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SCN2A is a high-confidence risk gene for autism spectrum disorder. Loss-of-function
mutations in Scn2a reduce dendritic excitability in neocortical pyramidal cells. However,
the impact of Scn2a haploinsufficiency on dendritic signaling in vivo, particularly dur-
ing behavior, is unknown. In this study, we used two-photon microscopy to image
dendritic calcium transients in deep layer pyramidal cells in the mouse medial frontal
cortex. Sen2a”” mice had diminished coupling between apical and proximal dendritic
compartments. Pyramidal tract neurons had abnormal event rates, while intratelence-
phalic neurons had compartment-specific alterations indicative of diminished dendritic
integration. In a matching pennies task, Sen2z"" mice were inflexible in the face of
changing competitive pressure. Apical dendritic tuft in intratelencephalic neurons typ-
ically encoded reward and strategy, but these task-specific representations were altered
in Scn2a4"" mice. Collectively, the findings demonstrate that Scn2a haploinsufficiency
weakens dendritic integration in vivo and disrupts dendritic encoding of task variables

during flexible decision-making.
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Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by
deficits in perception, social interaction, and cognition. At the genetic level, studies of
rare coding variants have identified numerous high-confidence risk genes for ASD, many
of which are involved in signaling and scaffolding in the postsynaptic dendritic compart-
ments (1-3). Although the etiology of ASD remains poorly understood, growing evidence
implicates deep layer glutamatergic neurons in the neocortex as key contributors (4).
Alterations in excitatory transmission have been observed in many ASD models (5), and
the synaptic dysfunctions may be closely tied to abnormalities in dendritic integration
(6). Supporting this connection, structural alterations and calcium signaling perturbations
to dendrites and dendritic spines have been reported in animal models for ASD (7-9) or
autism related disorders such as Fragile X and Angelman syndrome (10, 11). However,
uncovering the precise mechanisms by which the genetic perturbations lead to dendritic
dysfunctions and ultimately behavioral deficits, remain an ongoing challenge.

Among the most strongly implicated high-confidence risk genes for ASD is SCN24
(2, 3). Loss-of-function mutations in SCN2A are associated with ASD and intellectual
disability, whereas other alterations including gain-of-function mutations are more com-
monly associated with early onset epilepsy (12—14). SCN2A encodes Na, 1.2, the type 11
alpha subunit of a voltage-gated sodium channel found in many cell types and brain
regions. In the excitatory pyramidal cells in the neocortex, Na, 1.2 is initially localized to
the axon initiation segment during early development, but later becomes the dominant
isoform expressed in the somatodendritic region in adulthood (15, 16). A function of
Na, 1.2 is to facilitate membrane excitability. Indeed, in mice with Scz224 haploinsufficiency,
a disruption of Na, 1.2 expression reduces dendrite excitability and impairs synaptic plas-
ticity (15). Specifically, when the cell body is stimulated, calcium influx associated with
the backpropagation of action potentials is diminished, reflecting as a decrease in the
amplitude in the apical dendritic shaft, and inability to invade into the distal dendritic
tuft (15). While these results highlight the importance of S¢z2a for dendritic function,
the studies were performed in acute brain slices. The extent to which these deficits may
manifest in vivo and their behavioral relevance are open questions.

Recent advances in two-photon microscopy have provided powerful new approaches
for visualizing calcium signals in the dendrites of cortical pyramidal neurons in vivo. The
optimization of genetically encoded calcium indicators has yielded reporters with high
signal-to-noise ratios, enabling imaging in subcellular compartments of neurons in live
mice (17). This improvement has led to exciting discoveries about how synaptic inputs
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may be propagated and integrated in dendritic compartments.
For example, studies have mapped the feature selectivity of inputs
impinging at different dendritic locations (18-21), and revealed
choice- and reward-related dendritic signals in the sensorimotor
cortex during decision-making tasks (22-26). A particularly val-
uable innovation is the development of multiplane imaging. This
technique relies on rapid axial focusing via one of several possible
methods such as electrically tunable lens, acousto-optic deflectors,
and remote focusing. Multiplane imaging enables near simulta-
neous recording of fluorescence transients at several depths, which
is especially useful for quantifying the coupling between multiple
compartments of a neuron including various dendritic branches
and the soma in vivo (22, 27, 28).

The goal of this study is to determine the effects of Sen2a hap-
loinsufficiency on dendritic calcium signaling in vivo. Performing
multiplane imaging using an electrically tunable lens, we visualized
calcium transients in the distal apical tuft, apical trunk, and prox-
imal trunk of pyramidal neurons in the mouse medial frontal
cortex. We found reduced coupling of dendritic calcium signals
in Scn2a"" animals relative to controls. To assess how Scz2a hap-
loinsufficiency affects behavior, we developed a competitive
decision-making task for head-fixed mice that encourages adaptive
strategy switching. Sen24"~ mice were cognitively rigid, failing to
adjust to a computer opponent that changes its strategy. During
this task, apical dendritic tuft in the frontal cortex normally
encoded reward- and strategy-related signals, but these representa-
tions were disrupted in Sen2a"" mice. Overall, the results suggest
the in vivo dendritic functions in the medial frontal cortex are
impaired by Scz2a haploinsufficiency, including during flexible
decision-making.

Results

Multiplane Imaging of Dendritic Calcium Transients in
Frontal Cortical Pyramidal Tract (PT) and Intratelencephalic
(IT) Neurons. To study Sen2a haploinsufficiency, we compared
heterozygous Sen2a™™ mice to littermate Sen2a™" controls. Our
goal was to characterize dendritic calcium transients in pyramidal
cells in the medial frontal cortex (Fig. 1A4). There are two major
subpopulations of pyramidal cells: PT and IT neurons. PT and IT
neurons have distinct features; they have different morphological
characteristics, physiological properties, and long-range projection
targets (29-31). Moreover, PT and IT neurons may have
differential contributions to neuropsychiatric conditions and their
treatments (32-34). To target a sparse number of PT neurons,
we injected a low titer of AAVrg-hSyn-Cre into the ipsilateral
pons, and AAV-CAG-Flex-GCaMP6f in the dorsal medial
frontal cortex including the anterior cingulate cortex (ACAd) and
medial premotor cortex (MOs) (Fig. 1B). Fluorescence images of
histological coronal sections confirmed a sparse labeling of neurons
restricted to the deep layers of the medial frontal cortex, consistent
with the expected laminar distribution of PT neurons (Fig. 1B).
We imaged spontaneous calcium transients from apical den-
dritic compartments in the awake, head-fixed mouse. We used
two-photon microscopy, with the addition of an electrically
tunable lens (ETL) placed above the back aperture of the objec-
tive. By applying different electrical currents, the ETL can flex
quickly, which allows for a rapid change of the focal plane (35).
Prior to time-lapse imaging, we would acquire a z-stack from
the pial surface to -500 pm with a step size of 5 pm to identify
dendritic segments that belong to the same cell. Then time-lapse
imaging commenced, which lasted for 30 min. For each neuron,
we would capture fluorescence transients at three focal planes,
targeting one depth each for apical tuft (-50 to -150 pm), apical

https://doi.org/10.1073/pnas.2508836122

trunk (=250 to -400 pm), and proximal dendrite (<~400 pm)
(Fig. 1D). The overall frame rate was 7.93 Hz. For analysis, we
selected regions of interest (ROIs) corresponding to dendritic
segments. We calculated the fractional change in fluorescence
AF/F for each ROL.

In control animals, we saw that the dendritic calcium transients
between different compartments of a frontal cortical PT neuron
were generally synchronized (Fig. 1E). That is, whenever there was
a calcium transient in one compartment (e.g., an ROl in the plane
of apical tuft), we would observe a corresponding calcium tran-
sient in other compartments (e.g., ROIs for the apical trunk and
the proximal trunk). However, there were also cases when tran-
sients were observed in one compartment but not another, such
as the leftmost calcium event in the proximal trunk in Fig. 1,
which was not detectable in the apical trunk or apical tuft. We
noted the signal-to-noise was typically worse in the ROIs at the
apical tuft compared to the apical trunk and proximal trunk (/nset,
Fig. 1E), which was expected given the few fluorophores within
the small volume of a dendritic segment in the apical tuft.
Relatedly, the decay kinetics for the calcium transients was notice-
ably longer in the apical and proximal trunks, also consistent with
these compartments having larger volume and thus needed more
time for the clearance of calcium after an influx event (36). Fig. 1F
shows example dendritic calcium transients imaged from a frontal
cortical PT neuron in a Sen2z"™ mouse.

Using the same imaging setup, we also characterized the spon-
taneous calcium transients in the dendrites of frontal cortical IT
neurons in the awake, head-fixed mouse. To target a sparse number
of IT neurons, we injected a low titer of AAVrg-hSyn-Cre into
the contralateral striatum and AAV-CAG-Flex-GCaMP6f in the
medial frontal cortex (Fig. 1C). Fluorescence images of fixed cor-
onal sections showed sparse labeling of neurons in both superficial
and deep layers of the medial frontal cortex, in agreement with
the broader distribution of I'T neurons (Fig. 1C). Because I'T neu-
rons tended to have cell bodies that lie more superficially, we
targeted the three focal planes slightly differently for apical tuft
(=50 to -150 pm), apical trunk (-150 to -350 pm), and proximal
dendrite (<-350 pm) (Fig. 1G). Fig. 1H shows dendritic calcium
transients imaged from a frontal cortical IT neuron in a control
animal. Fig. 1/ shows an example from a Scn2a*’™ mouse.

Scn2a Haploinsufficiency Impairs Dendritic Coupling in PT and
IT Neurons In Vivo. Although the calcium transients were mostly
synchronized across the different dendritic compartments, we
also occasionally observed isolated transients in one compartment
only. To quantify the coupling between dendrites, we calculated
conditional probabilities. Starting from the AF/F(z) for each
ROI, we used the semiautomated OASIS algorithm to infer the
underlying electrical events (37). Then, for instance, to determine
the amount of transmission from the apical trunk up to the apical
tuft, we would consider each event in the apical trunk and tabulate
if there was a corresponding event in the apical tuft occurring
within +3 imaging frames. In an example drawn from actual
data (Fig. 2A4), there were 20 events detected in the apical trunk
including 2 events that lacked a counterpart in the apical tuft,
hence the conditional probability was 0.9. We considered pairwise
correlation as another metric that could be used to estimate
coupling, but correlation coefficient may be prone to errors
because the calcium transients in different dendritic compartments
have different decay kinetics.

For PT neurons, we imaged 23 cells in 7 Sen2a™” mice (3 males,
4 females) and 31 cells in 6 Scn24" mice (5 males, 1 female)
(Dataset S1). We calculated conditional probabilities to estimate
the coupling between all imaged ROIs (Fig. 2 B—G). We note that
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Fig. 1. Imaging calcium transients in the dendritic compartments of single frontal cortical PT or IT neuron. (A) The imaging setup involving two-photon imaging
of an awake, head-fixed mouse. ETL, electrically tunable lens. (B) Left, viral strategy to express GCaMP6f in frontal cortical PT neurons. Right, fixed coronal section
showing GCaMPé6f-expressing cells in the medial frontal cortex. White overlay, wireframe from the Allen Mouse Brain Atlas. (C) Similar to (B) for frontal cortical

IT neurons. (D) Example two-photon images at different depths corresponding to apical tuft, apical trunk, and proximal trunk of a frontal cortical PT neuron in

+/+

a Scn2a
neuron in a Scn2a

/4

control mouse. Dash lines indicate the region of interest. (E) AF/F traces from one ROl each from apical tuft, apical trunk, and proximal trunk of a PT
control mouse. Right, magnified view of the boxed area. (F) Similar to (E) for a Scn2a™” mouse. (G-1) Similar to (D-F) for a frontal cortical IT

neuron. ACAd, anterior cingulate area dorsal part. MOs, secondary motor cortex. CP, caudate putamen.

some ROIs could come from the same imaging plane (e.g., several
ROIs from the same plane for apical tuft of a neuron), therefore
for statistical analysis, we used a mixed effects model, which
included random effects terms to account for the hierarchical
structure of the data where ROIs come from dendrites that may
originate from the same mouse (Dataset S2). In the backward
direction, the coupling between the proximal trunk and apical
tuft was significantly reduced in Se#24"~ mice compared to con-
trols (Sen2a"*: 0.75 + 0.04; Sen2a*": 0.61 + 0.02; main effect of
genotype: P = 0.015, mixed effects model; Fig. 2B). The other
significant effect associated with Scz2az haploinsufficiency was
reduced coupling between the apical trunk and the apical tuft
(Scn2a+/+: 0.85 + 0.02; Scn24” mice: 0.77 + 0.02; main effect of
genotype: P = 0.005, mixed effects model; Fig. 2D). There was no
detected difference in the forward direction for dendritic integra-
tion in frontal cortical PT neurons between Scz24*~ and control
mice (Fig. 2 E-G).

PNAS 2025 Vol.122 No.47 2508836122

For IT neurons, we imaged 12 cells in 7 Sen2a** mice (4 males,

3 females) and 13 cells in 5 Sez24” mice (1 male, 4 females)
(Dataset S1). We found reduced coupling between dendritic com-
partments in both forward and backward directions (Fig. 2 H-M).
Similar to PT neurons, we found a significant deficit in the cou-
pling between the proximal trunk and a})ical tuft in the backward
direction (Sm2¢+/+: 0.87 £0.02; Scn24"7: 0.71 + 0.06; main effect
of genotype: P = 0.014, mixed effects model; Fig. 2H). For the
forward direction, propagation of dendritic signal was impaired
from the apical tuft to the proximal trunk (Sen2a™*: 0.86 + 0.03;
Sen2a*’": 0.63 + 0.06; main effect of genotype: P = 0.002, mixed
effects model; Fig. 2K), and from the apical trunk to the proximal
trunk (Scn24**: 0.90 + 0.02; Sen24™": 0.74 + 0.04; main effect
of genotype: P=0.001, mixed effects model; Fig. 2L). Altogether,
these results showed that, in many cases, the coupling between
dendritic compartments reduced with the heterozygous loss of
Nay,1.2. The coupling was most adversely impacted between the
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Fig. 2. Scn2a haploinsufficiency impairs dendritic coupling in PT and IT neurons in vivo. (A) Example AF/F traces and the corresponding inferred events from the
apical tuft and apical trunk of a PT neuron. The asterisk indicates one inferred event, or else the number indicates the number of inferred events. Red patch,
time window centered around an event in apical trunk with no corresponding event in apical tuft. (B) Conditional probability of an event in apical tuft given an
event in the proximal trunk in PT neurons for Scn2a™ control animals and Scn2a™” mice. Each point is a ROI. Mean + SEM. (C) Similar to (B) for event in apical
trunk given event in proximal trunk. (D) Similar to (B) for event in apical tuft given event in apical trunk. (E) Similar to (B) for event in proximal trunk given event in
apical tuft. (F) Similar to (B) for event in proximal trunk given event in apical trunk. (G) Similar to (B) for event in apical trunk given event in apical tuft. (H-M) Similar
to (B-G) for IT neurons. *P < 0.05. **P < 0.01. Linear mixed effects model with fixed effects terms of compartment (proximal trunk, apical trunk, or apical tuft),
genotype (Scn2a™* or Scn2a™”), cell type (PT or IT), and all interactions, with ROI per dendrite per mouse modeled as nested random intercepts. See Dataset S2.
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apical tuft and the proximal trunk, which span the greatest dis-
tance across the PT and IT neurons in our analysis.

From the events inferred from AF/F for each ROI, we could
determine the rate of the dendritic calcium transients. We found
that there were compartment and cell type specific differences in
the dendritic calcium transients (genotype x compartment inter-
action: P = 0.021, compartment x cell type interaction: P =
0.0003, mixed effects model; Dataset S2). For PT neurons, their
dendrites were overall more active in Sc#24" mice than control
animals, irrespective of the dendritic compartment (P = 5 x 107,
Bonferroni post hoc test; ST Appendix, Fig. S1A). For frontal cor-
tical IT neurons, there was no main difference across genotypes
(P = 0.8, Bonferroni post hoc test), but the frequency of calcium
events varied across the dendritic compartments (81 Appendix,
Fig. S1D). Namely, we found that in Sen2a”” animals, the calcium
event rate was higher in the apical tuft and apical trunk than the
proximal trunk (apical tuft vs. proximal trunk: P = 0.033, apical
trunk vs. proximal trunk: P = 0.035, apical tuft vs. apical trunk:
P = 0.6, Bonferroni post hoc test). The reduced event rate in the
proximal trunk is consistent w1th the deficient forward transmis-
sion in IT neurons in Sez24"”" animals (Fig. 2 Kand 7). In addi-
tion to event rate, the partial loss of Sen2a also affected the
amplitude and decay time of the fluorescence transients
(SI Appendix, Fig. S1 B, C, E, and Fand Dataset S2). This analysis
demonstrates an aberrant elevation in dendritic calcium events
specifically in the PT neuron subpopulation because of Scn2a
haploinsufficiency, which may compensate for the deficient cou-
pling across dendritic compartments.

Scn2a-Haploinsufficient Mice Were Inflexible against Changing
Behavioral Strategies. So far, our results have revealed how
Scn2a haploinsufficiency affects in vivo spontaneous activity in
the dendrites, but we also want to know the potential alterations
during behavior. The dorsal medial frontal cortex in rodents is
involved in adaptive decisions involving behavioral flexibility
(38). We therefore tested the animals on various decision-making
paradigms. Initially, we trained Sen24"" mice to perform a
probabilistic reward reversal task, but observed no alteration in
performance compared to control animals (39). Next, we trained
Sen2a*’” mice to play a standard version of the matching pennies
game that we previously adapted for head-fixed mice (40, 41).
Matching pennies is a classic two-playing competitive game
(42). In this standard version, the two players are the mouse
and a computer, with the computer programmed to always
play with the same strategy. We again found that Sen22"~ mice
performed to a level that was not distinguishable from control
animals (ST Appendix, Fig. S2). We surmised that these tasks may
not sufficiently assess flexible behavior, because the animal can
rely on the same behavioral strategy for the entire task. For the
probabilistic reward reversal, mice can excel by using a finite-
state approach, e.g., choosing the high-reward option repeatedly,
until encountering a few reward omissions, then switching to
the other option (43, 44). For matching pennies, since the
computer always used the same strategy, animals could counter
by employing a strategy of randomly choosing between the two
options (40, 45). Instead, ASD-related cognitive deficits may
be accentuated in tasks that encourage flexibility in behavioral
strategies.

We therefore designed a task, still based on matching pennies,
but the animal faces a computer opponent that can switch strat-
egies. In other words, the rules of the game—payoff matrix and
trial timing—always remain the same, but the innovation is that
we programmed three different strategies for the computer oppo-
nent. Briefly, a head-fixed mouse would play against a computer
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opponent (Fig. 3A4). Each trial, the mouse would indicate a choice
between the left and right options using a directional tongue lick.
The computer would also choose one of the options. The payoff
matrix is shown in Fig. 3B. If the mouse and computer chose the
same option (i.e., both picked left or both picked right), then the
mouse would receive a reward of ~4 pL of water. If the mouse and
computer chose different options (i.e., mouse picked left and com-
puter picked right, or vice versa), then the mouse would have no
reward. A trial began when a motor actuator advanced the two
lick spouts to just in front of the mouse’s head (Fig. 3C). Then a
sound cue was played, which was followed by a 2-s response win-
dow. Depending on the mouse’s choice (first lick during the
response window) and the payoff matrix, water would be delivered
immediately if the mouse won the trial. Subsequently, the motor
actuator would retract and there was a random intertrial interval
between each trial. The computer can play with one of three pos-
sible strategies. The “predictive” strategy is a strong player that
would play by predicting the mouse’s next choice based on the
history of past choices and outcomes in that session (same as the
strategy used in ref. 40, algorithm 2 in ref. 46, and competitor 1
in ref. 45). The “WSLS” strategy stands for win-stay, lose-switch,
where the computer would pick the same option if it won the last
trial or switch options if it lost the last trial. Finally, the “alternate”
strategy is when the computer would choose left, right, left, right,
and so on, regardless of the mouse’s previous choices and
outcomes.

We trained Scn24"" and control mice to play the matching
pennies game against a computer opponent using the predictive
strategy until the animals became proficient (>35% reward rate
for 3 consecutive days). Then we tested them on the matching
pennies game with the exact same rules, but now against a com-
puter opponent that switched its strategy every 90 to 110 trials
during a session. Fig. 3D shows a control mouse playing matching
pennies when the computer opponent started with the predictive
strategy, switched to WSLS, and then toggled for the remainder
of the session. We characterized the animals’ performance in 130
sessions from 38 Scn24"”" mice (16 males, 22 females) and 108
sessions from 25 Scn24” mice (15 males, 10 females). On a
per-animal basis, the control animals had a probability of switch-
ing their option at 36.5 + 1.5% during predictive blocks and 39.5
+2.0% during WSLS blocks (Fig. 3E). The Sen2a”’™ animals had
a probability of switching their option at 35.6 + 1.2% during
predictive blocks and 35.0 + 1.1% during WSLS blocks (Fig. 37).
Although the differences in performance on aggregate was
obscured by variability across individuals (Fig. 3 G and H), we
can analyze how each animal adapted by calculating its switching
probablhty during predictive block relative to during WSLS block
(Smsz Y229 + 0.9%; Sen247: 0.6 + 0.9%; Fig. 37 and
(SI Appendix, Fig. S3 A-F). To determine statistical significance,
we analyzed per-session data using a mixed effects model that
included fixed effects terms for genotype, computer strategy, and
their interaction, as well as random effects terms to account for
the hierarchical structure of the data where sessions come from
the same mouse. We detected a significant impairment for the
Sen2a™” mice to adjust to the changing strategy relative to control
animals (P = 0.033, genotype x strategy interaction; Dataset S3).
In agreement, logistic regression analysis showed that control ani-
mals had a significant tendency to switch followmg a rewarded
choice during WSLS blocks, but not Sen2a™~ mice (SI Appendix,
Fig. S4). This is a beneficial adaptation for the control animals,
because a player should switch more during WSLS. In fact, to
maximize reward rate, an optimal player should be switching half
the time against the predictive strategy but switch all the time
against the WSLS strategy.
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Fig. 3. Scn2a-haploinsufficient mice were inflexible against changing behavioral strategies. (A) Behavioral setup. (B) The payoff matrix of the matching pennies
game. 1 denotes a reward for the mouse, and 0 denotes no reward. (C) The trial timing. (D) An example session when a mouse played matching pennies with a
computer opponent that changed strategies between predictive (pink shading) and WSLS (green shading). Top row, the strategy used by the computer. Midd/e
row, the mouse’s choices and outcomes. Bottom row: computer's choices. Black line, reward. (E) The switch probability during predictive and WSLS trials for
Scn2a™* control mice. Each point represents the mean value of a mouse. Red crosshair, Mean + SEM. (F) Similar to (E) for Scn2a™” mice. (G) Bar plot of the switch
probability when the computer used predictive strategy. Each point represents the mean value of a mouse. Mean + SEM. (H) Similar to (G) when the computer
used WSLS strategy. (/) Bar plot of the switch probability difference between predictive trials and WSLS trials. Each point represents the mean value of a mouse.
Mean + SEM. (/-0O) Similar to (D-/) for a computer opponent that changed strategies between predictive (pink shading) and alternate (brown shading). Note that
for panel O, there is an outlier for Scn2a™" mice at 36.6 not included in the plot.
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We also trained animals playing matching pennies when the
computer opponent was swapping between the predictive and
alternate strategies (Fig. 3/). We had a smaller dataset, which
included 60 sessions from 15 Sen24"”* mice (7 males, 8 females)
and 38 sessions from 8 Scn24” mice (4 males, 4 females). The
control animals had a probability of switching their option at 34.1
+ 1.9% during predictive blocks and 24.8 + 2.8% during alternate
blocks (Fig. 3K). The Scn24"" animals had a probability of switch-
ing their option at 36.5 + 1.8% during predictive blocks and 33.3
+ 2.7% during alternate blocks (Fig. 3L). We quantified how each
animal adapts by calculating its switching probability during the
predictive blocks relative to during the alternate blocks, we did
not detect a significant difference between the genotype (Sen2a™":
9.3 + 2.6%; Sen2a™": 3.2 + 1.2%; Fig. 3 M=O and SI Appendix,
Fig. S3 G-L). Applying a mixed effects model for statistical anal-
ysis, we did not detect a difference between Sen24" mice and
control animals (P = 0.18, genotype x strategy interaction), with
both genotypes adjusting to the computer opponent’s alternate
strategy (P = 0.0003, main effect of strategy; Dataset S3). The
adjustment was a shift to perseverative choice behavior, which we
speculate was due to their desire to minimize effort, which may
relate to a previous study reporting that when the computer’s
choice is not contingent on the animal’s decision, the animal
would stick to the same option repeatedly (46).

Altogether, these results demonstrate that control mice can
adjust their behavior while playing matching pennies with com-
puter opponents employing different strategies. Notably, they
switched more frequently against the WSLS strategy but less
against the alternate strategy, showing behavioral flexibility in both
directions from their likely overtrained responses to the predictive
strategy. Sen2a”” mice, by contrast, showed significantly reduced
adaprability, and did not deviate from their initial trained
behavior.

Trial-Modulated Signals in the Apical Dendritic Tuft of PT and
IT Neurons. We observed reduced dendritic coupling during
spontaneous activity in both PT and IT neurons in Sez22”~ mice;
however, it is still unclear whether there may be potential deficit
in dendritic signaling during behavior. We therefore hypothesize
that dendritic dysfunction in the medial frontal cortex may
relate to the inflexibility in decision-making in Sen2z”" mice.
To investigate this possibility, we imaged dendritic calcium
signals from PT and IT neurons while the mouse was playing the
matching pennies game against a computer opponent switching
between the predictive and WSLS strategies (Fig. 44). The dual
viral injection strategy used for Fig. 1 enabled imaging of the same
dendritic tree from single neurons; however, the sparse labeling
approach had a low success rate, often leading to zero or dense
labeling. Here, to increase the yield because we also needed to
invest time to train animals, we leveraged the Cre-driver lines
Fezf2-2A-CreER to target cortical PT neurons and PlexinD1-24-
CreER to target cortical I'T neurons (47). We injected AAV-CAG-
Flex-GCaMP6f into the ACAd and medial MOs portion of the
medial frontal cortex of Fezf2- CreER"::Sen24™™ mice, with Fezf2-
CreER"::Scn2a’t as controls, or PlexinDI1-CreER" ::Scn2a™”
mice, with PlexinDI1-CreER" ::Sen24™ as controls (Fig. 4B).
We administered tamoxifen to induce Cre-mediated expression
of GCaMP6f. We focused on imaging dendritic segments from
the apical tuft located 50 to 100 pm below the pial surface (Fig. 4
Cand D).

We aligned fluorescence transients to the time of the sound cue
onset, which revealed trial-modulated signals in the apical den-
dritic tuft in PT and IT neurons (Fig. 4 £~/). Mostly, fluorescence
transients occurred at approximately -1, 0, or 3 s relative to cue
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onset, corresponding to the times during a trial when the motor-
ized actuator was advancing the lick spouts, the animal was mak-
ing a lick choice and receiving the outcome, or when the motorized
actuator was retracting the lick spouts. Fig. 4F shows two ROIs
from PT neurons in a control mouse that had trial-modulated
activity, although no differential modulation by choice or out-
come. By contrast, some apical dendritic tufts of PT neurons in
Fezf2-CreER" ::Scn2a™™ mice exhibited outcome selectivity, for
example here both ROIs 1 and 2 larger AF/F in rewarded trials
relative to unrewarded trials (Fig. 4G). Fig. 47 shows example
ROIs from IT neurons in a control animal. Fluorescence increased
in ROI 1 when the animal chose left and received a reward, relative
to all other conditions. This indicates a preference for the choice
x outcome interaction, specifically for left and reward. ROI 2
exhibited higher fluorescence when there was a reward together
with either a left or right choice, which reflected an outcome-related
signal. Fig. 4/ shows two example ROIs from a control
PlexinD1-CreER""::Scn2a* mouse. These were trial-modulated
signals but not selective for specific choice or outcome.

In total, for PT neurons, we imaged 129 ROIs during 5 sessions
from 2 1':(%]‘2—CreER*/7::5671241+/+ mice (2 males) and 861 ROIs
during 30 sessions from 8 Fezf2- CreER""::Scn2a"~ mice (5 males,
3 females) (Dataset S1). To quantify the fraction of ROIs that
exhibited trial-modulated signals, we determined whether there
was a significant difference in AF/F between the cue period
(t = -0.5 to 0.5 s) and baseline (t = -2 to -1 s) or between the
outcome period (t = 1 to 2 s) and baseline (t = -2 to -1 s). The
majority of ROIs exhibited trial-modulated signals, and the pro-
portions were not different with the partial loss of Sen2a than
controls for cue period (t = -0.5 to 0.5 s; control: 53.4 + 9.4%;
Fezf2- CreER" ::Sen2a*"™: 66.7 + 4.8%; P = 0.2, Wilcoxon rank
sum test) or outcome period (t = 1 to 2 s; control: 61.2 + 3.7%;
Fezf2- CreER" ::Sen2a™™: 49.1 + 4.6%; P = 0.3, Wilcoxon rank
sum test; Fig. 4K). For I'T neurons, we imaged 357 ROIs from IT
neurons during 17 sessions from 4 PlexinD1 -CreER" ::Scn2a™
mice (2 males, 2 females) and 271 ROIs during 14 sessions from
4 PlexinD1-CreER::Sen24”™ mice (4 males). Similarly, most
ROIs had trial-modulated signals, with the proportions not dif-
ferent across genotype for cue period (control: 74.3 + 4.3%;
PlexinD1-CreER" ::8cn2a™™: 60.2 + 7.5%; P = 0.1, Wilcoxon
rank sum test) or outcome period (control: 55.0 + 6.2%;
PlexinD1-CreER" " ::Scn2a""™: 47.8 + 7.7%; P = 0.6, Wilcoxon
rank sum test; Fig. 47). This analysis indicates that most dendritic
segments of frontal cortical PT and I'T neurons had trial-modulated
calcium transients while the mice were engaged in the matching
pennies task.

Reward- and Strategy-Related Signals Were Altered in the
Dendrites of Scn2a-Haploinsufficient Mice. To characterize the
factors that account for the calcium signals in the apical dendritic
tufts of PT and IT neurons during matching pennies, we used
multiple linear regression. For each ROI, we fitted a regression
model to determine how the fluorescence transient AF/F(z) relates
to the choices (left or right), outcomes (reward or no reward), and
their interactions for the current and past trials, as well as strategies
(predictive or WSLS) and their interactions (Fig. 54). For PT
neurons, the regression analysis showed that fluorescence transients
did not significantly encode any of the task variables tested in control
animals (Fig. 5 Band C). Surprisingly, with the partial loss of Scn2a
in the in Feﬁ-CrfER"/_.'.'SmZﬂ"/_ mice, we observed that some
dendritic calcium signals began to display preference for specific
outcome of the current trial and the strategy (Fig. 5D). By contrast,
when we applied the same multiple linear regression for ROIs
from IT neurons, the analysis revealed that ~7% of the ROIs were
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Fig. 4. Trial-modulated activity in the apical dendritic tuft of PT and IT neurons. (A) Experimental setup. (B) Viral strategy to express GCaMP6f in PT or IT neurons
in the frontal cortex in a mouse. (C) Example two-photon image of GCaMP6f-expressing apical tuft dendrites in a Fezf2-CreER""::Scn2a*"* mouse. (D) Example
two-photon image of GCaMP6f-expressing apical tuft dendrites in a PlexinD1-CreER™"::Scn2a™* mouse. () Diagram of ROl selection in apical tufts in PT neurons.
(F) Trial-averaged AF/F from trials with different choices and outcomes for two example ROIs in a Fesz-CreER*/’ :Scn2a™* control mouse. (G) Similar to (F) in a
Fzef2-CreER™"::Scn2a™” mouse. (H) Diagram of ROI selection in apical tufts in IT neurons. (/) Trial-averaged AF/F from trials with different choices and outcomes
for two example ROIs in a PlexinD1-CreER™"::Scn2a™* control mouse. (J) Similar to (/) in a PlexinD1-CreER™"::Scn2a”~ mouse. (K) The fraction of ROIs in PT neurons
with trial-modulated activity, defined as significant difference in AF/F during cue (t = -0.5 to 0.5 s) or outcome period (t = 1 to 2 s), relative to baseline (t = -2 to
=1 s). (L) Similar to (K) in IT neurons.
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Fig. 5. Reward- and strategy-related signals in the dendrites were altered in Scn2a-haploinsufficient mice. (A) The multiple linear regression model used to fit the
AF/F of a ROI from the apical tuft of PT and IT neurons. (B) Diagram of a PT neuron. (C) Fraction of ROIs in Fezf2-CreER" ::Scn2a*"* control animals with statistically
significant (P <0.01) regression coefficients for the various predictor variables. Red shading indicates P-value calculated based on the binomial test. (D) Similar to
(Q)in Fezf2-CreER”::Scn2a*" mice. (E) Diagram of an IT neuron. (F) Similar to (C) in PlexinD1-CreER™"::Scn2a™* mice. (G) Similar to (C) in PlexinD1-CreER”"::Scn2a™" mice.

modulated by the outcome of the current trial in control animals
(Fig. 5 Eand F). The strategy of the computer opponent was robustly
represented, especially around the time of cue when decisions were
made. These outcome- and strategy-selective 51gnals were absent
in apical dendritic tufts in the PlexinDI-CreEl "= Sen2a™ " mice
(Fig. 5G). To summarize, unlike earlier studies that reported reward-
related firing changes persisting for a few trials in a substantial
portion of frontal cortical neurons (38, 48-52), here we observed
that outcome- and strategy-related signals were more transient and
only present in a small subset of apical dendritic tufts. The fraction
of ROIs that has task-related representations was low, which could
be due to the low signal-to-noise ratio in our dendritic imaging
conditions, or due to substantial contributions from uninstructed
movements not associated with the task (53, 54) or arousal-related
factors (55), which were not captured by our model. The overall
explained variance captured by the regression model is low, which
is a limitation to consider when interpreting the results. Despite this
caveat, our results suggest that Scz2a haploinsufficiency alters the
typical pattern of dendritic signals in the apical tuft of frontal cortical
PT and IT neurons during decision-making.

PNAS 2025 Vol.122 No.47 2508836122

Discussion

The results in this study support three main conclusions. One,
Sen2a haploinsufficiency impairs the coupling between apical and
proximal dendritic compartments in PT and IT pyramidal neu-
rons in the medial frontal cortex. Two, Sen2a™™ mice exhibited
cognitive rigidity, where they were unable to adapt to the changing
strategy of a computer opponent in a matching pennies game.
Three, reward- and strategy-related signals in the dendrites of
frontal cortical PT and IT neurons were disrupted in Sen2a-
haploinsufficient mice during decision-making.

Numerous studies have investigated the coupling between den-
dritic and somatic compartments in cortical pyramidal neurons
in vivo. In anesthetized animals, layer 5 pyramidal neurons in the
barrel cortex exhibit varied coupling between the apical dendrites
and proximal soma (56). Specifically, large calcium signals in the
apical denderites are associated with burst firing in the soma. These
correlated events may be elicited by whisker stimulation or by
backpropagating action potentials. The fluorescence transients
detected in our study are likely associated with these burst firing
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events rather than single action potentials, as indicated by the
relatively low rate of calcium events and the sensitivity of the
genetically encoded calcium indicator under our imaging condi-
tions (36). Our observation of high level of dendritic coupling in
control animals also aligns with other prior works. A previous
study suggests that layer 5 pyramidal neurons in the anterior cin-
gulate cortex may exhibit more reliable signal propagations
between soma and dendrite compared to those in the sensory
cortex (57). In the awake animal, increased background excitatory
activity would elevate dendritic excitability, which should
strengthen the coupling between somatic, proximal, and apical
compartments (58, 59). Indeed, other recent studies in awake
mice reported a close correspondence of calcium transients
between distal apical dendrites and locations proximal to the cell
body (22, 27, 60). Our results are in agreement with these carlier
studies to show a high degree of dendritic coupling in the medial
frontal cortex of awake animals.

Sen2a encodes the voltage-gated sodium channel Na, 1.2, which
localizes to dendrites of neocortical pyramidal cells after the first
postnatal week, and is expected to support dendritic excitability.
Indeed, in brain slices, one could evoke dendritic calcium signal
via backpropagation by stimulating the cell body, and this signal
was reduced with the heterozygous loss of Na,1.2 (15). Our study
adds to this finding by showing the impact of Scz224 haploinsuf-
ficiency on the transmission of signals in dendrites in vivo in
awake animals. We further found cell-type specific differences. PT
neurons had impaired coupling affecting transmission from the
proximal and apical trunk up to the apical tuft in Scz22" animals.
Accompanying this decoupling in the backward direction is an
aberrant elevation in the number of calcium events in the apical
tuft. By contrast, I'T neurons had diminished dendritic signaling
in both the forward and backward directions, and its calcium event
rates were not changed by Sen2a haploinsufficiency. Though we
note that a caveat of the current study is that we are estimating
directional effects based on conditional probability, but have not
directly measured the propagation of calcium signals which would
require much higher temporal resolution for the imaging. The
aberrant calcium event rates may relate to the paradoxical increase
in action potential excitability seen in cortical pyramidal neurons
following the deletion of Sen24 (61, 62). For future studies, know-
ing the distribution of Na 1.2 in the dendritic tree of individual
frontal cortical PT and IT neurons would allow us to further
interpret and model the current data.

Our motivation for selecting a decision-making task was based
on two main considerations. First, individuals with ASD exhibit
core deficits in social interaction and impairments in decision-
making, particularly in computations related to mentalizing and
theory of mind (63, 64). Because complex social behaviors are
challenging to study directly, we sought tasks that incorporate
social and strategic elements as a proxy. One effective approach
to probing these deficits in both humans and animal models is
through competitive and cooperative games (42, 65, 66). Second,
we aimed to use a task that could be implemented in head-fixed
mice, allowing us to perform subcellular-resolution imaging of
dendritic signals during behavior. For instance, while attentional
set-shifting tasks are well established for assessing cognitive flexi-
bility and have been successfully used in ASD mouse models (67),
most implementations involve freely moving mice using food
bowls, operant nose pokes, or touchscreens (but see ref. 68, which
may be a future direction). These considerations led us to test the
Sen2a mouse model using matching pennies, which is a classic
competitive game paradigm. This approach is relatively untested
in rodents, but builds on more extensive previous human studies
that linked autism-related traits to performance in strategic games
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such as the stag-hunt (69), repeated rock-paper-scissors (70), and
the dictator game (71). Interestingly, some studies suggest that
individuals with ASD may not always have deficits but may
instead show enhanced rationality and even outperform controls
in certain game contexts (72), highlighting the udility of this
approach and nuanced nature of decision-making deficits
in autism.

In this study, we observed a subtle but statistically significant
behavioral deficit for the Scz22" mice. There are several reasons
why the detected effect was subtle. First, there is individual vari-
ability across animals. We tried to minimize variability by carefully
standardizing the training environment, however there is still
variation in switch rate across individuals of the same genotype.
Second, these mice were overtrained. Animals were shaped by first
learning matching pennies, where they played repeatedly for tens
of thousands of trials against a computer opponent employing the
predictive strategy. Once they became proficient, we tested the
animals against a computer opponent with changing strategies.
Third, likely the strongest factor, computer changed its strategy
unbeknownst to the animal. Our analysis was based on dividing
trials into blocks based on the computer’s strategy, but the mouse
needed time to adapt, thus would still play initially in a new block
as if it was playing against the old opponent. For future studies,
a more powerful way to assess changes in the mouse’s behavior
would be to divide trials into blocks based on the mouse’s latent
strategy.

During behavior, reward- and strategy-related signals were
diminished in frontal cortical IT neurons of Scz2a™" animals.
Prior studies have shown that causally silencing neural activity in
the frontal cortical region can impair behavioral adjustments (38,
73), therefore our observed loss of task-related signals may under-
pin the cognitive rigidity. Notably, our results match a prior study
identifying reward-related signals in the dendrites of IT, but not
PT, pyramidal neurons in the somatosensory cortex in behaving
mice (25). Unexpectedly, we observed an aberrant gain of
task-selective signals in the dendrites of PT neurons after the par-
tial loss of Sen2a, suggesting that the relevant synaptic inputs not
be fully lost, but rather maladaptively wired to alter their process-
ing in the medial frontal cortex. Given that frontal cortical PT
and IT neurons underpin distinct aspects of motor and
decision-related behaviors (74, 75), the cell-type specific deficits
provide insights into the circuit mechanisms in ASD. A limitation
of this study is that although we observed altered dendritic sign-
aling, the findings do not establish whether these perturbations
are the causal basis of the inflexible decision-making.

Despite the strong causal link from SCN2A4 to ASD, prior
studies of the heterozygous Sen2a”" mice reported only mild
behavioral changes. For adult animals, there was no notable
change in many behavioral assays designed to test locomotion,
anxiety, social interactions, and memory (15, 76). There were
some phenotypes for Scn2a"" mice, such as decreased ultrasonic
vocalization (76), novelty-induced hyperactivity (77), enhanced
social interaction (78), and elevated long-term fear memory (77,
78). Phenotypes such as increased responses to lights-on stimuli,
daytime hypoactivity, and night-time hyperactivity have also been
described in zebrafish models with mutations in the related
Senllab (79). There have been reports of spatial learning deficits
in Sen2a-haploinsuflicient mice (80, 81). A particularly promising
trait for translational research is impaired vestibulo-ocular reflex,
which is cerebellum-dependent and can be observed in both
humans and rodents (82). However, these behavioral phenotypes
are difficult to relate to the intellectual deficits observed in humans
(12—-14). In this study, building on the classic matching pennies
game, we developed a task that incentivizes cognitive flexibility.
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Testing a large cohort of Sen2a” mice and Sen2a™ littermate
controls, we demonstrated that control animals could adjust bidi-
rectionally to the shifting behavioral strategies, but mice with
Sen2a haploinsufficiency failed to adapt. We believe our findings
have translational significance, because the same competitive or
cooperative game can be tested on animal models and individuals
with ASD. In fact, one recent study reported a similar variant of
matching pennies, where they programmed computer opponents
to play with either a cooperative or competitive strategy and eval-
uated how human participants would adapt (83). We expect
cross-species tasks will facilitate the translation of treatments from
animal models to humans.

Understanding how ASD risk genes affect dendritic function is
crucial because dendrites play a central role in how neurons receive,
integrate, and process information. Here, our data provide evidence
that the heterozygous loss of the high-confidence risk gene Sen2a
reduces dendritic coupling in the medial frontal cortex and impairs
flexible decision-making. By linking the risk gene to dendritic alter-
ations in vivo, our results provide mechanistic insights into cortical
circuit deficits associated with ASD. Deeper knowledge of the neural
basis underlying the cognitive symptoms observed in ASD will
advance diagnostic and treatment strategies for the disorder.

Methods

Scn2a*™ mice were originally generated via homologous recombination (84)
and sourced from the University of California San Francisco. C57BL/6J (Stock
#000664). Fezf2-2A-CreER (B6;12954-Fezf2™" "2, Stock #036296) and
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