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SUMMARY

Dopamine hypothesis has been proposed as a mechanism of autism spectrum disorder (ASD), a neurodeve-
lopmental disorder closely associated with genetic mutations. Loss-of-function mutation of SCN2A, which
encodes the voltage-gated Na* channel Nay1.2, is a high risk factor for autism, but whether its pathogenesis
is attributable to dopamine system dysfunction remains unclear. Here, we found that Scn2a is the predom-
inant isoform and contributes largely to Na* currents along the somato-axonal axis of dopaminergic neurons
(DANSs) in mouse ventral tegmental area (VTA). Complete deletion of Scn2a in VTA DANs reduces their spiking
activity and dopamine release, leading to hyperactivity, impaired sociability, and insufficient anxiety. Similar
alterations were observed in Scn2a heterozygous mice. Importantly, acute treatment with levodopa alleviates
non-motor behavior deficits. Together, the results reveal that Scn2a loss in VTA DANs alone causes autistic-
like behaviors through a dopamine-hypofunction mechanism and also provide a possible pharmacotherapy

through dopamine replacement for ASD with SCN2A mutations.

INTRODUCTION

Autism spectrum disorder (ASD) is an aberrant neurodevelopmen-
tal condition characterized by impairments in sociability and
restricted/repetitive behaviors."® There is currently no available
pharmacological treatment proven effective for the core symp-
toms, largely due to the lack of clear molecular, cellular, and circuit
mechanisms of pathogenesis. Malfunction of the dopamine sys-
tem has been observed in individuals with ASD, such as lower ac-
tivity of dopamine synthesis and aberrant connectivity of the mes-
olimbic reward pathway.> In ASD mouse models, altered
synaptic inputs on dopaminergic neurons (DANSs) in the ventral
tegmental area (VTA) could cause social deficits.® Previous
studies through genetic manipulation also reported a causal link
of the spiking activity of VTA DANSs to sociability, including social
interactions and social novelty preference.”*"'° However, whether
pathological alterations of VTA DAN activity directly cause
autistic-like behaviors remains unclear.

Previous studies revealed a strong association of ASD with de
novo gene mutations, most of which are closely linked to the
modulation or formation of synapses.''™'® Another important
class of genes are those regulating neuronal signal generation
and excitability, including SCN2A, which encodes the a-subunit
of voltage-gated Na* channel (Nay) 1.2, an isoform critical for ac-
tion potential (AP) generation and propagation in many types of
neurons.'%2® SCN2A loss-of-function mutations are a high risk
factor for ASD and intellectual disability.*>° Loss of Scn2a in
mice, however, shows a cell-type-specific effect on neuronal
excitability. Consistent with the role of Nay1.2 in AP generation,
Scn2a knockdown in olfactory granule cells and heterozygous
loss in cerebellar granule cells reduce neuronal spiking activ-
ity.'®%2% In contrast, homozygous loss of Scn2a in cortical py-
ramidal cells (PCs) and severe knockdown via gene-trap in stria-
tal spiny projection neurons (SPNs) lead to a counterintuitive
increase in neuronal excitability.?>*® At the behavior level,
Scn2a-haploinsufficient mice exhibit abnormal behaviors such
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as hyperactivity and insufficient anxiety, as well as an increase in
social preference that seems contrary to common ASD pheno-
types.?’°° To dissect the mechanism of the pathogenesis, pre-
vious studies selectively deleted Scn2a from neurons in the
medial prefrontal cortex (mPFC), a cortical region involved in so-
cial interaction and decision making.?®*"*? Nonspecific Scn2a
deletion partially reproduced the behavior manifestations of the
haploinsufficient mice, such as the increased preference for so-
cial stimuli.>”?>*? Therefore, the specific brain region and cell
type that mediate the core symptoms of ASD associated with
SCNZ2A loss of function remain to be explored. Previous immu-
nostaining experiments revealed an expression of Nay1.2 at
the axon initial segment (AIS) of midbrain DANs'?; we therefore
focus on the role of Nay1.2 in the control of DAN excitability
and ASD-related behaviors.

We show that a selective deletion of Scn2a from VTA DANs
substantially reduces somatic and axonal Na* currents and
consequently decreases neuronal excitability and dopamine
release at the nucleus accumbens (NAc). In Scn2a-heterozygous
mice, we also observed reductions in spiking activity of VTA
DANs and dopamine release, together with autistic-like behav-
iors. Importantly, levodopa treatment can rescue the dopamine
hypofunction and behavior deficits, suggesting a possible phar-
macological treatment for ASD patients with SCN2A deficiency
and those with dopamine system hypofunction.

RESULTS

Nay1.2 is the prevailing Na* channel subtype in

VTA DANs

To examine the molecular identity of voltage-dependent Na*
channels expressed by midbrain DANs, we performed
quadruple staining with tyrosine hydroxylase (TH) antibody,
DAPI, and RNAscope probes of Na* channel isoforms (two
at a time, see STAR Methods) in coronal midbrain sections
from adult mice (Figures 1A, S1A, and S1B). TH-immunoactive
cells were considered as DANs. Among the eight isoforms
examined (skeletal muscular Scn4a for Nay1.4 was not
included), Scn5a (Nay1.5, mainly cardiac), Scn10a (Nay1.8),
and Scniia (Nay1.9) exhibited minimal detectability in VTA
DANSs, consistent with their predominant expression in the pe-
ripheral nervous system. In the rest of the channel isoforms,
the expression levels of Scn2a and Scn3a were much higher
than those of other three isoforms (Scnia, Scn8a, and
Scn9a). Scn2a showed the strongest positive correlation with
the sectional area of the soma among all isoforms, suggesting
that Scn2a is intensively and widely expressed in DANs
(Figures 1B, 1C, and S1C). Positive correlations were also
observed in some other channel isoforms, including Scn8a,
which is strongly expressed by cortical PCs'®*® but with
much fewer particles per cell.

Next, we examined the distribution pattern of Nay1.2 in VTA
DANs across developmental stages. Immunostaining of Nay1.2
in neonatal, juvenile, and adult midbrain tissue revealed that
Nay1.2 accumulates at the ankyrin-G (AnkG)-labeled AIS
(Figure S1D). We then employed the CRISPR-Cas9 strategy to
delete Scn2a from VTA DANs in 4-week-old mice, allowing ex-
amination of the antibody specificity and later the functional roles
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of Nay1.2. Specifically, we injected an adeno-associated virus
(AAV) carrying three different single-guide RNAs targeting
mouse Scn2a (AAV-gRNA-EGFP, Figure 1D) to the left VTA of
Dat®®::Cas9" mice. In these mice, Cas9 was only expressed
by dopamine transporter (Dat)-positive neurons (i.e., DANs)
labeled by tdTomato. Four weeks after virus injection, we de-
tected Nay1.2 immunosignals at the AIS in the contralateral
side but not ipsilateral VTA with virus infection (Figures 1E and
1F). Positive control experiments in mPFC PCs also showed no
Nay 1.2 immunosignals at the AIS after Scn2a deletion in Thy1*
neurons (Figures S2A-S2C).%*

Scn2a loss reduces excitability and AP propagation

Our experiments revealed hyperexcitability in layer-5 Thy1* neu-
rons of the mPFC after Scn2a deletion (Figures S2D-S2J), in
agreement with previous findings.?® To examine whether similar
effects would occur in VTA DANs, we performed whole-cell re-
cordings from tdTomato*/EGFP* neurons in Dat°®:Cas9"
mice (Figures 2A-2C). The viruses with gRNAs were employed
to delete Scn2a, whereas those with gRNAs omitted (AgRNA)
or scrambled (scram) were taken as controls. Neighboring neu-
rons expressing tdTomato alone (i.e., Dat* neurons without virus
infection) were also recorded as an additional control.

Consistent with previous studies,**” VTA DANs in acute
midbrain slices showed spontaneous firing. The average firing
frequency and the percentage of cells with spontaneous activity
in gRNA DANs were significantly lower than those of controls
(Figures 2D and 2E). Next, we investigated the contribution of
Nay1.2 to neuronal responsiveness to current pulse stimula-
tions. Scn2a deletion caused a dramatic reduction in spiking re-
sponses (Figures 2F-2H). Surprisingly, we observed a subpop-
ulation of “silent” gRNA DANSs (17.1%, n = 82) in which current
pulses (up to 1 nA) could not evoke any AP at —60 mV. APs in
gRNA DANs showed a substantial increase in voltage threshold
but a decrease in peak amplitude (Figures 21 and 2J). Scn2a
deletion reduced the maximal depolarizing rate of the two AP
waveform components, AIS potential and somatodendritic
(SD) potential, suggesting an important role of Nay1.2 in AP
generation at both compartments (Figures 21 and 2J). In
contrast, the AP half-width showed no significant change, and
the maximal repolarizing slope was only slightly decreased after
Scn2a deletion (QRNA —73.6 +2.7 V/svs. Dat" —84.1 +3.4,p =
0.011; gRNA vs.scram —82.7 + 3.1, p = 0.033; gRNA vs. AgRNA
—80.4 + 3.0, p = 0.059, Kruskal-Wallis test), suggesting a minor
change in voltage-dependent K* conductances.

To examine whether the varying degrees of effects result from
compensatory expression of other Nay channel isoforms or
incomplete deletion of Scn2a, we employed the Scn2a floxed
mice (Scn2a™™ with virus injection (control: AAV-TH-EGFP;
cKO: AAV-TH-Cre-EGFP) in VTA to allow selective Cre expres-
sion and Scn2a conditional knockout (cKO) from Th* (EGFP*)
cells (Figure S3). Consistent with the low cell specificity of the
Th promotor,®® only 44.7% of EGFP* cells in the VTA were
DANSs; however, viruses effectively infected the DAN population,
with 68.6% of TH-immunopositive DANs co-expressing EGFP
(Figures S3A and S3B). We observed a dramatic decrease in
Scn2a particles, but no significant or minor changes in other
Nay isoforms, suggesting negligible compensation (Figures S3C
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(A) Left, quadruple staining of Nay isoforms (in situ hybridization), TH (immunostaining), and DAPI in WT mouse midbrain sections. Images are shown in single z
plane. Right, magnification of the dashed boxes with maximum intensity projection.

(B) Quantification of MRNA particle numbers in TH-positive cells.

(C) Plots of particle numbers versus soma sectional area. Linear regression fits are shown.

(D) Schematic of CRISPR/Cas9-mediated Scn2a deletion in VTA Dat* cells. AAV viruses were injected to the left VTA, with the contralateral side serving as a
control.

(E) Immunostaining of Nay1.2 and AnkG in VTA sections. White and hollow arrowheads indicate AIS with and without Nay 1.2 signals, respectively.

(F) Group data.

For all figures, data are represented as mean + SEM and the significance levels of statistic comparisons are presented as ns (non-significant) and asterisks

(*p < 0.05, **p < 0.01, **p < 0.001).
See also Figure S1.

and S3D). Whole-cell recording revealed a counterintuitive phe-
nomenon in EGFP* non-DANSs: their spiking responses to large
current steps showed an increase rather than a decrease
(Figures S3K and S3L). In contrast, Scn2a-cKO DANs showed de-
creases in spiking activity and alterations in AP waveform compa-
rable to those of gRNA DANs (Figures S3E-S3J and S4), suggest-
ing a similar loss of Scn2a with the two different gene KO
strategies. We further sequenced the gRNA-targeted region of
Scn2a using single-cell patch sequencing and observed indels
in all examined gRNA DANs, with an estimated KO efficiency of
92.3% (n = 6, Figure S4A-S4C). Together, these results suggest

high gene editing and deletion efficiency of the CRISPR-Cas9
system.

Considering the critical role of Scn8a in AP initiation in neocor-
tical PCs'®'® and its presence in DANs (Figures 1A-1C), we also
examined the contribution of Scn8a to spontaneous firing and
spiking responses in VTA DANs. In Scn8a KO (Scn8ak®)
mice,*® we found no detectable changes in the spontaneous
firing rate, the AP voltage threshold, or waveform, but there
was a slight decrease in the frequency of repetitive spiking
(Figure S5), suggesting a minor contribution of Scn8a to DAN
excitability.
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Figure 2. Scn2a loss reduces spontaneous firing and alters AP waveform in VTA DANs
(A) Experimental paradigm for Scn2a deletion in VTA DANSs.

(B) Post hoc staining (avidin and TH-antibody) of recorded EGFP*/tdTomato™ DANSs in a coronal VTA slice. Arrowheads denote cells exhibiting quadruple positive

fluorescence.
(C) Location of the recorded DANs. Red, gRNA DANs without evoked AP.
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The failure of AP generation in silent DANs may suggest an
exclusive expression of Scn2a. However, an initial low-amplitude
spikelet could be detected (Figures 2F and 2G), possibly due to
the activation of somatic A-type K* currents that prevents AP
backpropagation from the AIS. Indeed, when the membrane po-
tential was depolarized to between —45 and —50 mV to inacti-
vate these K* currents,*®*! most silent neurons could success-
fully generate the initial AP but still failed to discharge repetitively
(Figure 2G). To examine whether Scn2a deletion from DANs af-
fects AP conduction along the somato-axonal axis, we next per-
formed dual recordings from the soma and its axonal bleb. In si-
lent neurons at —60 mV, axonal APs could be successfully
evoked with axonal stimulation at 15 Hz but could not generate
any full APs at the soma (Figures 2K and 2L). For gRNA DANs
that could generate repetitive somatic APs, we observed AP
backpropagation with a reduced probability at a more depolar-
ized membrane potential (Figures 2M and 2N), suggesting a
functional segregation between SD and axonal compartments.
To investigate the orthodromic conduction of APs, we performed
dual recordings from cells with relatively longer axons. Because
the background EGFP/tdTomato fluorescence prevents tracing
of long axons, we employed Scn2a™™ mice with AAV-TH-EGFP
or AAV-TH-Cre-EGFP injections to VTA (Figure S6), leaving the
red channel for axon tracing. Again, the success rate of AP back-
propagation was largely reduced at 15 Hz in Scn2a-cKO DANs
(Figures S6A-S6D). Although APs could faithfully propagate to
the axon bleb with somatic stimulation in DANs, the normalized
axonal AP amplitude (i.e., axon/soma) was significantly reduced
(Figures S6E-S6G).

Together, these results reveal important roles of Nay1.2 in
regulating both spontaneous firing and neuronal responsiveness
to stimulation. Moreover, Nay1.2 also ensures AP backpropaga-
tion and conduction along DAN axons. Loss of Nay1.2 not only
reduces spiking activity but also leads to a functional segrega-
tion between the SD and axonal compartments.

Nay1.2 contributes significantly to somatic and axonal
Na* currents

To further examine the distribution of Nay 1.2 along the somato-
axonal axis of VTA DANs and its contribution to Na* currents, we
performed patch-clamp recordings from nucleated patches
excised from the soma and blebs from the axon, including those
formed at the axon trunk in VTA and the axon terminal branches

¢? CellPress

in NAc (Figure 3). In somatic nucleated patches obtained from
tdTomato*/EGFP* DANs of Dat°®:Cas9" mice (Figures 3A-
3D), we observed a dramatic reduction of Na* currents after
Scn2a deletion. The peak amplitude in gRNA DANs (88.0 =
16.7 pA, n = 11) was significantly smaller than that in AgRNA
DANs (147.9 + 21.3, n = 10, p = 0.030, Mann-Whitney test).
Calculation of the Na* channel density revealed a reduction
by 46.1%.

We obtained recordings from isolated axonal blebs to avoid
the space clamp problem (Figure 3E, see STAR Methods).* In
axon-trunk blebs in VTA, a drastic reduction in Na* currents
was observed in gRNA DANs (449 + 36 pA, n = 9; AgRNA
1,227 + 93, n = 8, p < 0.0001, unpaired t test; Figures 3F and
3G), reflecting a channel density reduction by 68.7%. No signif-
icant change in either the half-activation voltage (V4,,) or the
slope of activation curve was detected (Figures 3H-3J). Blebs
of axon terminal branches in NAc also produced large Na* cur-
rents, which were significantly reduced after Scn2a loss (AgRNA
729 + 74 pA, n = 6; gRNA 347 £ 57, n =7, p = 0.002, unpaired t
test; Figures 3F and 3G), with a reduction in channel density by
37.3%. Unlike Na* currents in the axon trunk, a significant depo-
larizing shift of the activation V4,, was observed (Figure 3I).

Together, these results show that Scn2a deletion dramatically
reduces Na* currents in VTA DANs. Notably, Scn2a deletion
causes a much greater reduction of axon-trunk Na* currents,
which aligns well with the impaired AP conduction along the
axon. The residual Na* currents observed in both somatic and
axonal compartments could be attributable to the activation of
other channel subtypes.

Scn2a loss severely decreases dopamine release from
DAN axons

The dramatic reduction in Na* currents and spiking activity of
VTA DANs after Scn2a loss may have profound impacts on
dopamine release downstream. To detect dopamine signals,
we expressed a red fluorescent dopamine sensor rDA3m (D1 re-
ceptor based) at the NAc.** We employed the Scn2a™™ mice to
leave the red fluorescent channel for dopamine imaging and
the green channel for the identification of DANSs.

Dopamine release at the axon terminals largely depends on
the generation of APs, which can be either the arrival of APs initi-
ated at the AIS or the activation of nicotinic acetylcholine recep-
tors (NAChRs) on axon terminals.**™*° In coronal NAc slices

D) Example spontaneous firing.

E) Group data comparing the rate (left) and the percentage (right) of DANs with spontaneous firing.
F) Representative voltage responses to 500-ms step current injections (at ~—60 mV). Note the failure of AP generation in gRNA cell 2.

H) Left, F-/ curves (two-way ANOVA). Right, percentage of neurons capable or incapable (red) of AP generation.

(
(
(
(G) Left, an example silent gRNA neuron showing a small spikelet at —60 mV but a full spike at —45 mV. Right, percentages of silent neurons at —60 and —45 mV.
(
(

1) Superimposed APs evoked at rheobase and their phase plots.

(J) Group data of AP parameters. Dat* n = 27 cells from 9 mice, gRNA n = 67 cells from 15 mice, scram n = 22 cells from 4 mice, AGRNA n = 30 cells from 6 mice.

Kruskal-Wallis test.

(K) Avidin staining of a recorded EGFP*/tdTomato* DAN (filled with Alexa Fluor 555 during recording). Arrowhead indicates its axon bleb.
(L) Dual soma-axon recording to examine AP backpropagation toward the somatodendritic (SD) compartment. Right, example voltage responses at —60 mV of a

silent gRNA neuron to a train of 2-ms pulse stimulation at the bleb.

(M) Left, example dual recordings showing much severe AP backpropagation failure in the gRNA DAN. Right, voltage waveforms (dashed box) and their phase
plots. Note the waveform difference between the full AP and the spikelet (without SD potential, light gray).
(N) Comparing the probability of the occurrence of full AP at the soma. AgRNA n = 12 from 4 mice, gRNA n = 5 from 2 mice, Mann-Whitney test.

See also Figures S2-S6.
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Figure 3. Scn2a loss dramatically reduces Na* currents along the somato-axonal axis of VTA DANs

(A) Top, schematic of recording from a nucleated patch excised from the soma. Bottom, representative images showing whole-cell recording and nucleated
patch recording of an EGFP*/tdTomato™* cell.

(B) Representative families of Na* currents from nucleated patches.

(C) Peak amplitude of Na* currents obtained from nucleated patches (AgRNA n = 10 from 3 mice, gRNA n = 11 from 3 mice).

(D) Bar plots of somatic channel density.

(E) Top, schematic of recording from axonal blebs isolated from the axon trunk in VTA or the terminal branch in NAc. Bottom left, confocal images of a TH-positive
axonal bleb (white arrowhead) formed near the AIS (hollow arrowhead) in VTA. Bottom right, an axonal bleb in NAc before and after isolation.

(F) Representative families of Na* currents obtained from axon-trunk blebs (left) and terminal branch blebs (right).

(G) Quantification of the peak amplitudes of Na* currents obtained from trunk blebs (AgRNA n = 8 from 3 mice, gRNA n = 9 from 2 mice) and terminal branch blebs
(control n = 6 from 4 mice, 4 AGRNA blebs, 2 Dat blebs; gRNA n = 7 from 5 mice).

(H) Activation curves of axonal Na* currents (fitted with Boltzmann equations).
(I and J) Comparison of the half-activation voltages (l) and the slope factors (J).

containing axon terminals of VTA DANs but without their cell
bodies (Figure 4A), we delivered 0.1-ms electric pulses to evoke
dopamine release. Changes in rDA3m fluorescence (AF) could
be detected near the electrode tip and were blocked by the
application of D1 receptor selective antagonist SCH39166
(5 pM, Figure 4B). The ratio of AF to baseline (AF/F¢) was depen-
dent on the stimulation intensity (100-500 pA) and frequency
(2-32 Hz at 300 pA) in control (Figures 4C and 4D). In Scn2a-
cKO slices, we found dramatic reductions in the peak amplitude
of AF/Fo. We next puffed carbachol (100 pM), a non-selective
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cholinergic agonist, to NAc slices and found an interesting
“popping” phenomenon of momentarily flickering and outwardly
spreading rDA3m signals (Figure 4E; Video S1), presumably
attributed to the generation and propagation of local APs in
DAN axons.***” The amplitude of AF/F, and the slice area acti-
vated by carbachol were significantly reduced in the cKO group
(Figures 4F and 4G), suggesting decreased dopamine release
and restricted propagation of APs in axon terminal branches.
To confirm the changes of dopamine levels in vivo, we per-
formed fiber photometry in freely moving mice. We implanted
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Figure 4. Scn2a loss dramatically reduces dopamine release at DAN axon terminals in vitro and during social interaction
(A) Left, schematic showing the strategy producing a complete loss of Scn2a in VTA DANSs of Scn2a™" mice and the preparation of NAc slices. Right, an example
image showing the expression of EGFP and rDA3m, and the position of an electrical stimulation electrode or a puff pipette (filled with 100 pM carbachol and Alexa
Fluor 488) on a NAc slice.
(B) The rDA3m signals evoked by bursts of 0.1-ms electric shocks (300 pA, 32 Hz, 10 pulses) could be completely blocked by bath application of 5 uM SCH39166.
Mann-Whitney test.
(C) Example dopamine signals elicited by single electric stimuli at different current intensities.
(D) Dependence of dopamine release on stimulation intensity (left, single electric shocks; control n = 17 slices, cKO n = 18 slices, 3 mice for each group) and
frequency (right, 10-pulse train stimulation with 300 pA; control n = 15 slices, cKO n = 11 slices, 3 mice for each group). Two-way ANOVA.
(E) Representative images of carbachol-induced dopamine release. Alexa Fluor 488 (100 pM) was added to the puff pipette to visualize drug application.
(F) Quantification of rDA3m fluorescence changes caused by 2-s puffing of carbachol (yellow).
(G) Percentage of the imaged tissue area with rDA3m signal changes induced by carbachol (control n = 13 slices, cKO n = 9 slices, 3 mice for each group).
Unpaired t test.

(legend continued on next page)
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an optical fiber in the NAc core to collect rDA3m fluorescence
signals and introduced stranger conspecifics to investigate
dopamine release during free social interactions (Figures 4H-
4J). Dopamine release during the first social interaction was
much less in mice with Scn2a loss than that in control (peak
amplitude of AF/Fy in control 33.4 + 5.0%, n = 8; cKO 8.5 =
1.7%,n =8, p <0.0001, unpaired t test; Figures 4K-4M). In these
experiments, we simultaneously recorded EGFP fluorescence
as a reference to monitor motion artifacts and found no
significant signal changes. The dopamine dynamics during the
repeated proactive social investigations also exhibited substan-
tial alterations (Figure 4N). Together, these results suggest that
Scn2a is indispensable for dopamine secretion from DAN axon
terminals.

Scn2a loss in VTA DANs produces repetitive behavior
and social deficits

Using the CRISPR-Cas?9 strategy, we next examined whether a
selective Scn2a loss in VTA DANs causes any behavior manifes-
tations associated with ASD (Figure 5A). Injection of gRNA vi-
ruses affected the majority of VTA regions (75.2 + 3.0%) but
only a small proportion of substantia nigra pars compacta
(SNc, 5.8 + 0.7%, n = 11, Figure 5B). We first monitored the
spontaneous behaviors of mice in an open field (see STAR
Methods).*® An increase in the duration of ambulation was
observed in gRNA mice, accompanied by a trend of reduction
in an array of other behaviors, including rearing, jumping, sniff-
ing, and grooming (Figure 5C). Additionally, the traveled distance
of these mice was significantly greater than that of control mice,
indicative of hyperactivity (Figure 5D). Strikingly, similar to the
ASD mouse model with Fmr1 KO,*® most gRNA mice (n =
9/11) produced repetitive circular locomotion (Figure 5E; Video
S2). Each mouse exhibited circular locomotion with a dominant
direction, though circling in the opposite direction was also
frequently observed (Video S3). Given that the overall percent-
ages of DANs in the left and right VTA were similar, the circling
direction may not result from imbalanced virus infection
(Figure S7).

Considering that neighboring DANs in SNc also express
Scn2a (Figure S8A), we further examined whether the locomo-
tion abnormality resulted from virus infection of SNc DANs. We
injected gRNA viruses into SNc and found dramatic reductions
in spiking activity, AP amplitude, and maximal rate of upstroke
in SNc DANs (Figures S8B-S8J). However, the mice showed
less locomotion and no circling behavior (Figures S8K-S8M).
To investigate whether the circular locomotion in gRNA mice
with Scn2a deletion in VTA DANs was associated with increased
anxiety,”°? we utilized the elevated plus maze test. Distinct
from control mice, gRNA mice spent a longer time in the open
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arms (Figure 5F), suggesting an insufficient level of anxiety.
The open-arm time ratio showed a positive correlation with the
traveled distance (Figure 5G), implying that the hyperactivity
was less likely to be resulting from anxiety.

To evaluate changes in social interaction, we introduced a ju-
nior stranger mouse into the home cage of the test mouse that
had experienced 4 h of social isolation. During the 10-min free
investigation, the time of proactive social interaction with the
intruder was significantly decreased in gRNA mice (Figures 5H
and 5I). We also examined social preference in a modified single
chamber with two cages (Figure S9A, see STAR Methods). When
presented with a choice between a novel object and a novel
mouse, gRNA mice displayed an even stronger preference for
the mouse (the time spent in repetitive actions was omitted;
Figure S9B), consistent with the increased social preference in
Scn2a-haploinsufficient mice.?”*°

For social novelty preference, we presented the test mouse
with a familiar mouse and a stranger mouse in the two cages
(Figure 5J). Unlike the control mice, gRNA mice spent a similar
time near both cages, indicating no preference for social nov-
elty (Figure 5K). Then, we conducted a social novelty recogni-
tion test in which a stranger mouse (stranger 1) was repeatedly
presented for five trials and then another stranger mouse
(stranger 2) in the sixth trial (Figure 5L). Although gRNA mice
exhibited social habituation during repeated interactions with
stranger 1, they failed to recognize and respond actively to
stranger 2, with a significant reduction in the social novelty
recognition index (Figure 5M).

These results indicate that Scn2a deletion from VTA DANs
causes hyperactivity and insufficient levels of anxiety. Impor-
tantly, mice with Scn2a loss from VTA DANs alone show repeti-
tive circular locomotion and impairments of social interaction
and social novelty recognition.

Levodopa rescues non-motor deficits in focal Scn2a-
deletion mice

Next, we performed fiber photometry at the NAc core to examine
dopamine dynamics during the social novelty recognition test
(Figure S10A). Compared with control mice, dopamine release
during the initial proactive social investigation with a stranger
was much lower in gRNA mice (Figures S10B-S10D). In control
mice, we observed a significant decrease in dopamine response
to stranger 1 over the repeated trials but an immediate rebound
response to stranger 2 (Figures ST10E-S10H), in line with their
intact social novelty recognition (Figure S10I). However, we de-
tected no significant change in dopamine levels across trials dur-
ing the whole test in gRNA mice (Figure S10G). These results
suggest a strong link between social behavior impairments and
decreased dopamine levels.

(H) Schematic of selective Scn2a deletion from VTA DANs and fiber photometry in NAc in behaving mice.

(I) A coronal section showing the fiber track, dopamine sensor rDA3m expression, EGFP expression, dopaminergic fibers, and DAPI.

(J) Schematic of rDA3m signal recording during free social interaction in an open field.

(K) Representative traces of AF/F,. Red bars represent the bouts of proactive social interactions.

(L) Left, heatmaps of AF/F, before and after the onset of the first proactive interaction in individual mice. Right, group data. EGFP signals during the recording were

taken as a control for the rDA3m signals.

(M) Comparison of the peak AF/Fo amplitude of the first proactive interaction. Unpaired t test.
(N) Peak amplitude of AF/F, in the first ten bouts of proactive interaction. Two-way ANOVA. Inset, comparing the adaptation index (AF/Fo: 15-2"%). Unpaired t test.
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Figure 5. Scn2a deletion from VTA DANs causes autistic-like behaviors

(A) Schematic of virus injection and experimental paradigm for behavior tests. OFT, open field test; EPM, elevated plus maze test.

(B) Left, the expression of gRNA (EGFP) in a midbrain slice. Right, percentages of infected area in VTA and SNc. Paired t test.

(C) Duration of behavior phenotypes in the 30-min exploration of a novel open field. Two-way ANOVA.

(D) The distance traveled within the first 10 min. Unpaired t test.

(E) Left, representative heatmaps showing the travel trajectory and velocity. Note the apparent circular locomotion of the gRNA mouse. Right, comparing the
number of circular trajectories. Unpaired t test.

F) Left, representative heatmaps showing the dwell time spent in different locations. Right, the ratio of time spent in open and closed arms. Two-way ANOVA.
G) The correlation of the ratio of time spent in the open arms and distance traveled in the open field.

H) Schematic of free social interaction of the test mouse with a strange mouse.

1) Total duration of proactive social interactions in (H). Unpaired t test.

(J) Left, schematic of social novelty preference test. Right, representative heatmaps of the dwell time.
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(legend continued on next page)
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Inspired by the levodopa treatment for Parkinson’s disease
that is also attributed to a hypofunction of the dopamine
system,*® we hypothesize that levodopa treatment could be a
plausible therapeutic strategy. We first examined the effect of
levodopa on dopamine dynamics using opto-stimulation in
head-fixed mice (Figures 6A-6D). Dopamine release was evoked
by 20 Hz 470-nm light pulses in VTA and monitored by 580 nm
light (also 20 Hz) in the NAc core (Figure 6A). We confirmed the
efficiency of this optogenetic strategy in acute NAc slices
(Figures S11A-S11l). For in vivo experiments, levodopa was
applied together with benserazide (at quarter mass of levodopa,
L/B).>* We examined the effect of three doses of L/B (5/1.25,
20/5, and 50/12.5 mg-kg~") on dopamine release to determine
an optimal dose. We found a slow but prominent rise of the
baseline dopamine signals (Figures 6B and 6C), which should
not result from direct binding of levodopa to rDA3m sensors
(Figure S11J). Intraperitoneal treatment of SCH23390 (SCH),
an antagonist of D1 receptors, abolished the rDA3m signals,
confirming a high specificity of the dopamine sensor
(Figures S11K and S11L). By analyzing the slow components
of the baseline signals, we found that both doses of 20/5 and
50/12.5 mg-kg~" elevated the extracellular dopamine levels in
a dose-dependent manner (Figure 6C). In addition, acute intra-
peritoneal treatment with the modest L/B dose (20/5 mg-kg~")
showed a substantial increase in the rDA3m signals evoked by
bursts of light pulses at VTA, which could last for at least
90 min, in Scn2a-cKO but not control mice (Figures 6B and
6D). In contrast, saline or a low dose of L/B (5/1.25 mg-kg™ ")
could not increase dopamine signals. Unexpectedly, the in-
crease in light-evoked rDA3m signals following the high dose
(50/12.5 mg-kg™") was lower than that of the modest dose
in cKO mice. With this high dose, there was even a signif-
icant decrease in evoked dopamine release in control mice
(Figure 6D), possibly due to self-inhibition mediated by over-acti-
vation of D2 autoreceptors.®® We therefore chose the dose of 20/
5 mg-kg™' to examine whether L/B treatment could rescue
behavior deficits in focal Scn2a deletion mice.

The Dat®™®::Cas9" mice underwent a series of consecutive
behavior tests 5 weeks after the virus injection to VTA
(Figure 6E). On the day of tests, mice received a single dose of
saline or 20/5 mg-kg ' L/B (counterbalanced) and behavior as-
sessments within 10 to 60 min after the intraperitoneal injection.
We found that L/B treatment showed no obvious relief of the hy-
peractivity or circular locomotion (Figure 6F) but alleviated the
non-motor behavior deficits in gRNA mice. L/B treatment signif-
icantly reduced the preference for the open arms to a control
level (Figure 6G). In addition, the social preference (Figure S9C)
and the social novelty preference (Figure 6H) were improved to
control levels, and the social novelty recognition was restored,
as reflected by the rebound of interest to a novel stranger
(Figure 6l). Together, the results indicate that levodopa treatment
with an appropriate dose increases dopamine release and res-
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cues non-motor behavior deficits in mice with focal Scn2a loss
in VTA DANSs.

Levodopa shows therapeutic effects in Scn2a-
heterozygous mice

We next employed more disease-relevant heterozygous
(Scn2a*’~) mice to examine whether they also show autistic-
like behavior and dopamine system hypofunction and whether
behavior deficits could be rescued by L/B treatment. These het-
erozygous mice carried one normal copy of the Scn2a gene and
one copy with a deletion of exons 4-6 (Figure 7A). Similar to a
recent study,”® we also observed hypersensitive sensorimotor
reflexes in these mice during handling in the behavior tests.

As compared with wild-type (WT; Scn2a*’*) mice, Scn2a*’~
mice exhibited hyperactivity (but without repetitive circular loco-
motion) and insufficient anxiety levels, similar to gRNA mice
(Figures 7B and 7C). In addition, Scn2a*’~ mice also showed se-
vere deficits in sociability, as indicated by an excessive prefer-
ence of a mouse over an object (Figure S12A), a significant
reduction in the total duration of proactive social interactions
with the intruder (resident-intruder test, Figure 7D), a substantial
decrease in capability of distinguishing between the familiar and
the stranger mouse in the social novelty preference test
(Figure 7E), and a lack of rebound interest to the second stranger
in the social novelty recognition test (Figure 7F).

We next treated the WT and Scn2a*’~ mice with an intraperi-
toneal injection of saline or 20/5 mg-kg~"' L/B to examine their
behavior changes. Most likely due to hypersensitivity of
Scn2a™~ mice in response to noxious injections,?® both saline
and L/B treatment reduced their traveled distance in the open
field test (Figure S12C). For non-motor behaviors, L/B rescued
the insufficient anxiety and sociability impairments of Scn2a*/~
mice, whereas saline showed no significant effect (Figures 7G-
71 and S12). Specifically, L/B significantly decreased the time
spent in open arms, increased the preference to the stranger
mouse in the social novelty preference test, and produced a dra-
matic rebound interest to stranger 2 in the social novelty recog-
nition test. Remarkably, L/B treatment rescued these behavior
deficits of Scn2a*/~ mice to a level similar to control, indicating
a potent therapeutic effect of levodopa.

The effect of levodopa also suggests hypofunction of the
dopamine system in Scn2a*/~ mice. Indeed, similar to gRNA
mice, dopamine release in Scn2a*’~ mice during the initial pro-
active social interactions with stranger 1 in the first 5 trials was
substantially less than that of WT mice (p = 0.019, two-way
ANOVA), and the release associated with stranger 2 showed
no rebound in Scn2a™~ mice (Figure 8A). After these experi-
ments, we examined the basal dopamine release through
intraperitoneal treatment of 6 mg-kg~' SCH and found that
Scn2a*’~ mice exhibited much lower basal levels than WT
mice (Figures 8B and 8C, see STAR Methods). Our electrophys-
iological results from VTA DANs of the heterozygous mice

(K) Comparison of the time ratio in each compartment (left, two-way ANOVA) and the social novelty preference index (right, unpaired t test).
(L) Schematic of social novelty recognition test. The stranger 1 was introduced repeatedly from trial 1-5, and the stranger 2 was introduced in trial 6.
(M) The duration of proactive interactions in different trials (left, two-way ANOVA) and the social recognition index (right, unpaired t test).

See also Figures S7-59.
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Figure 6. Acute treatment of levodopa rescues social behavior deficits and insufficient anxiety

(A) Schematic of virus injections that allow the expression of rDA3m sensors in NAc core and ChR2 in VTA Th* neurons of Scn2a

I mice. The optic fiber implanted

at NAc core was used for monitoring dopamine release and the optic fiber at VTA for optogenetic activation in head-fixed mice.

(B) Top, example traces showing rDA3m signals before and after intraperitoneal application of saline or 20/5 mg-kg~'L/B (yellow bar). Note the slow increase of
the baseline rDA3m signal after L/B treatment (green traces) in both control and cKO mice. The thick and noisy baseline of rDA3m fluorescence reflects barrages
of dopamine release events in control mice. Bottom, averaged traces of the evoked rDA3m signals in the dashed box were overlaid for comparison.

(C) Comparison of the slow increase of the baseline fluorescence signal at different doses of L/B. The slow baseline increase of rDA3m signal was quantified by
calculating the area under the curve (AUC) over a period of 90 min after saline or L/B injection. Two-way ANOVA.

(D) Changes in transient rDA3m signals evoked by optogenetic stimulation with intraperitoneal injection of different doses of L/B (yellow bars). Data were
normalized to each mouse’s average release level prior to injection. Two-way ANOVA.

(E) Schematic of virus injection and experimental paradigm for behavior tests after intraperitoneal injection of saline or 20/5 mg-kg~'L/B.

(F) Comparison of the distance traveled (left) and the number of circular trajectories (right). Two-way ANOVA.

(G) Comparison of the open arms exploration index. Two-way ANOVA.

(legend continued on next page)
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showed reductions in the spontaneous firing rate and the pro-
portion of cells with spontaneous activity (Figures 8D-8G) as
well as decreases in spiking responsiveness to current injections
(Figures 8H and 8l). Although the voltage threshold remained un-
changed, we found significant reductions in the peak amplitude
and the maximal rate of AP upstroke (Figures 8J and 8K).

Together, these results suggest that the downregulated
spiking activity of VTA DANs may lead to reduced basal and
behavior-associated dopamine release, contributing to the
autistic-like behaviors observed in Scn2a*’~ mice. Importantly,
the potent therapeutic effect of levodopa in alleviating non-motor
behavior deficits of Scn2a*’~ mice highlights a possible pharma-
cological treatment strategy for individuals with SCN2A loss-of-
function mutations.

DISCUSSION

Distinct from previous findings showing paradoxical hyperexcit-
ability of neocortical PCs and striatal SPNs with a severe loss of
Scn2a,”°?® our results reveal a dramatic hypo-excitability in
Scn2a-deleted DANs and even complete failure of AP genera-
tion. Given the high KO efficiency of Scn2a achieved with gRNAs
(Figure S4) and the minor compensatory contributions from less
abundant Nay subtypes (Figures S3C and S3D), the varying de-
grees of reduction in spiking activity reflect heterogeneous
expression levels of Nay1.2 across individual DANs. Whether
those with high Nay1.2 expression represent a distinct cell sub-
population with specific circuit functions remains to be further
examined.

Dopamine can be secreted from both axon terminals and SD
compartments.®®>” The substantial contributions of Nay1.2 to
somatic and axonal Na* currents suggest a crucial role of this
channel isoform in AP-dependent dopamine release from both
compartments. Consistent with a recent study that found termi-
nal release relies on the arrival of propagating axonal APs or
locally initiated APs by the activation of nAChR,* our experi-
ments in NAc slices demonstrate that the loss of Scn2a largely
reduces both modes of release (Figures 4A-4G). In agreement
with our findings, intracellular application of Nay1.2 antibody
decreased spiking activity of SNc DANs and reduced the inhib-
itory postsynaptic currents mediated by D2 autoreceptors,®®
suggesting a contribution of Nay1.2 to dopamine release at the
SD compartments.

ASD individuals with  SCN2A mutations tend to exhibit
various repetitive actions and limited sociability in initiating or
responding to social interactions.®® We observed several
autistic-like behaviors in Scn2a-heterozygous mice, including
insufficient anxiety level and deficits in social novelty
(Figure 7). These pronounced behavioral impairments contrast
with previous reports that showed minor trends or no apparent
effects, possibly attributable to differences in methodology and
gene mutation.'®°%° For example, we prolonged the interval
between the social preference and novelty tests, which may
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produce difficulties in memorizing the social cues. Indeed, we
observed social memory deficits in the social recognition test,
consistent with impaired hippocampal-dependent memory in
Scn2a-haploinsufficient mice.?®¢"%? Mice with Scn2a deletion
specifically in VTA DANs recapture these phenotypes observed
in Scn2a-heterozygous mice (Figure 5), suggesting a critical
role of VTA DANs in the pathogenesis of ASD with SCN2A
loss of function. Previous studies also revealed the involvement
of VTA DANSs in these manifestations.®®® Consistent with our
findings, genetic inhibition of VTA DANs reduces social interac-
tions, social novelty preference, and anxiety levels,”*'%%* and
mild lesions of VTA DANs lead to increased spontaneous loco-
motion.®® However, some behavior deficits induced by focal
Scn2a deletion weakly correlate with or are even seemingly
contradictory to the known functions of VTA DANSs. First, the re-
petitive circular locomotion has not been associated with activ-
ities of VTA neurons in previous studies. Second, the increased
social preference seems contrary to previous findings, where
reducing activity of VTA DANs diminishes social preference.®
Finally, the hyperactivity observed in mice with focal Scn2a
loss could also be induced by activating VTA DANs.?° These
contradictory findings could be attributable to heterogenous
expression levels of Scn2a in DANs (Figures 1B, 2E, and 2H),
with distinct projections contributing to different behav-
iors.®>%579 The dissociation of spiking activity in SD and
axon compartments (Figures 2K-2N and S6) could be another
explanation for the differences between our observations and
those with universal suppression of DAN activity.

Dopamine system hypofunction has been observed in both
ASD patients and mouse models.> %72 However, a recent
study revealed that mice with a nonspecific deletion of Scn2a
from VTA neurons exhibit no obvious autistic-like behaviors.®?
It may be attributed to simultaneous dysfunction of DANs and
other types of VTA neurons. Indeed, Scn2a mRNA was also de-
tected in VTA TH-immunonegative neurons (Figure 1A), where
Scn2a deletion led to a counterintuitive increase in neuronal
spiking responses to strong inputs (Figures S3K and S3L). Unlike
the nonspecific manipulation, a selective loss of Scn2a from VTA
DANs produces autistic-like behaviors, providing strong evi-
dence that the hypofunction of the dopamine system may be a
common pathway of ASD pathogenesis. Interestingly, an early
study showed that low-dose levodopa treatment has no clear
overall effect but yielded improvements in 20% of autistic chil-
dren.”® The responsive individuals might be those with dopa-
mine system hypofunction. The modest dose of levodopa in
our experiments may exert its effect through simultaneous in-
creases in phasic firings of DANs and dopamine release in target
regions.”*’" Its rescue results agree with previous findings that
elevating dopamine release in NAc by phasic opto-activation fa-
cilitates sociability and social novelty preference.”'® Recent
studies also showed that the dopamine replacement treatment
could ameliorate social impairments in rodents with aberrant
midbrain structures, including DAN loss.”®"”

(H) Left, representative heatmaps of dwell time from the same mouse after injection of saline or 20 mg-kg~" L/B. Right, social novelty preference index of gRNA
mice is significantly increased to a control level with L/B treatment. Two-way ANOVA.
(I) Averaged total duration of proactive interaction (AgRNA, saline n = 9, L/B n = 6; gRNA, saline n = 8, L/B n = 9). Two-way ANOVA.

See also Figures S10 and S11.
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Figure 7. Scn2a-heterozygous mice exhibit autistic-like behaviors that can be alleviated by L/B treatment

(A) Schematic illustrating the deletion site of Scn2a gene for generating the heterozygous mouse line, and the experimental timeline for WT (Scn2a*’*) and
Scn2a*’~ mice. Each mouse received either saline or L/B injection, with a randomized and counterbalanced order.

(B) Distance traveled in open field test. Mann-Whitney test.

(C) Left, representative heatmaps showing spatial exploration patterns. Right, group data comparing the ratios of time spent in open or closed arms to the total
time of the test. Two-way ANOVA.

(D) Comparison of total time engaged in proactive social interactions. Unpaired t test.

(E) Left, representative heatmaps of dwell time around a familiar or a stranger mouse. Middle, group data comparing the ratios of time spent in the two different
compartments. Two-way ANOVA. Right, comparison of the social novelty preference index. Unpaired t test.

(F) Left, plots of the duration of proactive social interactions in the social novelty recognition test. Two-way ANOVA. Right, comparison of the social novelty
recognition index. Unpaired t test.

(G) Group data comparing the open arms exploration index after the injection of saline or L/B. Two-way ANOVA.

(H) Comparison of the social novelty preference index after drug injection. Two-way ANOVA.

() Left, average duration of proactive social interactions in each trial. Two-way ANOVA. Right, comparison of the social recognition index. Two-way ANOVA.
See also Figure S12.
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Figure 8. Dopamine release and spiking activity of VTA DANs are substantially reduced in Scn2a heterozygous mice

(A) Left, schematic of fiber photometry and a representative image of a fiber track in NAc. Right, average peak AF/F, amplitude of rDA3m signals in NAc core
during the initial investigation of the stranger in social novelty recognition test. Two-way ANOVA.

(B) Left, representative traces of rDA3m signals during spontaneous locomotion in the open field and after saline or 6 mg-kg~' SCH application (yellow bar) in WT
and Scn2a*/~ mice. Right, difference in AUC within 5 min before (pre) and 15 min after (post) saline or SCH injection. Dashed lines, F, was calculated as the
average fluorescence intensity from 10 to 20 min post injection (see Methods). Two-way ANOVA.

(C) Distance traveled before and after SCH treatment. WT n = 7 mice, Scn2a*’~ n = 7 mice, two-way ANOVA.

(D) Confocal images showing recorded neurons with avidin and TH staining (arrowheads) in a coronal VTA section.

(E) Location of recorded cells revealed by avidin staining.

(F) Example traces of spontaneous firing of DANs.

(G) Group data of spontaneous firing rates and cell percentages.

(H) Representative voltage responses of DANs to 500-ms step current injections.

(I) F-I curves. Two-way ANOVA.

(J) Superimposed APs evoked at rheobase and their phase plots.

(K) Group data of AP parameters (WT n = 27 from 3 mice, Scn2a*’~ n = 30 from 3 mice). Unpaired t test.
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In our experiments, we found that levodopa treatment
increased ambient dopamine concentrations in both control
and Scn2a-cKO mice. Interestingly, we also observed that levo-
dopa enhanced optogenetically evoked dopamine release, but
this effect was specific to Scn2a-cKO mice and only occurred
at a modest dose. A possible explanation for these different ef-
fects could be the activation of D2 autoreceptors distributed at
DAN axons. In control mice, levodopa raises dopamine levels
to a concentration above the physiological range, which would
activate D2 receptors and thus suppress AP-evoked dopamine
release. In Scn2a deletion mice, a moderate dose of levodopa re-
stores dopamine to a near-physiological level, but a higher dose
may not further increase dopamine release due to D2 receptor
activation. Interestingly, levodopa treatment produced no effect
on hyperactivity and circular locomotion in the gRNA-expressing
mice, suggesting a potential contribution from other neurotrans-
mitters (glutamate or gamma-aminobutyric acid [GABA]) co-
released from DAN axons.®®"® The similarity of repetitive circular
locomotion between gRNA mice and Fmr1%° mice or MECP2-
overexpressing monkeys*®’® suggests that Scn2a might be a
downstream target of these corresponding genes or other tran-
scription regulators and chromatin modifiers.®° Whether this re-
sults from a severe loss of Scn2a from DANs, and thereby a hy-
pofunction of dopamine system in these autism models, remains
to be further examined.
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Antibodies

Rabbit anti-TH

Mouse anti-Nav1.2

Rabbit ant-Nav1.6

Goat anti-Ankyrin G

Mouse anti-GFP

Donkey anti-rabbit Alexa Fluor 405
Donkey anti-rabbit Alexa Fluor 488
Donkey anti-mouse Alexa Fluor 555
Donkey anti-rabbit Alexa Fluro 555
Donkey anti-mouse Alexa Fluro 647
Donkey anti-goat Alexa Fluor 647

Goat anti-mouse Alexa Fluor 488

Millipore

NeuroMab

Alomone Labs

Santa Cruz Biotechnology
Thermo Fisher Scientific
Abcam

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Jackson ImmunoResearch Labs
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#AB152; RRID:AB_390204
Cat#73-024; RRID:AB_10673401
Cat#ASC-009; RRID:AB_2040202
Cat#sc-31778; RRID:AB_2289736
Cat#MA5-15349; RRID:AB_10987186
Cat#ab175651; RRID:AB_2923541
Cat#A-21206; RRID:AB_2535792
Cat#A-31570; RRID:AB_2536180
Cat#A-31572; RRID:AB_162543
Cat#715-605-151; RRID:AB_2340863
Cat#A-21447; RRID:AB_2535864
Cat#A32723; RRID:AB_2633275

Bacterial and Virus Strains

AAV2/9-(H1-gRNA)x3-CAG-EGFP
AAV2/9-(H1-gRNA-scamble) x 3-CAG-EGFP
AAV2/9-CAG-EGFP

AAV2/9-TH-Cre-EGFP

AAV2/9-TH-EGFP

AAV9-hSyn-rDA3m
AAV2/9-EF1a-DIO-ChR2(H134R)-EYFP
AAV2/9-TH-NLS-Cre

Taitool Bioscience, Shanghai
Taitool Bioscience, Shanghai
Taitool Bioscience, Shanghai
OBIO Technology, Shanghai
OBIO Technology, Shanghai
Brain Case, Shenzhen
BrainVTA, Wuhan

BrainVTA, Wuhan

Cat#AAV2/9-WY2914
Cat#AAV2/9-WY3487
Cat#S0582-9
Cat#H17836
Cat#H23714
Cat#BC-0785
Cat#PT-0001
Cat#PT-0179

Chemicals, Peptides, and Recombinant Proteins

Streptavidin, Alexa Fluor 488 conjugate
Streptavidin, Alexa Fluor 647 conjugate
Levodopa

Benserazide

Kynurenic acid

Carbachol

SCH 39166

SCH 23390

Tetrodotoxin

Picotocin

RNAscope Probe-Mm-Scn1a-C2
RNAscope Probe-Mm-Scn2a
RNAscope Probe-Mm-Scn3a-C2
RNAscope Probe-Mm-Scn5a
RNAscope Probe-Mm-Scn8a-C2
RNAscope Probe-Mm-Scn9a-C3
RNAscope Probe-Mm-Scn10a-C2
RNAscope Probe-Mm-Scn11a

Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Abcam

Tocris Bioscience

Tocris Bioscience

Tocris Bioscience

Tocris Bioscience
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics

Cat#S511223

Cat#521374

Cat#D9628; CAS:59-92-7
Cat#B7283; CAS:14919-77-8
Cat#K3375; CAS:492-27-3
Cat#ab141354; CAS:51-83-2
Cat#2299; CAS:1227675-51-5
Cat#0925; CAS:125941-87-9
Cat#1078; CAS:4368-28-9
Cat#1128; CAS:124-87-8
Cat#556181-C2

Cat#423641

Cat#502641-C2

Cat#429881

Cat#434191-C2
Cat#313341-C3
Cat#426011-C2

Cat#403531
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Experimental Models: Organisms/Strains

Mouse: Dat-Cre Jackson Laboratory Strain#006660; RRID:IMSR_JAX:006660

Mouse: Cas9 floxed GemPharmatech Strain#T002249; RRID:IMSR_GPT:T002249

Mouse: Scn2a floxed Cyagen Strain#S-CKO-00900

Mouse: Scn2a*/~ Cyagen Strain#S-KO-00789

Mouse: Scn8a-KO Jackson Laboratory Strain#003798; RRID:IMSR_JAX:003798

Mouse: Thy1-Cre Jackson Laboratory Strain#006143; RRID:IMSR_JAX:006143

Mouse: C57BL/6J GemPharmatech Strain#N000295

Oligonucleotides

Scn2a #1 Fwd Primer: GCTAAGAG This paper N/A

ACCCAAACAGGAACGC

Scn2a #1 Rev Primer: GCAGCCCG This paper N/A

ATGAGAGCAAAGACAC

Scn2a #2 Fwd Primer: GCAAGGAC This paper N/A

GAAGACGACGAAAATG

Scn2a #2 Rev Primer: TTCTTCACC This paper N/A

GACTGGATCAGGGCC

Scn2a #3 Fwd Primer: AGAGATG This paper N/A

GTGTCAGAGCCCC

Scn2a #3 Rev Primer: AGTTCGAA This paper N/A

GAGCTGAAACATTGCC

Software and Algorithms

Spike2 Software 10 Cambridge Electronic Design http://ced.co.uk/downloads/latestsoftware;
RRID:SCR_000903

pCLAMP sofrware10 Molecular Devices https://www.moleculardevices.com/; RRID: SCR_011323

ANY-maze Stoelting https://www.any-maze.com; RRID:SCR_014289

MATLAB R2017b and R2022a MATHWORKS https://www.mathworks.com/; RRID: SCR_001622

ImagedJ NIH https://imagej.net/Welcome; RRID: SCR_003070

ICE Synthego https://ice.synthego.com

Prism 9 and 10 GraphPad Software https://www.graphpad.com/scientific-software/prism/;
RRID: SCR_002798

Adobe lllustrator 2024 Adobe https://www.adobe.com/; RRID: SCR_010279

Original code This paper https://doi.org/10.5281/zenodo.15597751

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were performed on mice in accordance with protocols approved by the Animal Care and Use Committee at Fudan
University. Transgenic mice of Dat®"™® mice (JAX, 006660), Scn8ak® mice (JAX, 003798) and Thy1°"™ mice (JAX, 006143) were ob-
tained from the Jackson Laboratories. CAG-LSL-Cas9-tdTomato mice (T002249) and wild-type (WT) C57BL/6J mice (N0O00295)
were obtained from GemPharmatech. Scn2a floxed mice were generated by inserting LoxP sites into the intron 3 and the intron 6
to cause deletion of exon 4-6 in the presence of Cre-recombinase (Figure S3A, Cyagen). Scn2a*’~ mice were generated by deletion
of exon 4-6 of Scn2a gene (Cyagen, S-KO-00789). All mice, except for Scn8ak® (C3HeB/FeJ background) and Thy 1" (FV B/N back-
ground), were on a C57BL/6J background. Dat®™ and Thy7°"™ mice were crossed with Cas9™ mice to generate offspring expressing
both Cas9 and tdTomato in Dat* and Thy7* neurons, respectively. Mice were group-housed under a 12-hr light/dark cycle with ad
libitum access to food and water in the Animal Facility of the Department of Laboratory Animal Science, Fudan University. All exper-
iments were conducted during the light cycle (8 a.m. to 8 p.m.). Both male and female mice (during the diestrus phase) were used in
experiments, except for the fiber photometry, behavior tests, and slice recordings from Scn2a*’” mice where only male mice were
utilized.

Fluorescent in situ hybridization was performed on WT mice aged 6-8 weeks. Dat°"®::Cas9" mice received viral injections at
4-5 weeks of age, and electrophysiological recordings were conducted at postnatal day (P) 62-91. Thy1°"::Cas9" mice received viral
injections at P40-43 and underwent slice recordings at P61-63. Scn2a floxed mice received viral injections at 4-7 weeks of age, and
slice imaging was performed at 8-12 weeks of age. We performed slice recordings from Scn8a"® mice and their WT littermates at
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P17-23. For immunofluorescence staining at different developmental stages, we obtained brain sections from neonatal (P7-9), juve-
nile (P17-25), and adult (P61-152) mice. Behavior tests were performed on mice aged 2-3 months. Fiber photometry was conducted
in Scn2a floxed mice and Dat®"::Cas9™ mice at 8-10 weeks of age, and Scn2a*’~ mice at 13 weeks of age.

METHOD DETAILS

Fluorescent in situ hybridization

Wild-type mice at 6-8 weeks old were anesthetized with sodium pentobarbital (100 mg-kg™, i.p.). Mice received transcardiac perfu-
sion with 0.01 M phosphate-buffered saline (PBS, pH 7.4), and then with ice-cold 4% paraformaldehyde (PFA, in 0.1 M phosphate
buffer, PB). The brain was dissected out and post-fixed in 4% PFA for 24 hr. Then the brain was immersed in 15% sucrose at 4°C until
sunk to the bottom of the container and repeated with 30% sucrose. 10-pm-thick sections containing the midbrain were prepared
using a cryostat (CM1950, Leica), and continuous sections were mounted on separate glass slides. For labelling the eight potential
Nay subtypes in DANs, we used RNAscope Multiplex Fluorescent Reagent Kit v2 (ACD Bio, #323100) combined with RNA-Protein
Co-Detection Ancillary kit (ACD Bio, #323180) to protect antigenic epitopes during the procedure of RNAscope.

We treated the sections with protease Ill for 25 min at 40 °C in the humid HybEZ Oven (#321721). Each slide was hybridized with a
mixture of two probes for different channel subtypes. The following probes were used: Scnia (#556181-C2), Scn2a (#423641), Scn3a
(#502641-C2), Scnba (#429881), Scn8a (#434191-C2), Scn9a (#313341-C3), Scn10a (#426011-C2) and Scn11a (#403531). Control
probes of 3-plex positive (#320881) and 3-plex negative (#320871) were applied to examine the quality of RNAscope experiments.
To avoid any effect of the wavelength of emitting light on the sharpness of the particles, probes conjugated with Opal 570 or Opal 690
were counterbalanced in different experiments. The sections were incubated with rabbit anti-TH antibody (1:200, Chemicon, AB152)
overnight at 4 °C, followed by incubation with Alexa Fluor 488-conjugated donkey anti-rabbit (1:1000, invitrogen, A21206) diluted in
Co-Detection Antibody Diluent for 2 hr at room temperature (RT). After washed in PBS, slides underwent DAPI staining for 30 s at RT,
and were mounted with fluoromount-G (Electron Microscopy Sciences, Cat. No.17984-25). In the experiment including EGFP
expression in the tissue, mouse anti-GFP antibody (1:200, Invitrogen, MA5-15349) was applied to reserve its signals. Alexa Fluor
555 conjugated donkey anti-mouse (1:1000, A-31570) and Alexa Fluor 488-conjugated goat anti-mouse (1:1000, A32723) were
used as the secondary antibodies.

We took z-stack images with a single-plane thickness of 0.5 pm using a 20x air objective or a 60x oil-immersion objective on a
confocal microscope (Nikon C2). We used Fiji software (https://imagej.net/downloads) to analyze mRNA copy number in each
neuron. The soma sectional area of a TH* cell (S.ei) and the area of its MRNA signals (Swrna) Were selected and segmented by adjust-
ing the threshold of fluorescent signals. Considering that the mRNA signals may cluster together, making it difficult to distinguish in-
dividual particles, we first obtained the average area (or pixel numbers) of each mRNA particle (S) by analyzing those particles that
separate from each other, then we divided the total mRNA signal area (Smrna) by the S to obtain the number of mRNA particles per

cell (Smrna/S).

Stereotaxic surgeries

Mice were anesthetized initially with 3%-4% isoflurane in an induction chamber and maintained anesthesia with 1.5%-2% isoflurane
on a stereotaxic apparatus. After trimming the hair and exposing the skull, we cleaned the skull with 3% hydrogen peroxide and
drilled small holes above the target brain regions (coordinates in mm relative to bregma, VTA: AP -3.20, ML +0.45, DV -4.30;
mPFC, AP +1.94, ML +0.34, DV -2.00; SNc: AP -3.00, ML +1.40, DV -4.10). Viruses were infused at a rate of 50-80 nl/min through
a hydraulic microinjector (SMO-10C, Narishige). After injection, the needle was left in place for 10 min and then slowly retracted
to avoid leakage of the injected solution. Three different gRNAs (QRNA1, TGAAGGGAGTTAAAATGTAC; gRNA2, CATGGTCA
TAAATACACAGT; gRNAS3, TAGAAGATTTCACATTTCTA) targeting Scn2a (GenBank: NM_001099298.2) were cloned to make
AAV,,o-(H1-gRNA) x 3-CAG-EGFP (GRNA, or AAV-gRNA-EGFP for short, 1.74 x 10'2 vg/ml, Taitool). In addition, viruses with scram-
bled gRNAs (scram) targeting the same gene sites (scram1, TTGTAAAGAGAGAAGTTGCA; scram2, TAAGATATTGTAATTTA CCG;
scram3, ACACTCGTCAGTTATAAAGA. 1.10 x 10" vg/ml, Taitool) or with gRNA omitted (denoted as AgRNA, 1.86 x 10" vg/ml, Tai-
tool) were made as controls. Dat°"::Cas9" mice at 4-5 weeks old received injection of the same virus to VTA at a volume of 150 nl/site
or SNc at a volume of 50 nl/site. Thy7°™::Cas9" mice at P40-43 were infected with the virus containing gRNAs to the left mPFC and
that of AgRNA to the right hemisphere at a volume of 200 ni/site. Mice with similar surgeries were housed together and allowed to
recover for at least 4 weeks unless otherwise stated. All viruses were stored at -80 °C until use.

Electrophysiological recording

For whole-cell recording at the soma, coronal brain slices containing midbrain (200 pm in thickness) or mPFC (300 pm) were obtained
from adult Dat®"::Cas9" (P62-91) or Thy1°™::Cas9™ mice (P61-63), respectively. After deep anesthesia with sodium pentobarbital
(100 mg-kg™, i.p.), animals were transcardially perfused with 10-15 ml ice-cold slicing solution that was pre-equilibrated with carb-
ogen (95% O, and 5% CO,) and containing (in mM) NaCl 75, sucrose 75, KCI 2.5, NaH,PO4-2H,0 1, NaHCO3 26.2, dextrose 12,
MgS0,-7H,0 7.5, myo-inositol 1, sodium pyruvate 3 and ascorbic acid 1,** followed by decapitation and immersion of the heads
into the slicing solution. The brain tissue was then exposed by removing the skull and carefully dissected out. Brain slices were
sectioned using a vibratome (Leica, VT1200s) with a speed of 0.10 mm/s and a vibration amplitude of 0.80 mm. Midbrain slices
were cut thinner than those of mPFC slices to facilitate visualization of DANs with differential interference contrast (DIC) imaging.
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The slices were incubated in oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl 126, KCI 2.5, NaH,PO4-H,O
1.25, NaHCO3; 26, dextrose 25, MgSO, 2 and CaCl, 2 (315 mOsm, pH 7.4) at ~34.5 °C for 40-50 min, and then placed at RT for
at least 30 min before recording. Homozygous Scn8ak® mice and their WT littermates were used for experiments at P17-23 because
the KO mice would die around postnatal 3 weeks. Juvenile mice were decapitated after anesthesia without transcardiac perfusion
and brain slices were cut in sucrose slicing solution containing (in mM): sucrose 213, dextrose 10, KCI 2.5, NaH,PO4-H,0 1.25,
NaHCO3; 26, MgSQO, 2, CaCl, 2.

We performed whole-cell patch clamp recordings from slices perfused with oxygenated ACSF at ~34 °C to examine neuronal
excitability and membrane properties. Midbrain or mPFC neurons were visualized under an infrared DIC microscope (BX51WI,
Olympus) with a 40x water immersion objective. Real-time DIC images were captured by a CCD camera and displayed on a monitor.
Fluorescent proteins or other fluorophores were excited by LED beams with wavelengths of 530-550 nm or 460-490 nm. We per-
formed recordings from Dat* cells or Thy1* cells double positive to tdTomato and EGFP, reflecting the expression of Cas9 and
the infection of viruses. In some experiments, recordings were made from tdTomato-only cells. In experiments recording from cells
without fluorescent tags, we distinguished DANs from non-dopaminergic neurons by two distinct electrophysiological characteris-
tics: 1) the initial depolarization ramp (due to the rapid activation and inactivation of A-type K* currents) in response to 500-ms step
current injections; 2) the broad AP waveforms (> 0.5 ms).®”#" 69.1% Th* neurons (n = 470) exhibited electrophysiological character-
istics of DANs. Membrane potential or current signals were amplified by a MultiClamp 700B amplifier (Molecular devices), acquired
by Micro1401-3 (Cambridge electronic design, CED) together with Spike2 software (Version 8, CED). The signals were recorded at 25
or 50 kHz and filtered with Bessel filter at 10 kHz. The patch pipettes had an impedance of 4-7 MQ when filled with normal intracellular
solution containing (in mM): Kgluconate 140, KCI 3, MgCl, 2, HEPES 10, EGTA 0.2, Na,ATP 2 and biocytin 0.2% (280-290 mOsm, pH
7.2-7.3). Cells with series resistances less than 25 MQ and <20% change during recording were included for data analysis.

In midbrain DANSs, the spontaneous firing frequency is analyzed as the average number of discharges within 30 s after reaching a
stable recording. To examine the AP waveforms and related parameters, we evoked APs with 500-ms step current injections at rheo-
base, i.e., threshold current that can evoke APs with a probability of 0.5. The voltage threshold of AP is defined as the membrane
potential at which the depolarizing rate reaches 20 V/s. The AP amplitude is the membrane potential difference between the threshold
and the peak. The AP half-width is calculated as the duration at half amplitude. The peak dV/dt is the maximum slope in the AP de-
polarizing phase, while the peak repolarization dV/dt is the minimum slope in the repolarizing phase. Membrane potential changes
induced by a negative current pulse of -60 pA are used to measure the input resistance. In neocortical PCs, we chose to analyze the
first AP in a train with a firing frequency at 20 Hz. The resting membrane potential of PCs is measured when there is no holding current.

To investigate the effect of Scn2a deletion on AP propagation in DANs, we performed dual soma and bleb recordings in current-
clamp mode. Alexa Fluor 555 was added into the pipette for somatic recording to label all the neurites including the axonal compart-
ments. After identification of the corresponding axonal bleb, another patch pipette with an impedance of 8-10 MQ (without adding
fluorescence dyes) was used to form whole-cell recording from the bleb. Current pulse stimulations at the soma or the axon bleb were
used to generate APs and examine their orthodromic conduction and backpropagation, respectively. We performed post hoc stain-
ing with streptavidin conjugated Alexa Fluor 647 and confocal microscope imaging to obtain the morphology of the recorded cells.

To examine the responses of DANs to opto-stimulation, we carried out whole-cell recording in current clamp mode from ChR2-
expressing VTA DANSs in control mice and delivered 473-nm light pulses (1 ms in duration). No holding current was applied to the
recorded cell. We added 1.5 mM kynurenic acid (Kyn, Sigma) and 50 pM picrotoxin (PTX, Tocris) to the bath solution to block fast
glutamatergic and GABAergic synaptic transmission, respectively.

In experiments recording Na* currents, we conducted patch clamp recordings from nucleated patches and axonal blebs from VTA
DANSs. To isolate the Na* currents, we added CdCl, (200 uM, Sigma), 4-AP (3 mM, Sigma) and TEA (20 mM, Sigma) to the ACSF to
block voltage-gated Ca®* channels and K* channels, and used a Cs-based internal solution containing (in mM): CsCl 125, NaCl 10,
MgCl, 2, CaCl, 0.5, Na,ATP 2, NazGTP 0.5, HEPES 10, EGTA 10, TEA 2 and biocytin 0.2%. Isolated axonal blebs were obtained by
sweeping a patch pipette just underneath the blebs. Patch pipettes for recording had an impedance of 4-6 MQ for nucleated patches,
8-10 MQ for blebs of axon trunks, and 11-13 MQ for blebs of axon terminal branches. Na* currents were evoked by a series of voltage
steps (50 ms in duration, from -70 to +30 mV, AV = 10 mV for soma; from -70 to +10 mV, AV = 5 mV for isolated axonal blebs) from a
50-ms prepulse at -100 mV. The liquid junction potential (approximately 15.8 mV) was not corrected for all the data shown in the text
and figures.

Immunofluorescence staining

For brain tissue preparation for Na,/ 1.2 immunostaining, we perfused the animals with a weak fixative (0.5% PFA and 0.5% sucrose in
0.1 M PB) as previously reported.'®'"#? After anesthesia with sodium pentobarbital (100 mg-kg™, i.p.), we transcardially perfused
them with 0.9% (wt/vol) saline to wash out the blood, followed by an ice-cold weak fixative (~15 ml, 2-min perfusion). The brains
were dissected out and postfixed in similar fixative for 2 hr, and then transferred to 30% sucrose (in PBS, 4 °C) for at least 24 hr.
For experiments examining Nay1.2 distribution and gene-editing efficacy of AAV-gRNAs, we prepared acute slices just like those
for electrophysiological recordings because tissues without PFA perfusion of the whole animal showed more robust immunosig-
nals.® In brief, we cut acute slices (300 pm in thickness) and fixed them in the weak fixative for 45 min. Then the slices were trans-
ferred into 30% sucrose for 1 hr. They were cut into 20-pm-thick sections in the cryostat at -20 °C. To examine the distribution pattern
of Nay1.2 in VTA DANs or mPFC PCs, we rinsed the sections in PBS, and treated them with 0.5% TritonX-100 in PBS (PBS-T) for
30 min at RT. After incubation in a blocking solution of 5% bovine serum albumin (BSA, in 0.1% PBS-T) for 1 hr, the sections
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were treated with primary antibodies (diluted with 0.1% PBS-T) including mouse anti-Nay1.2 (1:200; 73-024, NeuroMab), rabbit anti-
TH or rabbit anti-Nay1.6 (1:1000; ASC-009, Alomone Labs), and goat anti-AnkG (1:500; sc-31778, Santa cruz) for 18-24 hr at 4 °C.
The sections were then incubated with the secondary antibodies (1:1000; Invitrogen) including Alexa Fluor 555 conjugated donkey
anti-mouse, Alexa Fluor 488 conjugated donkey anti-rabbit and Alexa Fluor 647 conjugated donkey anti-goat (A-21447) for 2 hr at RT.
Sections were completely washed in PBS every time after antibody incubation. In our experiments, the injection of AAV-gRNAs into
the mPFC and VTA dramatically diminished the immunosignals of Nay1.2, confirming a high specificity of the Nay1.2 antibody
(Figures 1E, S2A, and S2C).

For staining of the biocytin-loaded cells together with TH immunostaining after electrophysiological recordings, the acute brain
slices were fixed in 4% PFA overnight. After washed in PBS, the free-floating slices were treated with 0.5% PBS-T for 1-2 hr, and
then incubated in 5% BSA for 2 hr. The slices were incubated in streptavidin conjugated by either Alexa Fluor 647 (1:1000;
S$21374, Thermo Fisher Scientific) or Alexa Fluor 488 (1:1000; S11223), and the primary antibody of rabbit anti-TH in 0.1% PBS-T
at 4 °C overnight. After washed in PBS, the slices were treated with a secondary antibody of either Alexa Fluor 405 conjugated donkey
anti-rabbit (1:500; ab175651, Abcam) or Alexa Fluor 555 conjugated donkey anti-rabbit (1:1000; A31572, Invitrogen), and DAPI in
0.1% PBS-T for ~6 hr at RT. The slices were then mounted on slides with fluoromount-G and stored at -20 °C.

Images were captured by a laser scanning confocal microscope (Nikon A1 plus) with a set of objectives including 10x (NA 0.7) or
20x (NA 0.8) air objective, 25x (NA 1.1) water-immersion objective, and 60x (NA 1.4) oil-immersion objective or a slide scanner
(Olympus SLIDEVIEW VS200) with 10x objective (NA 0.4). The voxel interval of z-step was set to 0.5 or 1 pm. We employed ImageJ
software to adjust brightness and contrast of images, obtained appropriate projection of z stacks or merged images of different signal
channels, and virus efficiency analysis. To assess the efficiency of the Th promotor, we injected viruses (AAV-TH-Cre-EGFP,
1.35 x 10" vg/ml, or AAV-TH-EGFP, 1.72 x 10"® vg/ml, OBIO) into the VTA of mice. Four weeks after the injection, we obtained three
VTA sections (~200 um apart) from each mouse and stained them with TH antibodies to identify DANs. We then calculated the per-
centage of TH/EGFP positive cells in all TH-immunoreactive cells or EGFP* cells. To assess the infection efficiency of AAV-gRNA-
EGFP, we manually delineated the boundaries of the VTA and SNc based on TH* area and the brain atlas. The proportion of infected
area was calculated as the ratio of EGFP* area to the total area of the VTA or SNc. The midbrain regions ranging from -2.79 to
-3.87 mm (with an interval of 0.12 mm) relative to the bregma were included for this measurement.

Single-cell RNA-sequencing of gRNA targeted locus

Before electrophysiological recordings, the equipment was wiped with RNase Zap and 75% ethanol to prevent RNase contamina-
tion. Recombinant RNase Inhibitor (Takara, 2313A) was added into the intracellular solution to prevent mRNA degradation. Positive
pressure was applied to the pipette before entering the bath solution. Whole-cell recording was performed on tdTomoto/EGFP pos-
itive cells (i.e., Dat* cells expressing gRNA or AgRNA) in midbrain slices of Dat®"®::Cas9" mice that received injections of viruses (AAV-
AgRNA-EGFP or AAV-gRNA-EGFP) in VTA. The cell contents were aspirated into the pipette, and collected by forming nucleated
patch (containing the cell nucleus and cytosol), then transferred into lysis buffer. The sequence of the gRNA-targeted locus was
amplified using Smart-seq2 and nested PCR (first round primers sequences are: forward primer 5’-gctaagagacccaaacaggaacgc
and reverse primer 5’-gcagcccgatgagagcaaagacac; second round primers sequences are: forward primer 5’-gcaaggacgaagacgac-
gaaaatg and reverse primer 5’-ttcttcaccgactggatcagggcc; third round primers sequences are: forward primer 5’-agagatggtgtca-
gagcccc and reverse primer 5’-agttcgaagagctgaaacattgcc), followed by Sanger sequencing. The frequency of indel and knockout
efficiency were analyzed by ICE software (https://ice.synthego.com).

Imaging dopamine release in brain slices

Scn2a™™ mice of 4 weeks old received bilateral injections of the abovementioned viruses using the Th as a promoter in VTA (150 nl per
site), as well as injections of the AAV4-hSyn-rDA3m (AAV-hSyn-rDA3m for short, 1.03 x 10" vg/ml, BrainCase) to the NAc (200 nl per
site, coordinates relative to bregma in mm: AP +1.50, ML +1.09, DV -4.60). Using similar protocols for acute slice preparation, we
obtained coronal slices (300 pm in thickness) containing the NAc 4-5 weeks after the virus injection. The slice imaging was conducted
in a recording chamber perfused with oxygenated ACSF (~34 °C). A concentric bipolar electrode (SKU30205, Lot#300078, FHC) was
placed at the NAc core with intense EGFP* (Th*) fibers and rDA3m expression. Single or trains of electric shocks (0.1 ms in pulse
duration) were delivered to the tissue to evoke changes of rDA3m fluorescence that reflect dopamine levels. We also puffed
100 pM carbachol (Abcam) or 500 uM levodopa (Sigma) to the NAc core with glass pipettes (similar to those used for somatic
recording) by a pressure ejection (~10 psi, 2 s per pulse; Picospritzer lll, PARKER HANNIFIN). The glass pipettes were also filled
with 100 pM Alexa Fluor 488, which allowed visualization of the puff region. The rDA3m was excited by a 580-nm light beam, and
the fluorescence was collected with a 40x water-immersion objective and captured using an Iris 9 sCMOS camera (Teledyne Pho-
tometrics). The exposure time was set to 100 ms/frame, and images (740 x 740 pixels/frame) were acquired at 10 frames/s. The pixel
size was 0.425 x 0.425 pmZ.

To optogenetically activate dopaminergic axons in the NAc, we bilaterally injected a mixture of AAV,,o-TH-NLS-Cre (AAV-TH-Cre
for short, 1.19 x 10" vg/ml, Brainvta) and AAV,/e-EF1a-DIO-ChR2(H134R)-EYFP (AAV-DIO-ChR2-EYFP for short, 5.18 x 10" vg/ml,
Brainvta) into the VTA of C57BL/6J WT mice or Scn2a™" mice (5-7 weeks old), with a total volume of 150 ni/site at a 1:2 volume ratio.
Additionally, the AAV-hSyn-rDA3m was injected into the NAc to allow expression of rDA3m by local neurons. Five weeks after the
virus injection, dopamine sensor imaging was conducted on 300-um-thick coronal slices containing the NAc. We added 1.5 mM
Kyn and 50 pM PTX to the bath solution as mentioned before. The rDA3m signals were acquired at 10 frames/s with a 50 ms/frame
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exposure. To activate the ChR2-expressing Th* axon terminals and prevent light artifacts, we used a 470-nm fiber laser (PSU, CNI) to
deliver a light pulse (1 ms in pulse duration) with a 30-ms delay after the cessation of each 50-ms camera exposure. The laser and
camera were synchronized using a Master-8 stimulator (AMPI). The power of the laser was measured when it gave constant output. In
these experiments, bath application of tetrodotoxin (TTX, 1 pM) suppressed most of the light-evoked dopamine release, but we still
observed a small residual signal that could be further abolished by the removal of extracellular Ca?* (Figures S11F-S111). The TTX-
resistant release may be attributed to the presence of PTX, which could eliminate GABAA receptor-mediated shunting inhibition of
axons and thereby enhance light-induced depolarization.®*

The ROI for analysis was the entire field imaged with a 40x objective lens (314 pm x 314 um), excluding the region covered by the
electrode tip (i.e., the completely black region). We utilized custom-written codes to analyze and extract rDA3m fluorescence signal.
Data analysis includes noise reduction, up-sampling, baseline correction, pixel screening, and fluorescence change calculation.
Initially, the DeepCAD-RT algorithm was applied to batch reduce noise in images, aiming to minimize scattering noise from the optical
imaging system (using default settings of the deepcad_model, patch_xy = 150, patch_t = 150, overlap_factor = 0.60). Subsequently,
data points were up-sampled 30-fold from the original 10 to 300 data points/s using the fit (with a smoothing spline model) and feval
functions in MATLAB, to smooth the fluorescence signal curve. Accounting for variable photobleaching rates across different field of
view locations, an adaptive linear regression was employed to individually fit and calculate the signal decay rate for each pixel from
0.5 to 5 seconds after the imaging onset. This decay rate, designated as the standard rate of photobleaching (vo), was then used as
the slope for generating a baseline with a 20-s decay period. To quantify the area with fluorescence changes, pixels exhibiting AF/Fg
greater than 5% throughout the imaging duration were identified as part of a responsive region (Figures 4G and S11J). The average
fluorescence change within this region was calculated over the 20-s imaging period.

Behavior tests

We performed the behavior tests on male mice (2-3 months old) group-housed according to their experimental groups. Mice were
carefully habituated to handling for at least three days prior to the experiments to minimize stress. The mice were allowed to habituate
in the behavior test room for more than 1 hr before the tests. All test apparatuses were cleaned with 75% ethanol and allowed to air
dry completely between trials. Animal behaviors were quantified using ANY-maze software or BehaviorAtlas.*®

Open field test

Mice are introduced into an open box (dimensions: 35 cm x 35 cm x 35 cm) for a 10-min period, and their locomotion is quantified
based on the total distance traveled in the field. Repetitive circular locomotion is defined as a mouse ambulating in the same direction
with at least two laps within 20 s. The number of circular locomotion events was manually counted by two experimenters who were
blinded to the experimental conditions, and the average value was taken for final quantification.

Analysis of spontaneous behavior

Three-dimensional behavior of the mouse within a 30-min period in the transparent open-field box was recorded by four lateral cam-
eras and reconstructed offline.*® The motion of the mouse was tracked and analyzed using BehaviorAtlas with 16 body points
(including nose, ears, neck, back, claws, limps, as well as root, middle and tip of the tail). Forty behavior clusters were identified
and then manually categorized into sniffing, grooming, rearing, jumping, turning, or ambulating.

Elevated plus maze test

Anxiety levels of the test mouse was assessed using an elevated plus maze (EPM, length: 63 cm for each arm, height: 50 cm) with two
open arms and two closed arms. The test was conducted under a light intensity of 130 lux. The mouse was introduced at the cross
center, facing one of the closed arms, and allowed to freely explore the maze for 6 min. Time spent in open (topen) and closed (tgiosed)
arms was recorded, and the time ratio for each was calculated relative to the total test duration (tiota), i.€., (fopen OF fciosed)/tiotal- The
open arms exploration index was calculated as the ratio of time spent in open arms to the total time in arms, i.e., topen/(topen + tciosed)-
Resident-intruder test

The test mouse experienced social isolation for 4 hr in its home cage before the test. A junior novel intruder (6 weeks old, male
conspecific) was introduced to the home cage of the test mouse and allowed free social interaction for 10 min. Spontaneous behav-
iors were videotaped with a camera above the cage. Proactive social interactions were manually timed, including closely chasing,
body or anogenital sniffing, and direct contacts initiated by the test mice. The total duration of the proactive social interactions
was used for comparison between different mouse groups.

Social preference and social novelty preference tests

The social preference and the social novelty preference tests were carried out as described previously,®* but with the clapboards
removed to minimize the impact of circular locomotion on social exploration, otherwise the gRNA mice might be confined in a single
compartment. In this modified chamber, the test mouse was able to freely explore the social targets without shuttling between
compartments. There were three 10-min test sessions in the social behavior tests, including the pre-test, the social preference
test, and the social novelty preference test. The tests were conducted in a transparent plexiglass apparatus (dimensions:
100 cm x 45 cm x 45 cm) which is large enough for the test mouse to explore. Before the experiment, the test mouse was placed
in the center and allowed to explore for 10 min twice a day. Two wired cages placed in both sides of the apparatus contained
different stimuli. In the pre-test, two identical nonsocial stimuli (folded white papers) were placed in the wired cages, the locomotion
and position preference of the mouse were recorded. In the social preference test, a toy brick and an unfamiliar male conspecific
(6 weeks old) were put in the wired cages with the object cage positioned on the preferred side. In the social novelty preference
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test, the toy brick was replaced by a novel male mouse, while the other cage contained the familiar mouse. There was a 45-min in-
terval between different test sessions. The time spent in the zone near each cage (head distance less than 5 cm) was considered as
interaction time, and the time spent in circular locomotion was excluded from the total time. Mice with circular locomotion longer than
half of the test time were excluded. The social preference index was calculated as a ratio of (tmouse - tobject) 10 (tmouse + tobject), and
novelty preference index was calculated as a ratio of (fsiranger = framitiar) 10 (stranger + framiliar)-

Social novelty recognition test

Mice showing no obvious aggressive behavior were used in the social novelty recognition test. After 4 hr of social isolation, a male
stranger mouse (6-7 weeks old) was introduced into the home cage of the test mouse, with the grid top, food, and water bottle
removed, and the mice were allowed free social interaction for 2 min. Then the intruder mouse was taken away immediately. The
whole testing procedure was composed of 6 trials with an interval of 10 min. From trial 1 to trial 5, the same intruder (stranger 1)
was presented to the test mouse, whereas a novel mouse (stranger 2) from a different cage was introduced in trial 6. Duration of pro-
active social interaction was manually timed. Social recognition index was calculated as the time difference of proactive social inter-
action duration in trial 6 and trial 5 (Tg - Ts). Blind statistical analysis was performed by an experienced experimenter.

In vivo levodopa treatment

Levodopa and benserazide (Sigma) (L/B, 4:1 mass ratio) were thoroughly dissolved in saline just before the tests. Mice received intra-
peritoneal injections of L/B solution or an equivalent volume of saline. This treatment was carried out one week apart with a 3-day
habituation period before the day of test. Half of the animals were initially administered saline in the first week of test and then
L/B in the second week, while the remaining half received L/B in the first week and saline in the second week. The drug or vehicle
was intraperitoneally injected 10 min before the first behavior test daily. Behavior tests of these animals included open field test,
elevated plus maze test, social preference test, and social novelty preference test, as described above. In the social novelty recog-
nition test, each control or gRNA mouse (Dat°™::Cas9™ mice with virus injections) was tested only once, receiving either saline or
20 mg-kg™" L/B. The intervals in social preference/novelty test and the social novelty recognition test were shortened to 20 min
and 5 min, respectively, to ensure that all tests were completed within 60 min after the pharmacological treatment.

Fiber photometry of dopamine release

To monitor the real-time dopamine release in NAc core during social interaction, we injected AAV-hSyn-rDA3m into the NAc core (300
nl, coordinates relative to bregma in mm: AP +1.09, ML -1.10 or +1.10, DV -4.60). In Scn2a floxed mice, AAV-TH-Cre-EGFP or AAV-
TH-EGFP was injected into the VTA along with AAV-hSyn-rDA3m to the NAc core. In Dat®®::Cas9" mice, AAV-hSyn-rDA3m was in-
jected to NAc four weeks after the injection of AAV-gRNA-EGFP or AAV-AgRNA-EGFP to the VTA. In WT and Scn2a*’~ mice, AAV-
hSyn-rDA3m was injected to NAc, together with AAV-AgRNA-EGFP (mixed viruses 9:1) in some mice that allowed EGFP expression
serving as a reference fluorescence signal. Fiber optic cannula (Inper; 200 pm in diameter, 0.50 NA) was implanted to the NAc core
200 pm above the injection site. Two anchoring screws were implanted in the skull without damage to the brain. We then secured the
cannula and cranial screws with Loctite 4305 UV-curing adhesives and dental cement.

Behavior tests were carried out 2-4 weeks after the AAV-hSyn-rDA3m injection. Before the tests, a mono optic fiber was contin-
uously irradiated with the highest power to minimize the effects of autofluorescence. We then connected the cannula to a multi-chan-
nel fiber photometry system (ThinkerTech) through the optic fiber. The dopamine rDA3m sensor was excited by a 580-nm LED light
source at 40 Hz (10 ms in pulse duration) with a power of ~50 uW (tested during constant light). After recording in each behavior test,
we also obtained the offset of the recording system (Fosset) DY putting the fiber tip in dark, i.e., the fluorescence intensity value de-
tected by the system with the same parameters used during recording. Fluorescent signals (F and Fg) were obtained by subtracting
Fostset from the recorded fluorescence intensity in the target brain region. As rDA3m sensor lacks isosbestic point,43 we simulta-
neously recorded EGFP fluorescence as a reference to monitor motion artifacts.®> Due to the low background autofluorescence
of long-wavelength channel and the high signal-to-noise ratio of rDA3m sensor, no correction procedure was applied, consistent
with other works involving red sensors.®%%"

We used the CED Micro1401-3 and Spike2 software to trigger the fiber photometry system and a top-view camera and thus syn-
chronize both optic signal acquisition and videotaping animal behaviors. A side-view recording camera was also utilized to aid in
behavior judgment. The test mouse was introduced to a transparent acrylic box (35 cm x 35 cm x 35 cm) or underwent similar pro-
cedure of the social novelty recognition test mentioned above with the external optic fiber connected. After a 10-min habituation, the
recording was started with an initial 3-min collection of baseline signals. A junior male mouse was then put into the box or the cage for
free social interaction for another 5 min.

The behaviors of the mice were inspected frame by frame. Social interaction events are defined as direct nose-tip contacts with the
head or body trunk of the social target. The beginning of each bout of social interaction is defined as the first frame of direct contacts.
Two contacts with interval less than 2 s are considered as one bout of social interaction. Aligning these events with fiber photometry
signals allowed the extraction of changes in rDA3m signals (reflecting changes in dopamine levels) before and after each active inter-
action bout. We employed the adaptive iteratively reweighted penalized least squares to cope with the fluorescent bleaching and
thus achieve the baseline correction (MATLAB code from ThinkerTech). The change in dopamine release was calculated as the ratio
of (F - Fo) to Fo, i.e., AF/Fo, where Fg is the average fluorescence value 2 s before each bout or during the initial 3 min. Adaptation index
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in Figure 4N was calculated as the AF/F, difference between the first two active interaction (15t - 2"%). Recognition index of dopamine
release was calculated as the AF/F, difference between trial 6 and trial 5 (Trialg - Trials).

In experiments assessing basal dopamine levels, we conducted continuous recordings of dopamine signals 20 min before and
after SCH intraperitoneal injection in WT and Scn2a*’~ mice. Considering the rate of photobleaching stabilized to an approximately
linear trend between 15 to 40 min after the onset of recording, a linear fitting approach (applied to the window from 10 to 20 min after
drug application) was employed to eliminate the effects of bleaching. The fitting curve was then subtracted from the fluorescence
trace to obtain AF. Fy was calculated as the average fluorescence intensity in the window from 10 to 20 min post injection. Basal
dopamine levels were quantified by the area under the curve (AUC) of AF/Fq during the 5-min period preceding SCH injection.

In vivo optogenetic stimulation

To assess the impact of L/B on dopamine release in response to optogenetic stimulation of VTA DANs, we activated VTA neurons by
blue light and employed fiber photometry to monitor dopamine level in NAc core. Stereotactic injection of viruses was performed in
WT or Scn2a™" mice at the age of 4 weeks. We bilaterally injected a mixture of AAV-TH-Cre and AAV-DIO-ChR2-EYFP in VTA to allow
the expression of ChR2 in Th* neurons. The AAV-hSyn-rDA3m was injected into the right NAc core. Two cannulas (Inper; 200 pm,
0.50 NA) were implanted 200 pm above the injection sites of the right hemisphere, respectively. The imaging experiments were car-
ried out 5 weeks after the virus injection. During the experiments, the mouse was securely head-fixed on a floating foam ball with
proper airflow to ensure flexible movements.

We utilized a mono optic fiber to connect the NAc-cannula to the fiber photometry system, and another optic fiber to connect the
VTA-cannula for light stimulation. For fiber photometry recording, to prevent temporal overlap between interleaved optical stimula-
tion and DA sensor imaging, we chose a lower sampling rate for photometry at 20 Hz. For optogenetic stimulation, we delivered a
470-nm laser beam (ThinkerTech) to VTA DANs with bursts of light pulses (20 Hz, 10 ms each pulse, 2-s burst duration) every
3 min. The first burst stimulation commenced after the mice adapting for 10 min. Intraperitoneal injection of saline or L/B was carried
out 1 min after the third burst stimulation. Signals were recorded for a time period of 107 min including 17 min baseline (before treat-
ment) and 90 min post treatment.

We observed two obvious effects of L/B treatment on dopamine signals, one is a long-lasting increase in the baseline dopamine
level (up to 60 min), and the other is the enhancement of dopamine release evoked by light stimulation (Figures 6A-6D). The baseline
changes of rDA3m were quantified as the AUC of AF/F, with the evoked signals and the bleaching trend removed. Specifically, we
removed the light-evoked signals by deleting data points from 5 s before to 30 s after the stimulation. For fluorescence bleaching
effects of rDA3m signals, we fitted the signals before injection and 90 min after injection with a double exponential decay function
to obtain the decay curve. Then the fitting curve was subtracted from the whole trace of rDA3m signals. The resulting signals
were then converted to AF/F to calculate the AUC, where Fy was the average fluorescence intensity before injection. Similar analysis
was used to quantify the effects of SCH treatment on rDA3m sensors (Figures S11K and S11L). For the light-evoked dopamine
release, AF/F, after the start of the light stimulation (a period of 30 s) was calculated, where Fy is the average intensity within the period
of 5 s before the stimulation. For group data, the evoked rDA3m signals were normalized to the signals before saline or L/B treatment
for each recording.

QUANTIFICATION AND STATISTICAL ANALYSIS

We analyzed the data using MATLAB (R2017b and R2022a, MathWorks), Spike2 software (CED), and GraphPad (Prism 9 and 10). The
amount of data required for individual experiments was not calculated before the test. All experiments were performed blindly to the
groups except slice recording in mPFC and recordings from isolated blebs in NAc. All data were analyzed in a blinded manner. All
measurements were taken from distinct samples unless otherwise stated. We used Shapiro-Wilk test to check the normality of the
samples. We performed two-tailed unpaired t test for independent samples with normal distribution, and Mann-Whitney U test for
samples with non-normal distribution. One-way ANOVA was applied when there was one independent variable with more than
two categories. When there were two independent variables, two-way ANOVA was used. To determine statistical significance in
comparisons, we set the alpha value at 0.05. *p < 0.05, **p < 0.01, **p < 0.001. The experimental data in the text and figures
were described as mean + s.e.m.
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