
A. Retrograde labeling of mPFC L5 SC cells by injection of CTB in ipsilateral mediodorsal 

(MD) thalamus and labeling of mPFC L5 intratelencephalic projection (IT) neurons by 

injection of CTB in contralateral mPFC. B. Photomicrographs of injection sites (top, 2x 

magnification) and labeled cells (bottom, arrowheads). Scale bars = 1 mm and 100 μm. C 
and D. Current clamp recordings from VPA exposed (purple) and saline control mice (black) 

in response to current steps in mPFC L5 SC (C) and IT (D) neurons. Examples show 
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responses to −50 and +200 pA steps. Scale bars = 200 ms, 20 mV. VPA = Valproic Acid, 

SAL = saline control. PL, Prelimbic cortex. IL, Infralimbic cortex.
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Figure 2. Prenatal VPA exposure, FMR1 KO, and CNTNAP2 KO all cause a deficit in the 
excitability of mPFC L5 subcortical projection (SC) pyramidal neurons, which is associated with 
decreased input resistance.
A. In mPFC L5 SC neurons, action potential (AP) frequency in response to current injection 

in autism models (colored circles) compared to controls (black). Background strains are 

shown in parentheses. B. Same as A, but in IT neurons. C, Input resistance in autism models 

and controls calculated based on the voltage deflection to a −50 pA current step. Scale bar: 2 

mV, 50 pA, 200 ms. D, H current in autism models and controls estimated by the sum of the 

sag and rebound voltage deflections in response to a −200 pA current step. Scale bar: 2 mV, 
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250 pA, 500 ms. E, Action potential threshold, halfwidth, and spike frequency adaptation in 

autism models and controls. ISI: interspike interval. Scale bar: = 500 ms, 50 mV.VPA = 

Valproic Acid, SAL = saline control, KO = knockout, HET = heterozygote, WT = wild type. 

PL, Prelimbic cortex. IL, Infralimbic cortex. For C57Bl/6 VPA & SAL, f/i curves (A, B) and 

input resistance bar graph (C) are re-presented from Fig. 1.
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Figure 3. mPFC D2R+ neurons are persistently activated during social exploration.
Fluorescence in D2R and D1R expressing cells expressing GCaMP6s during social and 

novel object exploration in wildtype mice. A. Fiber optic implant location for imaging. B. 
Photomicrograph of fiber tip location (arrowheads) relative to Cre-dependent GCaMP6 

expression in mPFC. Scale bar = 100 μm. C. Home cage social exploration (top) and novel 

object exploration (bottom) assays. D. Left, ΔF/F averaged across mice during social 

behavior in D1R and D2R-expressing neurons. Right, Quantification of ΔF/F0 peak and 

plateau (at +60 seconds averaged over a 20 second window). E. ΔF/F0 averaged across mice 

during novel object exploration, with quantifications as in D.
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Figure 4. In VPA mice, mPFC D2R-expressing cells are abnormally activated during social 
exploration.
mPFC D2R-GCaMP6f fiber photometry during social (top) or novel object (bottom) 

exploration in C57Bl/6 VPA mice (purple) or saline controls (black). A. Experimental 

paradigm. B. Average GCaMP6f fluorescence during home cage social (top) or novel object 

(bottom) exploration assay with the first sniff occurring at t = 0 seconds. C. Peak 

fluorescence changes (areas bracketed in B) on an expanded time scale. Scale bars = 0.01%, 

10 seconds. Dotted line denotes t = 0 s. D. Quantification of peak change in fluorescence 

following initial sniff and the amplitude of the plateau fluorescence (the mean at t = +60 

seconds averaged over a 20 second window).
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Figure 5. Acute optogenetic manipulation of D2R-expressing neurons in the mPFC 
bidirectionally modulates social exploration behavior in VPA mice.
A. Home cage social and novel object exploration assay coupled with acute optogenetic 

activation (ChR2) or inactivation (eNpHR) of specific neuronal populations. B. 
Photomicrograph of fiber tip locations (arrowheads) within bilateral mPFC relative to 

expression of the fluorescently tagged opsin (in this case, driven by the synapsin promoter). 

Scale bar = 500 μm. C. In wildtype (left) and VPA (right) mice, acute optogenetic activation 

(ChR2, yellow) and inactivation (eNpHR, red) of specific mPFC neuron populations during 

social exploration (top) and novel object exploration (bottom). Each mouse performed the 

tasks twice, one week apart: once with light ON and once with light OFF. All manipulations 

were bilateral except for ChR2 stimulation in control mice, which was unilateral. PL, 

Prelimbic cortex. IL, Infralimbic cortex.
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