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NEUROSCIENCE

Complementary corticostriatal circuits orchestrate

action repetition and switching

Baibing Zhang"z, Claire E. Geddes?, Xin Jin"3*

Action sequencing is fundamental to behavior. A critical decision for survival and reproduction is whether to re-
peat a current action or switch to a different one. However, the neural mechanisms governing action repetition
and switching remain largely unknown. In mice trained to perform heterogeneous action sequences, we found
that the M1-DLS circuit regulates action repetition, while the PrL-DMS pathway controls action switching. These
distinct functions arise from preferential innervation of striatal D1-SPNs by M1 and D2-SPNs by PrL, respectively.
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In a Shank3 knockout mouse model of ASD, the D1/D2 innervation ratio in the PrL-DMS pathway was reversed,
leading to impaired action switching and repetitive behaviors. Genetic restoration of Shank3 in the DMS rescued
both physiological and behavioral deficits. These findings reveal how the brain orchestrates action sequencing in

health and disease.

INTRODUCTION

Goal-directed behaviors, no matter how intricate they are, can be
organized and chunked into fundamental units termed “action se-
quence” (I-3). At each given moment during the execution of an
action sequence, the brain has to decide whether to repeat the same
current action or switch to a different one, a fundamental problem
in action selection (2-4). Knowing when to repeat or switch actions
is thus critical for animals’ survival and reproduction. Across the
animal kingdom, action sequences form the foundation of diverse
motor repertoires (2, 3, 5-7), with their impairment associated with
various neurological and psychiatric disorders in humans, including
Parkinson’s disease (PD), Huntington’s disease (HD), obsessive-
compulsive disorder (OCD), and autism spectrum disorder (ASD)
(8-12). Specifically, pathological repetitive behaviors are typically
observed in conditions such as HD, OCD, and ASD (13-17), while
action initiation is deficient in PD (18, 19). Fundamentally, these
seemingly markedly different disorders consist of a common prob-
lem of motor repetition and switching dysfunction during action
sequencing (3, 20). Despite the apparent behavioral significance,
however, the neural circuit mechanisms underlying action repeti-
tion and switching in normal brains are poorly understood. Fur-
thermore, it is unclear how the proper interplay between action
repetition and switching is compromised in various diseases, posing
a mechanistic burden for developing effective therapeutic interven-
tions for these conditions (15, 21-23).

The basal ganglia are thought to be critically involved in action
selection and action sequencing (3, 4, 6, 7), which are implemented
primarily through its two major neural pathways (direct and indi-
rect) originating from striatal D1- and D2-expressing spiny projec-
tion neurons (D1- and D2-SPNs), respectively (20, 24-27). It has
been previously found in mice that after learning a heterogeneous
sequence, optogenetic activation of striatal D1-SPNs facilitates ac-
tion repetition, while the activation of striatal D2-SPNs triggers
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behavioral switching (20). Anatomically, the striatum receives excitatory
inputs from the cerebral cortex and thalamus (28, 29). Accumulating
evidence suggests that the corticostriatal synaptic transmission goes
awry in disorders such as OCD (30-32) and ASD (33), implying that
altered cortical projections onto striatal D1- and D2-SPNs might
underlie some key behavioral symptoms in these conditions (34).
However, which cortical areas are involved in action sequencing and
how they control striatal D1- versus D2-SPNs to mediate action rep-
etition and switching in health and disease remain critical yet unre-
solved questions.

In this study, we trained mice to perform a heterogeneous action
sequence task (20) that incorporates both motor repetition and
switching to dissect the corticostriatal mechanism underlying action
sequencing behavior. We first identified the crucial roles of the pri-
mary motor cortex (M1) and prelimbic cortex (PrL) in the perfor-
mance of learned sequence behavior by pharmacological inactivation
and optogenetic silencing. In vivo neuronal recordings revealed M1
and PrL exhibit different sequence-related neuronal activity, imply-
ing their distinct functions in controlling different hierarchical levels
of action sequence. Optogenetic activation of M1 to dorsolateral stria-
tum (DLS) pathway, whether by stimulating on the DLS-projecting
M1 neuronal soma or M1 terminals in DLS, facilitated the repetition
of ongoing actions. In contrast, the optogenetic activation of PrL to
dorsomedial striatum (DMS) pathway, whether by stimulating the
DMS-projecting PrL neuronal soma or PrL terminals in DMS, trig-
gers action switching. Further patch-clamp recordings from brain
slices determined these functional specificities stem from the prefer-
ential innervations of M1 to D1-SPNs and PrL to D2-SPNs, respec-
tively. In addition, it was found that activation of PrL-DMS pathway
caused strong suppression of M1 neurons in vivo, suggesting a unidi-
rectional inhibition from the action switching to action repetition
circuit. These findings establish the neural logic underlying action
selection and unveil the interaction between action repetition and
switching circuits to the control of action sequencing.

We further investigated the neural circuits underlying action
repetition and switching in Shank3 knockout (KO) mice, a genetic
variant linked to ASD exhibiting repetitive behavior (33). When
trained with the LLRR task, the Shank3 KOs showed marked deficits
in sequence learning and performed notably more repetitive actions
compared to their littermate controls. Slice recordings revealed a
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reversal in the D1/D2 ratio in the PrL-DMS projections of these mu-
tants. Consequently, the optogenetic stimulation of the PrL-DMS
pathway in the Shank3 KO mice failed to trigger action switching
and instead induced action repetition. In addition, the modulation
effect of the PrL-DMS pathway on M1 shifted from inhibitory to
excitatory in the mutants, further enhancing the action repetition
pathway, thereby contributing to the repetitive behaviors. Notably,
the viral restoration of Shank3 in DMS, but not DLS, is sufficient to
correct the reversed D1/D2 ratio in the PrL-DMS circuit and res-
cued action switching during sequence behavior, leading to the re-
covery of sequential behavior and normalization of grooming. These
results have important implications for understanding the cortico-
basal ganglia mechanism underlying action selection, including the
dynamic interplay between action repetition and switching in health
and disease.

RESULTS

Both M1 and PrL are involved in execution of learned

action sequence

To investigate the corticostriatal mechanism underlying action se-
lection, we trained mice to perform a left-left-right-right (LLRR)
“Penguin Dance” action sequence task, which includes both action
repetition and action switching (20). The experimental setup in-
cluded a training chamber equipped with left and right levers and
a reward-delivering magazine positioned in the opposite side
(Fig. 1A). A food pellet reward was delivered whenever a LLRR le-
ver press sequence is performed by mice (see Materials and Meth-
ods). This “LLRR” action sequence is hierarchically organized and
includes both the repetition of the same action (LL and RR) and
switching between different actions (L-R) (Fig. 1B). After 21 days of
LLRR training, mice significantly increased the pattern of LLRR se-
quence and achieved a performance efficiency of more than 40%
(Fig. 1C, effect of training: for M1 group, n = 7, Fy120 = 2.118,
P = 0.0069; for PrL group, n = 7, Fy,120 = 2.759, P = 0.0003; fig. S1,
A to F). It has been previously shown that the dorsal striatum, in-
cluding both D1- and D2-SPNs, are necessary for the execution of
learned LLRR sequence (20). The striatum receives topographic glu-
tamatergic inputs from the cerebral cortex, with M1 projecting to
the DLS and PrL primarily targeting the DMS, respectively (35, 36).
To determine the roles of cortical regions in action sequence execu-
tion, we injected muscimol bilaterally to inactivate M1 or PrL in the
trained mice when they were performing the LLRR task (see Materi-
als and Methods). Notably, muscimol infusion into either M1 (Fig.
1; n =7, efficiency of pre: 50.3 + 1.8%; muscimol: 35.3 + 3.4%; post:
49.0 + 2.3%, paired t test between pre and muscimol: P = 0.003; be-
tween muscimol and post: P = 0.002; fig. S1, G to I) or PrL (Fig. 1E;
n =7, efficiency of pre: 46.2 + 3.2%; muscimol: 20.3 + 2.8%; post:
43.2 + 3.7%, paired t test between pre and muscimol: P = 0.002; be-
tween muscimol and post: P = 0.008; fig. S1, J to L) significantly re-
duced the sequence performance efficiency compared with the
pre- and post-control of saline injection in the same animals. These
results suggest that both M1 and PrL are involved in the execution
of learned action sequence. Furthermore, we calculated the repeti-
tion versus switching ratio, defined as the percentage of repetition
lever presses (LL or RR) divided by the percentage of switching lever
presses (LR or RL) within a session for both groups under three dif-
ferent conditions. We found that inactivation of M1 did not alter the
repetition/switching ratio (fig. SIM), whereas the inactivation of
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PrL significantly increased this ratio (fig. SIN), suggesting that PrL
plays a key role in action switching.

To further elucidate the precise role of cortices in action se-
quence execution, we implanted optic fibers bilaterally into either
the M1 or PrL of Vgat“"“*:Ai32 mice, through which the cortical
projection neurons were temporarily inhibited by activating local
GABAergic interneurons (37-40). In the trained Vgat“?*:Ai32
mice, 1-s pulse of blue light (473 nm) was delivered at random half
trials upon each lever press during LLRR sequence execution (Fig.
1F) to either M1 (Fig. 1, G to O; n=7) or PrL (Fig. 1, P to X; n = 6).
Intriguingly, the brief optogenetic silencing of M1 following the first
L press suppressed the upcoming second L press and tended to re-
duce the total sequence length (Fig. 1, H and L; Wilcoxon matched-
pairs signed rank test, length change under inhibition on the first
left lever press, left: —0.36 + 0.09, P = 0.02, right: 0.09 + 0.08,
P =0.3, total: —0.27 + 0.14, P = 0.11). Similar effects were observed
on upcoming lever press and total sequence length for M1 silencing
following the first R press (Fig. 1, ] and N; Wilcoxon matched-pairs
signed rank test, length change under inhibition on the first right
lever press, left: 0.01 + 0.09, P = 0.30, right: —0.27 + 0.07, P = 0.02,
total: —0.25 + 0.12, P = 0.03). This suppression of ongoing lever
pressing aligns with previous reports showing that photoinactiva-
tion of M1 transiently halts motor activity in animals (40). Temporal
silencing of M1 following the second L or second R press had no
effect either on upcoming lever press or on the total sequence length
(Fig. 1, I and M; Wilcoxon matched-pairs signed rank test, length
change under inhibition on the second left lever press, left:
0.05+0.09, P=0.69, right: —0.08 + 0.09, P = 0.69, total: —0.04 + 0.08,
P =0.58; Fig. 1, K and O; Wilcoxon matched-pairs signed rank test,
length change under inhibition on the second right lever press, left:
0.04 + 0.08, P = 0.81, right: 0.03 + 0.03, P = 0.38, total: 0.11 + 0.07,
P =0.31) due to the planned switching from L to R press and from
the final R press to magazine entry, respectively. In contrast, the
brief optogenetic silencing of PrL following each lever press during
the LLRR sequence execution consistently induced the insertion of
an additional ongoing lever press (Fig. 1, Q to X; Wilcoxon matched-
pairs signed rank test, length change under inhibition on the first
left lever press, left: 0.78 + 0.16, P = 0.03, right: —0.62 + 0.11,
P =0.03, total: 0.15 + 0.12, P = 0.31; length change under inhibition
on the second left lever press, left: 0.80 + 0.15, P = 0.03, right:
—0.38 + 0.04, P = 0.03, total: 0.42 + 0.16, P = 0.07; length change
under inhibition on the first right lever press, left: —0.31 + 0.14,
P = 0.06, right: 0.72 + 0.17, P = 0.03, total: 0.50 + 0.22, P = 0.09;
length change under inhibition on the second right lever press, left:
0.20 + 0.07, P = 0.06, right: 1.16 = 0.10, P = 0.03, total: 1.36 + 0.13,
P =0.03). Notably, temporal silencing of PrL during the second L or
second R press delayed the planned switches from L to R press and
from the final R press to magazine entry (Fig. 1, R and V and T and
X). The data indicate that optogenetic silencing of M1 reduces the
action repetition within sequence, whereas optogenetic silencing of
PrL delays action switching. Together, these results suggest that
while both M1 and PrL are required for the performance of learned
action sequence, they might be involved in controlling different as-
pects of action selection.

M1 and PrL encode distinct hierarchies of

sequence structure

To further determine the potentially distinct functions of the M1
and PrL in action sequence execution, we implanted electrode
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Fig. 1. Silencing M1 or PrL impaired learned sequence behavior. (A) Schematic of operant chamber used for the LLRR sequence behavior. (B) Action switching and action repeti-
tion in the LLRR sequence hierarchy. (C) Learning curve for the LLRR sequence behavior in the M1 and PrL group of mice. (D and E) Top: Diagram of cannula implantation for musci-
mol or saline infusion into M1 (D) and PrL (E). Bottom: Behavior efficiency under presaline, muscimol, and post-saline infusion into M1 (D) and PrL (E). (F) Protocol of optogenetic
experiment. A 1-s light stimulation was triggered in random half of the trials by the first left, second left, first right, and second right lever press, respectively. (G) Diagram of M1 silenc-
ing. Optic fiber implanted into the M1 in Vgat“®*:Ai32 mice. (H to K) Behavioral examples of M1 silencing following the first left (H), second left (1), first right (J), and second right
(K) lever presses. Control conditions are shown with the supposed stimulation period covered in gray (top), while stimulated conditions are depicted with the stimulation period in
light blue (bottom). Blue and red dashes and curves represent the left and right lever presses and press rates, respectively. Peri-event time histograms (PETHSs) in all optogenetic ex-
periments were plotted with excluding the referenced lever press in both control and stimulated conditions for illustration clarity. (L to O) Sequence length change after M1 silencing.
The unit of length change is 1. (P) Diagram of PrL silencing. (Q to T) same as (H) to (K), but for PrL silencing. (U to X) Sequence length change after PrL silencing.
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arrays into the M1 (n = 5 mice; Fig. 2B and fig. S2, A to C) or PrL
(n="7 mice; Fig. 2C and fig. S2, A, D, and E) to characterize sequence-
related neuronal activities in trained mice performing the LLRR task
(see Materials and Methods). It has been previously proposed that
the learned LLRR action sequence can be organized into three hier-
archical levels: sequence, subsequence, and element levels, respec-
tively (20). Although many striatal neurons signal sequence-level
start and stop, striatal D1-SPNs and D2-SPNs preferentially encode
different hierarchical levels of sequence structure (3, 20, 26, 41).
More specifically, striatal D1-SPNs encode element level information

and facilitate ongoing action when activated, while striatal D2-SPNs
encode subsequence-level transition and trigger action switching
when stimulated (20).

We recorded action-related, reward-related, and nonresponsive
neurons in both M1 and PrL (fig. S2, F to H). Consistent with the
previous analyses (20), we further categorized the action-related
neuronal activity in M1 (174 neurons from five mice) and PrL (204
neurons from seven mice) into three hierarchical levels within the
action sequence (see Materials and Methods). At the sequence level, we
observed a significant proportion of neurons exhibiting sequence
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Fig. 2. M1 and PrL neurons encode different sequence hierarchies. (A) Action switching and action repetition in the LLRR sequence hierarchy. (B) Diagram showing
M1 in vivo recording. (C) Diagram showing PrL in vivo recording. (D) Schematic of sequence start/stop neuronal activity at the sequence level. (E) Example of a neuron
with start activity. Neuronal activity is aligned to the first left, second left, first right, and second right lever presses within the sequence, respectively. Top: Each black dash
represents a spike. Bottom: PETH of neuronal firing rate. The same applies to (F), (), (M), and (N). (F) Example of a neuron with stop activity. (G) Proportion of neurons in
M1 and PrL neurons exhibiting start/stop activity. Two-proportion z test. (H) Schematic of subsequence switching neuronal activity. (I) Example of a neuron with switching
activity. (J) Same neuron as shown in (I) with trials sorted by left-right subsequence switching intervals. Top: Left and right presses are marked by inverted blue and red
triangles, respectively. Neuronal activity is aligned to the first right lever press. Bottom: PETH of neuronal firing rate. (K) Proportion of neurons in M1 and PrL exhibiting
subsequence switching activity. Two-proportion z test. (L) Schematic of element sustained (top) and inhibited (bottom) neuronal activity at element level. (M) Example of
a neuron with sustained activity. (N) Example of a neuron with inhibited activity. (O) Proportion of neurons in M1 and PrL showing element sustained/inhibited activity.
Two-proportion z test.
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start/stop-related activity in both M1 (n = 110, 63.2%) and PrL
(n=85,41.7%) (z = —4.18, P < 0.00001; Fig. 2, D to G, and fig. S2I),
indicating the potential contribution of cortices in organizing learned
action sequences (26, 42-45). Notably, the percentage of start but
not stop neurons is significantly higher in M1 than PrL, suggesting
a role of M1 in initiating action (fig. S2J). At the subsequence level,
the “LL” to “RR” switch-related activity was found in both cortical
regions (Fig. 2, H to J, and fig. S2I). Only 8.1% of M1 neurons
(n = 14) exhibited switch-related activity, in contrast to 40.2% in PrL
(n = 82), underscoring a possibly predominant role of PrL in action
switching (z = —7.16, P < 0.00001; Fig. 2K and fig. S2J). At the ele-
ment level, we identified the element-related sustained/inhibited
activity, in which the neuron’s firing was excited or suppressed
throughout the whole LLRR sequence execution (Fig. 2, L to N, and
fig. S2I). Notably, there was 28.7% of M1 neurons (n = 50) exhibited
element-related activity compared to only 18.1% in PrL (n = 37),
implying a specific role for M1 in controlling individual elemental
actions, different from PrL (z = 2.44, P = 0.014; Fig. 20 and fig. S2J).
These results reveal that although both M1 and PrL exhibit neuronal
activities associated with all three levels of sequence hierarchies, M1
reflects more element-level information, whereas PrL encodes more
subsequence-level switching (fig. S2J). Together with the optoge-
netic silencing results (Fig. 1), these data further suggest that M1
and PrL could mediate distinct hierarchies of sequence behavior.
This functional distinction is likely mediated by the specific down-
stream structures targeted differently by M1 and PrL projections.

M1-DLS regulates action repetition, while PrL-DMS controls
action switching

The dorsal striatum has been demonstrated as a critical center for
action sequence execution (20), with M1 primarily innervating DLS
(46) and PrL projecting to DMS (35, 36). To causally test and dif-
ferentiate the potentially distinct functions of M1 and PrL in se-
quence behavior, we next seek to optogenetically activate M1-DLS
or PrL-DMS pathway in mice when they performed the learned
LLRR sequence (Fig. 3A). To elucidate the function of M1 neurons
that project to the dorsal striatum, we injected AAV2-retro-flp into
the DLS and AAV5-fDIO-ChR2-YFP into the M1 and implanted
optic fibers into M1 to selectively activate DLS-projecting M1 neu-
rons (Fig. 3B and see Materials and Methods). Notably, the optoge-
netic activation of the DLS-projecting M1 neurons following each
lever press within the LLRR sequence consistently promoted ani-
mals to press additional ongoing press (Fig. 3, C to F; n = 7), regard-
less of whether it is first L, second L, first R, or second R press (Fig.
3, G to J; length change under stimulation on the first left lever press,
left: 0.58 + 0.10, P = 0.02; right: —0.33 + 0.10, P = 0.03; total:
0.25 + 0.08, P = 0.02; length change under stimulation on the sec-
ond left lever press, left: 0.45 + 0.09, P = 0.02; right: —0.23 + 0.10,
P =0.08; total: 0.21 + 0.13, P = 0.22; length change under stimula-
tion on the first right lever press, left: —0.05 + 0.06, P = 0.81; right:
0.44 + 0.06, P = 0.02; total: 0.39 + 0.10, P = 0.02; length change
under stimulation on the second right lever press, left: —0.005 + 0.05,
P = 0.69; right: 0.36 + 0.04, P = 0.03; total: 0.36 + 0.08, P = 0.30).
These effects were further confirmed with optogenetic activation us-
ing various durations or frequencies (fig. S3, A to F), indicating a
causal role of M1-DLS pathway in facilitating action repetition. To
verify the optogenetic effects of M1 were mediated through the stri-
atum, we injected AAV9-hsyn-ChR2-eYFP (enhanced yellow fluo-
rescent protein) into M1 and correspondingly implanted optic fibers
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to activate its terminals in DLS following each lever press (Fig. 4, B
to J; n = 7, length change under stimulation on the first left lever
press, left: 0.35 & 0.05, P = 0.02; right: —0.18 + 0.08, P = 0.11; total:
0.17 + 0.12, P = 0.30; length change under stimulation on the sec-
ond left lever press, left: 0.27 + 0.09, P = 0.02; right: —0.16 + 0.06,
P = 0.06; total: 0.10 # 0.12, P = 0.58; length change under stimula-
tion on the first right lever press, left: —0.26 + 0.05, P = 0.05; right:
0.32 + 0.05, P = 0.02; total: 0.06 + 0.08, P = 0.47; length change
under stimulation on the second right lever press, left: —0.03 + 0.04,
P = 0.69; right: 0.17 & 0.07, P = 0.08; total: 0.13 + 0.07, P = 0.08).
Similarly, the optogenetic activation of M1 terminals in DLS reca-
pitulated the effects of stimulating DLS-projecting M1 neuronal
soma by increasing action repetition (Fig. 4, B to J). Consistent with
the in vivo neuronal recording data, these results suggest that M1
neurons control elemental execution within sequence, and activa-
tion of M1-DLS pathway facilitates action repetition.

Next, we injected AAV2-retro-flp into the DMS and AAV5-
fDIO-ChR2-YFP into the PrL to selectively activate DMS-projecting
PrL neurons during sequence execution (Fig. 3, Kto S; n = 7). Strik-
ingly, optogenetic activation of the DMS-projecting PrL neurons
upon the first L press eliminated the following left lever presses, in-
ducing a direct switch to the right subsequence and shorter total
sequence length (Fig. 3, L and P; length change under stimulation
on the first left lever press, left: —0.86 + 0.14, P = 0.02; right:
0.26 + 0.16, P = 0.16; total: —0.60 + 0.18, P = 0.02). Similarly, the
activation of the DMS-projecting PrL neurons upon the first R press
reduced the following right lever presses and decreased the total se-
quence length (Fig. 3, N and R; length change under stimulation on
the first right lever press, left: —0.009 + 0.09, P = 0.94; right:
—0.76 + 0.16, P = 0.02; total: —0.77 + 0.18, P = 0.02). Optogenetic
stimulation of PrL on the second L or second R press caused no
changes on the sequence structure due to the planned switching fol-
lowing these actions (Fig. 3, M and Q; length change under stimula-
tion on the second left lever press, left: —0.04 + 0.09, P = 0.30; right:
—0.10 + 0.14, P = 0.58; total: —0.15 + 0.14, P = 0.30, O and S, length
change under stimulation on the second right lever press, left:
—0.05 + 0.21, P = 0.81; right: —0.17 + 0.13, P = 0.30; total:
—0.41 + 0.22, P = 0.16). Again, these behavioral effects were repli-
cated with optogenetic activation with various duration or frequency
(fig. S3, G to L), underscoring a causal role for DMS-projecting
PrL neurons in action switching. Furthermore, the optogenetic
stimulation of PrL neuronal terminals in DMS (Fig. 4, Kto S; n =8,
length change under stimulation on the first left lever press, left:
—0.43 + 0.08, P = 0.009; right: 0.10 + 0.12, P = 0.46; total:
—0.34 + 0.10, P = 0.02; length change under stimulation on the sec-
ond left lever press, left: —0.01 + 0.16, P = 0.95; right: 0.24 + 0.14,
P =0.20; total: —0.25 + 0.18, P = 0.25; length change under stimula-
tion on the first right lever press, left: —0.05 + 0.13, P = 0.84; right:
—0.60 + 0.09, P = 0.009; total: —0.65 + 0.10, P = 0.009; length
change under stimulation on the second right lever press, left:
0.03 + 0.10, P = 0.64; right: 0.04 & 0.09, P = 0.74; total: 0.07 + 0.16,
P =0.64), but not collaterals in other downstream regions including
the claustrum, mediodorsal thalamus, or amygdala (fig. S4), reca-
pitulated the effects of PrL soma activation. Consistent with the
finding of substantial switch-related neuronal activity in PrL, these
data demonstrate that activation of PrL-DMS pathway triggers ac-
tion switching. Collectively, these results suggest that the M1-DLS
circuit regulates action repetition, while the PrL-DMS pathway con-
trols action switching.

5o0f 20



SCIENCE ADVANCES | RESEARCH ARTICLE

A

LL RR

ey

nght

LL RR

B

DLS-projecting
M1 soma activation

AAV2-retro-flp

Press rate
(Hz)
o-=NWw
l_
)

o
©__3
AAV5-fDIO-ChR2-YFP e« 0 2 4 6 20 2 4 4 2 2 2 2 0 2
Fiber track . t(s) . t(s) . t(s) 1t(s)
LLRR=) LLLR LLRR—= LLLRR LLRR—LLRRR LLRR—= LLRRR
G H J
[0y * * * 1 1
@2 m | eft m | eft | eft
28 = Right = Right = Right
%2 mTotal mTotal = Total
25
DG
3 -1 -1

K L. M

DMS-projecting .
— Left
1 ' - Right

PrL soma activation

AAV2-retro-fip

Press rate
(Hz)
oO-=NWw

2
23 3 3
=l : :
o 0 2 4 6 2 0 2 4 4 2 0 2
t(s) t(s) t(s)
1 1 1 1
LLRR->L RR LLRR-> LLRR LLRR->LLR LLRR-> LLRR
P Q S
3 1 mleft | m | eft mleft ! mLeft
8g =Right =Right =Right = Right
g5 0 mTotal O m Total mTotal O = Total
=}
&3:%4 -1 -1
o

-2

|
N

-2

Fig. 3. Optogenetic stimulation of DLS-projecting M1 neurons facilitates action repetition, while activation of DMS-projecting PrL neurons triggers action
switching. (A) Protocol for optogenetic experiment. Light stimulation (1 s) was triggered in random half of the trials by the first left, second left, first right, or second right
lever press within the sequence, respectively. (B) Diagram of opto-activation of DLS-projecting M1 neurons in WT mice. AAV2-retro-flp was injected into the DLS, AAV5-
fDIO-ChR2-YFP was injected into M1 area, and optic fiber was implanted to M1. Bottom right: Example slice showing virus expression and fiber track in M1. Scale bar,
1 mm. (C to F) Behavioral examples of DLS-projecting M1 activation following the first left (C), second left (D), first right (E), and second right (F) lever presses. (G to J) Sequence
length changes after DLS-projection M1 activation. All tests went through the Wilcoxon matched-pairs signed rank test. (K) Diagram of opto-activation of DMS-projecting
PrL neurons in WT mice. AAV2-retro-flp was injected into DMS, AAV5-fDIO-ChR2-YFP was injected into PrL, and optic fiber was implanted to PrL. Bottom right: Example
slice showing virus expression and fiber track in PrL. Scale bar, 1 mm. (L to O) Same as (C) to (F), but for DMS-projecting PrL activation following the first left (L), second left
(M), first right (N), and second right (O) lever presses in the sequence. (P to S) Sequence length changes after DMS-projection PrL activation. All tests went through the
Wilcoxon matched-pairs signed rank test.

Biased innervation from M1 to D1-SPNs and PrL to D2-SPNs

It has been previously demonstrated that the striatal direct pathway
D1-SPNs are instrumental in facilitating ongoing actions (20), con-
sistent with the result of M1 optogenetics. In contrast, the striatal
indirect pathway D2-SPNs mediate subsequence switching (20), in
line with the PrL optogenetics effects. During the LLRR sequence

Zhang et al., Sci. Adv. 11, eadt0854 (2025) 23 May 2025

execution, the sequence-related activity in M1 and PrL (Fig. 2)
closely resemble the functional profile of striatal D1- and D2-SPNss,
respectively (20). We thus decided to dissect the pathway-specific
corticostriatal subcircuits and asked whether there are any preferen-
tial innervations from these two cortical regions to striatal D1- ver-
sus D2-SPNs. Here, AAV9-hsyn-ChR2-eYFP was injected into the
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Fig. 4. Activation of M1 or PrL neuronal terminals in the striatum facilitates action repetition or induces action switching, respectively. (A) Protocol for optoge-
netic experiment. (B) Diagram showing opto-stimulation of M1 terminals in DLS of WT mice. AAV9-hsyn-ChR2-eYFP was injected into M1, and optic fiber was implanted
in the DLS. Bottom right: Example slice showing virus expression and fiber track in DLS. Scale bar, 1 mm. (C to F) Behavioral examples of M1 terminals stimulation in DLS
following the first left (C), second left (D), first right (E), and second right (F) lever presses under control conditions (top two panels) and stimulated conditions (bottom
two panels). (G to J) Sequence length changes after stimulation of M1 terminals in DLS. All tests went through the Wilcoxon matched-pairs signed rank test. (K) Diagram
of opto-stimulation of PrL terminals in DMS of WT mice. AAV9-hsyn-ChR2-eYFP was injected into PrL, and optic fiber was implanted into DMS. Bottom right: Example slice
showing virus expression and fiber track in DMS. Scale bar, 1 mm. (L to O) Same as (C) to (F), but for stimulation of PrL terminals in DMS following the first left (L), second
left (M), first right (N), and second right (O) lever presses. (P to S) Sequence length changes after stimulation of PrL terminals in DMS. All tests went through the Wilcoxon

matched-pairs signed rank test.

M1 or PrL, and single-cell patch recordings were then performed in
brain slices, with optogenetic stimulation of cortical terminals in the
corresponding striatal subregions (Fig. 5, A and D). D2- and D1-
SPNs were identified by using either D2-enhanced green fluores-
cent protein (EGFP) mice or D1-Cre mice with AAV5-flex-mCherry
injected (Fig. 4, B and E, and see Materials and Methods). It was
found that optogenetic activation of M1 terminals in DLS evoked

Zhang et al., Sci. Adv. 11, eadt0854 (2025) 23 May 2025

excitatory postsynaptic currents (EPSCs) in striatal SPNs, which
were completely blocked by bath application of 2,3-dihydroxy-6-nitro-
7-sulfamoylbenzo[f]quinoxaline (NBQX, an AMPA receptor an-
tagonist) and DL-2-amino-5-phosphonovalericacid (DL-APV, an
NMDA receptor antagonist) (Fig. 5B). Notably, EPSCs recorded
from D1-SPNs were significantly larger than those recorded from
D2-SPNs (Fig. 5, B and C; EPSCs of D1-SPNs: 230.30 + 33.12 pA,
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Fig. 5. Preferential innervations from M1 to striatal D1-SPNs and from PrL to striatal D2-SPNs, respectively. (A) Diagram of slice recordings of D1- and D2-SPNs in
the DLS during activation of M1 terminals. (B) Example of evoked EPSCs in D1- and D2-SPNs during activation of M1 terminals. Top: D1-SPNs without fluorescence and
D2-SPNs with fluorescence. Scale bar, 10 pm. Bottom: optogenetic evoked EPSCs in D1- and D2-SPNs. (C) Statistics of evoked EPSCs in D1- and D2-SPNs during activation
of M1 terminals. (D) Diagram of slice recordings of D1- and D2-SPNs in the DMS when activating PrL terminals. (E) Example of evoked EPSCs in D1- and D2-SPNs during
activation of PrL terminals. (F) Statistics of evoked EPSCs in D1- and D2-SPNs during activation of PrL terminals. (G) The ratio of evoked EPSCs in D1- and D2-SPNs for M1
and PrL terminals activation. (H) Diagram of in vivo acute recording of PrL neurons when stimulating M1 terminals in the DLS. (1 and J) Example of negative (I) and positive
(J) responsive neurons in the PrL. Blue shadow indicates 1-s optogenetic stimulation. (K) Pie chart indicating the proportion of negative (red), positive responsive (blue),
and nonresponsive PrL neurons (gray) when stimulating M1 terminals in DLS. (L) Diagram of in vivo acute recording of M1 neurons when stimulating PrL terminals in DMS.
(M and N) Example of negative (M) and positive (N) responsive neurons in M1. (0) Same as (K), but for M1 with stimulating PrL terminals in DMS. (P) Comparison of the
percentage of M1 or PrL responsive neurons under optogenetic stimulation of PrL-DMS pathway or M1-DLS pathway, respectively. (Q) Diagram of action sequencing
model. Action repetition is regulated by the M1-DLS pathway through D1-SPNs. Action switching is controlled by the PrL.-DMS pathway through D2-SPNs. When activated,
the switching mode overwrites the repetition mode through the unidirectional inhibition from PrL-DMS pathway to M1.
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EPSCs of D2-SPNs: 162.50 + 33.83 pA, n = 10 pairs, paired  test,
P =0.01), suggesting that M1 has stronger excitatory innervations
on striatal D1-SPNs than the D2-SPNs. On the contrary, optoge-
netic activation of PrL terminals in DMS elicited larger EPSCs in
D2-SPNs than D1-SPNs (Fig. 5, D to F; D1-SPNs: 207.7 + 41.43 pA,
D2-SPNs: 290.70 + 48.74 pA, n = 12 pairs, paired ¢ test, P = 0.001),
indicating the preferential innervations from PrL neurons to the
D2-SPNs. The significant difference in the D1/D2-SPNs EPSCs ra-
tios between M1 and PrL terminal activation highlights their biased
projections to D1-SPNs and D2-SPNG, respectively (Fig. 5G; D1/D2
ratio of M1 terminal stimulation: 1.84 & 0.36, n = 10; D1/D2 ratio of
PrL terminal stimulation: 0.74 + 0.11, n = 12; unpaired ¢ test,
P = 0.005).

It has been recently reported that there exists an anatomical path-
way allowing limbic control over motor output through the nigrotha-
lamic circuit among the cortico-basal ganglia loops (36). During
action sequence execution, the brain must coordinate action repeti-
tion and switching to enable appropriate momentary action selec-
tion (2-4). To investigate how these two neural machineries interact
in vivo, we aim to evaluate the modulation effects on M1-DLS circuit
by optogenetic activation of PrL-DMS pathway and vice versa.
AAV9-hsyn-ChR2-eYFP was injected into M1 of wild-type (WT)
mice, and in vivo neuronal recordings in the PrL were later per-
formed with optogenetic stimulation of M1 terminals in DLS (Fig.
5H and see Materials and Methods). Among all PrL neurons recorded
(n = 166), 1.8% exhibited inhibitory responses (Fig. 5I; latency:
44.7 + 8.3 ms), and 4.2% showed excitatory responses (Fig. 5J; la-
tency: 340.1 + 76.9 ms) while the majority showing no significant
modulation on the firing rate (Fig. 5K) to M1 stimulation. When the
similar experiments were performed with PrL-DMS stimulation
and M1 recording (Fig. 4L; n = 113 neurons), it was found inhibi-
tory response in 39.8% (Fig. 5M; latency: 58.6 + 5.3 ms) and excitatory
response in 10.6% of M1 neurons (Fig. 5N; latency: 131.6 + 12.7 ms),
respectively (Fig. 50). These results suggest while stimulating the
M1-DLS pathway has negligible effects on PrL, the activation of the
PrL-DMS pathway strongly inhibits M1 activity (Fig. 5P; two-
proportion z test, total neural response between M1 and PrL:
P < 0.0001; negative response between PrL-DMS to M1 and M1-
DLS to PrL: P < 0.0001; positive response between PrL-DMS to M1
and M1-DLS to PrL: P < 0.0001), implying a unidirectional inhibi-
tion from the action switching to action repetition circuit (Fig. 5Q).

To further elucidate the competition between the M1-DLS action
repetition and PrL-DMS action switching pathway at the behavior
level, we seek to activate both pathways simultaneously during se-
quence performance. AAV2-retro-flp was bilaterally injected into
both DLS and DMS of WT mice, followed by bilateral AAV5-fDIO-
ChR2-YFP injection into both M1 and PrL with optic fibers im-
planted for optogenetically stimulating these two cortical regions
(Fig. 6, B and K, and see Materials and Methods). The behavioral
effects of activating M1 individually on facilitating action repetition
during sequence behavior were first verified in these mice (Fig. 6, C
to J; n = 6, length change under stimulation on the first left lever
press, left: 0.69 + 0.22, P = 0.03; right: —0.24 + 0.31, P = 0.93; total:
0.45 + 0.12, P = 0.03; length change under stimulation on the sec-
ond left lever press, left: 0.54 & 0.15, P = 0.03; right: —0.29 + 0.14,
P =0.18; total: 0.25 + 0.13, P = 0.16; length change under stimula-
tion on the first right lever press, left: —0.25 + 0.21, P = 0.82; right:
0.59 + 0.17, P = 0.03; total: 0.29 + 0.18, P = 0.09; length change
under stimulation on the second right lever press, left: —0.08 + 0.08,

Zhang et al., Sci. Adv. 11, eadt0854 (2025) 23 May 2025

P = 0.71; right: 0.44 + 0.08, P = 0.03; total: 0.37 + 0.15, P = 0.06).
Notably, simultaneous activation of M1 and PrL following each
lever press reduced action repetition and promoted action switching
(Fig. 6, L to S; n = 6, length change under stimulation on the first left
lever press, left: —0.57 + 0.07, P = 0.03; right: 0.06 + 0.12, P = 0.69;
total: —0.51 & 0.11, P = 0.03; length change under stimulation on
the second left lever press, left: —0.21 + 0.08, P = 0.06; right:
0.18 + 0.18, P = 0.34; total: —0.04 + 0.17, P = 0.73; length change
under stimulation on the first right lever press, left: 0.03 + 0.15,
P =0.39; right: —0.44 + 0.05, P = 0.03; total: —0.41 + 0.14, P = 0.06;
length change under stimulation on the second right lever press, left:
0.14+0.21, P=0.56; right: —0.24 + 0.13, P=0.09; total: —0.10 + 0.17,
P = 0.63), an effect similar with activation of PrL-DMS pathway
alone (Fig. 3). These observations are in consistent with the electro-
physiological data showing unidirectional inhibition from the PrL-
DMS pathway to M1, ensuring a dominant behavioral effect of
action switching on action repetition (Fig. 5Q). Together, these re-
sults suggest that the M1-DLS pathway mediates action repetition,
while the PrL-DMS pathway controls action switching. These func-
tions are implemented through biased projections from M1 to stria-
tal D1-SPNs and PrL to D2-SPNs, respectively. The action switching
behavioral mode exerts a dominant effect and is capable to override
the action repetition mode via unidirectional inhibition from the
PrL-DMS pathway to M1 through cortico-basal ganglia loops.

Deficient sequence behavior in Shank3 KO mice

Because distinct corticostriatal circuits mediate action repetition
and switching, which are crucial for action sequencing, we thus
asked what goes awry in the neural circuits of neurological and psy-
chiatric disorders that impair sequence behavior. One such condi-
tion is ASD, which is characterized by repetitive and stereotyped
behaviors (16, 17). Based on our switching-repetition model (fig.
S5A), the excessive stereotyped behaviors observed in these condi-
tions could result from either enhanced M1-DLS pathway-mediated
action repetition (fig. S5B) or weakened PrL-DMS pathway-controlled
action switching (fig. S5C). To investigate these mechanisms in the
context of ASD, we used mouse mutants with Shank3 gene deletion,
known to exhibit not only social deficits but also repetitive behaviors
such as excessive grooming (33). Specifically, in the Shank3 P (re-
ferred to Shank3 KO) mice, the Shank3 gene was initially knocked
out but can be restored following Cre expression (47). When Shank3
KO mice and their littermate controls were trained under the LLRR
action sequence task, the Shank3 KOs showed minimal improve-
ment over 21 days and exhibited significant impairments in se-
quence learning compared to the littermate controls (Fig. 7, A and
B; effect across training: F;,; = 17.91, P < 0.0001; Tukey’s multiple
comparison test, littermate ctrl versus Shank3 KO, P < 0.0001;
Shank3 het versus Shank3 KO, P < 0.0001; littermate ctrl versus
Shank3 het, P = 0.80).

Further analysis revealed that not only was the ratio of repetition
versus switching significantly higher in Shank3 KO group (Fig. 7C;
littermate ctrl: 1.91 & 0.11, n = 8, black bar; Shank3 het: 1.87 + 0.09,
n =9, gray bar; Shank3 KO: 3.78 + 0.46, n = 8, red bar. One-way
analysis of variance (ANOVA) with Tukey’s multiple comparison
test: littermate ctrl versus Shank3 het: P > 0.99; littermate ctrl versus
Shank3 KO: P = 0.0019; Shank3 het versus Shank3 KO: P = 0.0009;
fig. S6), but the repetitive grooming in home cage was also increased
in these mice (fig. S7B, red bar), indicating that Shank3 KO mice are
severely compromised in both innate and learned sequence behavior
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Fig. 6. Simultaneous activation of both the M1-DLS and PrL-DMS pathways triggers action switching. (A) Protocol for optogenetic experiment. (B) Diagram showing
opto-stimulation of striatal projecting M1 neurons in WT mice. AAV2-retro-flp was injected into both the DLS and DMS, and AAV5-fDIO-ChR2-YFP was injected into the M1 and
PrL. For activation of striatal-projecting M1, blue light was shined only through the optic fiber in M1. (C to F) Behavioral examples of striatal projecting M1 neurons stimulation
following the first left (C), second left (D), first right (E), and second right (F) lever presses under control conditions (top) and stimulated conditions (bottom). (G to J) Sequence
length changes after striatal-projecting M1 neurons activation in WT mice. All tests went through the Wilcoxon matched-pairs signed rank test. (K) Same group of mice in (B),
but for activation of both striatal-projecting M1 and PrL, blue light was shined simultaneously in both M1 and PrL. (L to O) Behavioral examples of both striatal-projecting PrL
and M1 neurons stimulation following the first left (L), second left (M), first right (N), and second right (O) lever presses of the sequence. Same as (C) to (F). (P to S) Sequence
length changes after simultaneous stimulation of striatal-projecting PrL and M1 neurons. All tests went through the Wilcoxon matched-pairs signed rank test.

due to excessive action repetition (48). We thus seek to probe the  stimulation of striatum-projecting M1 (Fig. 7, D to M) or PrL neu-
specific functions of M1-DLS and PrL-DMS pathways in Shank3 rons during sequence execution (Fig. 7, N to V and see Materials
KO mice during the execution of LLRR action sequences. Similar ~and Methods). Unlike WT mice, the activation of DLS-projecting
with the procedures in WT mice, AAV2-retro-flp was injected into M1 neurons had no detectable effects on sequence behavior in the
the DLS or DMS with AAV5-fDIO-ChR2-YFP into the M1 or  Shank3 KO mice, whether the stimulation is on first, second, third,
PrL correspondingly in Shank3 KO mice, followed by optogenetic  or fourth lever press (Fig. 7, F to M; n = 6, length change under
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Fig. 7. Impaired sequence learning and deficient action switching in Shank3 KO mice. (A) Learning curve of the LLRR sequence behavior in littermate control
Shank3*'* mice (littermate ctrl, black), Shank3™* mice (Shank3 het, gray), and Shank3™* mice (Shank3 KO, red). (B) Examples of mouse behavior on the last day of training.
Left: Littermate ctrl; middle: Shank3 het; right: Shank3 KO. Sequences were aligned to magazine entry as time zero. (C) Repetition versus switching ratio was defined as the
percentage of repetition lever presses (LL or RR) divided by switching lever presses (LR or RL) within a session on the last day of training. (D) Protocol of optogenetic ex-
periment. (E) Diagram of opto-activation of DLS-projecting M1 neurons in Shank3 KO mice. (F to 1) Behavioral examples of DLS-projecting M1 neurons stimulation in
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signed rank test. (N) Diagram of opto-activation of DMS-projecting PrL neurons in Shank3 KO mice. (O to R) Behavioral examples of DMS-projecting PrL neurons stimula-
tion in Shank3 KO mice. (S to V) Sequence length change after DMS-projecting PrL neurons activation in Shank3 KO mice. All tests went through the Wilcoxon matched-
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stimulation on the first left lever press, left: —0.16 + 0.06, P = 0.35;
right: 0.20 + 0.04, P = 0.18; total: 0.07 + 0.05, P = 0.64; length change
under stimulation on the second left lever press, left: 0.10 + 0.04,
P =0.37; right: —0.35 £ 0.04, P = 0.06; total: —0.25 + 0.03, P > 0.05;
length change under stimulation on the first right lever press, left:
0.39 + 0.07, P = 0.12; right: 0.01 + 0.08, P = 0.97; total: 0.40 + 0.06,
P = 0.06; length change under stimulation on the second right lever
press, left: 0.07 + 0.02, P = 0.27; right: —0.01 & 0.03, P = 0.88; total:
0.06 + 0.02, P = 0.40). Meanwhile, the activation of the DMS-
projecting PrL neurons in the Shank3 KO mice, instead of triggering
action switching same as observed in WT mice, facilitated action
repetition at each press within sequence (Fig. 7, O to V; n = 7, length
change under stimulation on the first left lever press, left: 0.58 + 0.16,
P = 0.02; right: —0.03 + 0.07, P = 0.78; total: 0.55 + 0.22, P = 0.08;
length change under stimulation on the second left lever press, left:
0.63 + 0.16, P = 0.03; right: —0.21 + 0.07, P = 0.06; total: 0.45 + 0.18,
P = 0.03; length change under stimulation on the first right lever
press, left: —0.004 + 0.08, P = 0.94; right: 0.78 + 0.09, P = 0.02; total:
0.77 + 0.14, P = 0.02; length change under stimulation on the second
right lever press, left: —0.073 + 0.13, P = 0.69; right: 0.72 + 0.23,
P =0.04; total: 0.69 + 0.26, P = 0.08). These results suggest that the
repetitive behaviors observed in Shank3 KO mice are not due to en-
hanced action repetition function in the M1-DLS pathway but are
likely a consequence of an altered PrL-DMS circuit in which it now
facilitates action repetition (Fig. 7W).

Altered pathway-specific corticostriatal projections in
Shank3 KO mutants
To elucidate the circuit mechanisms underlying the deficient se-
quence behavior observed in Shank3 KO mice, we performed slice
recordings to evaluate the corticostriatal synapses from M1 and PrL
to striatal D1- and D2-SPNs in these mutants. AAV9-hsyn-ChR2-
eYFP was injected into the M1 or PrL of D2-EGFP:Shank3 KO mice
followed by optogenetic activation of corresponding cortical termi-
nals in the striatum (Fig. 8, A and B). Notably, when optogenetic
stimulation of M1 terminals was applied, there tends to be a greater
amplitude of EPSCs recorded in D1-SPNs compared to D2-SPNs
(Fig. 8B, left; EPSCs of D1-SPNs: 54.0 + 9.1 pA, D2-SPNs: 43.0 +£9.7
PA, n = 8 pairs; paired ¢ test: M1 to D1-SPNs versus M1 to D2-SPNss,
P = 0.13), and the D1/D2 ratio from M1 to DLS is comparable to
that in WT mice (Fig. 8C, left; 1.5 + 0.32, n = 8 pairs, and Fig. 5G,
unpaired ¢ test, D1/D2 ratio from M1 to DLS between WT and
Shank3 KO mice: P = 0.49). Surprisingly, activation of PrL terminals
resulted in significantly larger EPSCs in D1-SPNs compared to D2-
SPNs in DMS (Fig. 8B, right; EPSCs of D1-SPNs: 55.8 + 11.0 pA,
D2-SPNs: 37.0 & 8.3 pA, n = 10 pairs; paired f test: PrL to D1-SPNs
versus PrL to D2-SPNs, P = 0.03). Consequently, the D1/D2 ratio
from PrL to DMS significantly exceeded one in Shank3 KO mice
(Fig. 8C, right; 1.69 + 0.19, n = 10 pairs, comparison of D1/D2 ratio
between M1 and PrL groups went through unpaired ¢ test, P = 0.58.),
a reversal from WT mice (Fig. 5G; unpaired f test, the D1/D2 ratio
from PrL to DMS between WT and Shank3 KO mice: P = 0.0002).
Together, these data unveiled comparable innervations from M1 to
striatal D1-SPNs versus D2-SPNs in Shank3 KO animals but a rever-
sal of the D1/D2 ratio in the PrL-DMS pathway in which PrL drives
largely striatal D1-SPNs.

Given the reversed D1/D2 ratio in the PrL-DMS pathway of
Shank3 KO mice, we wondered whether the unidirectional inhibition
from PrL-DMS circuit to M1 found in WT mice was also altered in
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these mutants. To examine this, we performed in vivo extracellular
recordings from M1 neurons (n = 121) of Shank3 KO mice while
optogenetically activating PrL terminals in DMS (Fig. 8D). Among
the M1 cells that responded, very few showed inhibitory response
during activation of PrL terminals (Fig. 8, E and G; latency:
58.7 + 27.2 ms), while the majority exhibited excitatory response
(Fig. 8, F and G; latency: 203.6 & 12.6 ms), qualitatively opposite to
the responses seen in WT mice (Fig. 50; two-proportion z test, neg-
ative response between WT and Shank3 KO mice: z = —6.4552,
P < 0.00001, positive response between WT and Shank3 KO mice:
z = 1.6404, P = 0.101). Therefore, the predominant effect of PrL-
DMS pathway activation on M1 shifts from inhibitory to excitatory
in Shank3 KO mutants. In other words, the repetitive behaviors in
Shank3 KO mice resulted from a dysfunctional PrL-DMS pathway,
which was functionally altered from promoting action switching to
facilitating action repetition. This effect was further exacerbated by
an excitatory, rather than inhibitory, interaction with the M1-DLS
circuit (Fig. 8H).

Genetic restoration of Shank3 in DMS but not DLS rescues
sequence behavior
To verify that the awry PrL-DMS pathway is indeed the key mecha-
nism underlying the repetitive behaviors in Shank3 KO mice, we ge-
netically restored Shank3 expression in the striatum of these mutants
and assessed their sequence behaviors. In the Shank3 KO mice,
AAV5-hsyn-mCherry-Cre was injected into DMS for genetic resto-
ration of Shank3 expression in the striatal subregion (fig. S7A and see
Materials and Methods) (47). Notably, restoring Shank3 expression
in the DMS alone was sufficient to reduce excessive grooming in the
Shank3 KO mice (fig. S7B, yellow bar). These DMS Shank3 restora-
tion animals exhibited significant improvements during LLRR se-
quence learning and increased the efficiency through the 21 days of
training (Fig. 9A; difference between littermate control and Shank3
KO mice with DMS rescue: F = 1.401, P = 0.26; fig. S7C), with
marked reduction in action repetition (fig. S7D). To assess changes in
the D1/D2 ratio following Shank3 restoration in the DMS, we con-
ducted slice recordings of D1/D2-SPNs in DMS with optogenetic
activation of PrL terminals. Compared to the Shank3 KO mutants
(Fig. 8, A and B), the DMS Shank3 restoration animals showed in-
creased EPSCs amplitude in both D1- and D2-SPNs (Fig. 9, B and C;
EPSCs of D1-SPNs: 104.3 + 17.8 pA, D2-SPNs: 148.9 + 13.7 pA,
n = 8 pairs; paired ¢ test: PrL to D1-SPNs versus PrL to D2-SPNs,
P = 0.04; unpaired ¢ test, EPSCs from PrL to D1-SPNs between
Shank3 KO and Shank3 KO with DMS rescue: P = 0.028, EPSCs
from PrL to D2-SPNs between Shank3 KO and Shank3 KO with
DMS rescue: P < 0.0001), highlighting restored synaptic physiology
by Shank3 expression (47). In the DMS Shank3 restoration mice, the
activation of PrL terminals induced larger EPSCs in the D2-SPNs
than the D1-SPNs (Fig. 9, C and D), suggesting that the reversed D1/
D2 ratio due to Shank3 deletion (Fig. 8C) was rescued following
Shank3 restoration in the DMS (Fig. 9D; 0.72 + 0.12, n = 8; unpaired
t test, the D1/D2 ratio from PrL to DMS between Shank3 KO and
Shank3 KO with DMS rescue: P = 0.0008; Fig. 5G; unpaired ¢ test, the
D1/D2 ratio from PrL to DMS between WT and Shank3 KO with
DMS rescue: P = 0.88).

Furthermore, we performed in vivo recording of M1 neurons
(n = 108) with activating PrL terminals in DMS to examine the regu-
lation effects of PrL-DMS pathway on M1 after Shank3 restoration
(Fig. 9E). Notably, we observed 18.5% of neurons showing inhibitory
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Fig. 8. Altered D1/D2 ratio in the PrL-DMS pathway and its modulatory effect on M1 in Shank3 KO mice. (A) Example of evoked EPSCs in D1- and D2-SPNs in DLS
when optogenetically activating M1 terminals in Shank3 KO mice (left). Example of evoked EPSCs in D1- and D2-SPNs in DMS when activating PrL terminals in Shank3 KO
mice (right). (B) Left two bars: Statistics of evoked EPSCs in the D1- and D2-SPNs in DLS when activating M1 terminals in Shank3 KO mice. Right two bars: Statistics of
evoked EPSCs in the D1- and D2-SPNs in DMS when activating PrL terminals in Shank3 KO mice. (C) Ratio of D1- and D2-SPNs evoked EPSCs in DLS when activating M1
terminals in Shank3 KO mice (left) and in DMS when activating PrL terminals in Shank3 KO mice (right). (D) Diagram of in vivo multi-unit recording of M1 when optoge-
netically stimulating PrL terminals in the DMS of Shank3 KO mice. (E and F) Example of negative (E) and positive responsive neurons (F) in M1. (G) Pie chart indicating the
proportion of negative responsive (red), positive responsive (blue), and nonresponsive M1 neurons (gray) when stimulating PrL terminals in the DMS of Shank3 KO mice.
(H) Diagram of the action sequencing model in WT mice (left) and in Shank3 KO mice (right). In Shank3 KO mice, function of the PrL.-DMS pathway turns into regulating
action repetition, mainly through the D1-SPNs. Stimulating the PrL.-DMS pathway mainly activates M1 in this condition.

response (latency: 62.8 + 1.8 ms) and 10.4% excitatory response in
M1 (latency: 195.6 + 9.8 ms) (Fig. 9, F to H). These percentages are
significantly distinct from those in Shank3 KO mice (Fig. 8G, two-
proportion z test, negative response: z = —3.4631, P < 0.001; positive
response: z = 2.4369, P < 0.015), suggesting that the main effect from
the PrL-DMS pathway to M1 was restored to inhibitory after Shank3
restoration in DMS. These results suggest that the inhibitory effect
from the PrL-DMS pathway to M1 recovers after Shank3 restoration
in DMS. Moreover, optogenetic stimulation of DMS-projecting PrL
neurons during the LLRR sequence task revealed that the action-
switching function was also completely rescued in these DMS Shank3
restoration animals (Fig. 9, J to R; n = 6, Wilcoxon matched-pairs
signed rank test, length change under stimulation on the first left lever
press, left: —0.36 + 0.08, P = 0.03; right: —0.02 + 0.04, P = 0.88; total:
—0.37 £ 0.07, P = 0.03; length change under stimulation on the sec-
ond left lever press, left: —0.11 + 0.12, P = 0.56; right: 0.04 + 0.06,
P = 0.69; total: —0.07 + 0.13, P = 0.84; length change under stimula-
tion on the first right lever press, left: 0.23 + 0.07, P = 0.06; right:
—0.40 + 0.09, P = 0.03; total: —0.17 + 0.06, P = 0.06; length change
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under inhibition on the second right lever press, left: 0.20 + 0.10,
P =0.32; right: —0.16 + 0.07, P = 0.06; total: 0.04 + 0.14, P = 0.69). In
addition, we also performed similar set of experiments in Shank3 KO
mice by genetic restoration of Shank3 expression in DLS. However,
restoration of Shank3 in the DLS failed to improve corticostriatal syn-
aptic physiology, excessive grooming, sequence learning, and the ac-
tion repetition/switching ratio (figs. S7 and S8). Together, these results
suggest that restoring Shank3 expression in the DMS, but not DLS, is
sufficient to rescue the action switching function of PrL-DMS path-
way and eliminate the repetitive behaviors in Shank3 KO mice (Fig.
9S). Given the general implications of action switching in normal and
pathological behaviors, these findings underscore the critical role of
the frontostriatal circuitry in action control across various conditions.

DISCUSSION

In this study, by using a heterogeneous action sequence task that in-
cludes both action repetition and switching, we revealed two distinct
yet complementary corticostriatal circuits crucial for performance of
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Fig. 9. Restoration of Shank3 in DMS rescues the physiology and function of PrL-DMS pathway, as well as sequence behavior, in Shank3 KO mice. (A) Learning
curve of the LLRR sequence behavior in littermate ctrl (black) and Shank3 KO mice with DMS rescue (yellow). (B) Example of evoked EPSCs in D1- and D2-SPNs in DMS
during activation of PrL terminals in Shank3 KO mice with DMS rescue. (C) Statistics of evoked EPSCs in the D1- and D2-SPNs during PrL terminal activation in Shank3 KO
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PrL-DMS pathway again triggers action switching through D2-SPNs. Stimulating PrL-DMS pathway mainly inhibits M1 under this condition.
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action sequences. Specifically, the M1-DLS pathway regulates action
repetition through its preferential innervations on striatal D1-SPNs,
while the PrL-DMS pathway controls action switching via biased
projections to striatal D2-SPNs. Because of a unidirectional inhibition
from the PrL-DMS pathway to M1, the action switching mode takes
precedence over the action repetition mode, forming a switching-
repetition working model for action sequencing. In addition, in the
Shank3 KO mice, a genetic variant linked to ASD, the PrL-DMS cir-
cuit, has turned into an action repetition pathway due to awry corti-
costriatal synapses with biased projections from PrL to D1-SPNs.
The unidirectional inhibition from PrL-DMS pathway to M1 was
also altered to predominantly excitatory, further enhancing the ac-
tion repetition mode and leading to the deficient sequence behaviors
in these Shank3 KO mutants. Notably, the genetic restoration of
Shank3 expression in DMS, but not in DLS, rescued the awry D1/D2
ratio in the PrL-DMS pathway, reinstated action switching function,
and normalized the sequence behaviors and repetitive grooming.
These results identify the specific corticostriatal circuits for action
repetition and switching and unveil the dynamic interplay among
corticostriatal pathways for controlling action selection in health
and disease.

It has been suggested that learned action sequences are orga-
nized in a hierarchical manner (20), and previous studies showed
striatal D1- and D2-SPNs control different hierarchies of behavior
(3, 20, 26). At the sequence level, there are notably more striatal D1-
SPNs than D2-SPNs signaling sequence start/stop. At subsequence
and element levels, many striatal D1-SPNs exhibit sustained activity
facilitating ongoing action when optogenetically activated, while
striatal D2-SPNs mainly encode between-subsequence transition,
triggering behavioral switches when stimulated (20). In this study,
we found that there are a large proportion of M1 neurons encode
sequence start/stop, implying a possibly critical role of M1 in se-
quence execution (26, 44, 45, 49, 50). While some reports suggest
that M1 lesion has negligible effects on the execution of motor se-
quences (51, 52), presumably due to the relatively simple structure
of sequences studied, accumulating evidences show the impairment
of action execution after lesion or silencing M1 (43, 44, 50, 53-55).
In the current study, we trained mice to perform a spatiotemporal
heterogeneous LLRR action sequence including both action repeti-
tion and switching. Muscimol inactivation of M1 significantly re-
duced the sequence performance efficiency. Optogenetic silencing
of M1 further demonstrated a reduction in lever pressing during the
execution of learned action sequences, consistent with previous re-
ports showing that photoinactivation of M1 leads to a cessation of
behavior (40). Anatomically, M1 mainly projects to DLS (36, 56).
We also observed that many M1 neurons encode elemental actions
with sustained firing activity during the LLRR sequence execution,
similar to the striatal D1-SPNs in the same task (20). Our slice re-
cordings revealed that M1 has targeted more strongly on striatal D1-
SPNs than D2-SPNs, in line with previous reports (45, 57). Prior
studies have shown that this projection preference predominantly
originates from pyramidal tract rather than telencephalic neurons
(46). Optogenetic activation of the M1-DLS pathway, whether it is
through stimulation of DLS-projecting M1 neuron soma or M1
neuronal terminals in DLS, facilitates ongoing actions, further es-
tablishing its role in regulating action repetition.

The prefrontal cortex (PFC) has long been known to play a criti-
cal role in many aspects of executive control, including action selec-
tion, action planning, and behavior flexibility (42, 58-63). Our
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neuronal recordings revealed that, in addition to signaling sequence
start/stop (42, 43, 64), a substantial proportion of PrL neurons spe-
cifically encode transitions between subsequences, suggesting a
plausible role in controlling action switching. Consistently, learned
LLRR sequence performance was markedly impaired following ei-
ther pharmacological or optogenetic inactivation of the PrL, pri-
marily due to deficits in action-switching behavior. These results
suggest that PrL plays a critical role in controlling action switching,
similar with the function of striatal indirect pathway D2-SPNs (20).
As part of the limbic cortico-basal ganglia loop, PrL mainly projects
to DMS (36, 56). In contrast to the M1-DLS pathway, we found
stronger synaptic projections from the PrL to striatal D2-SPNs than
to D1-SPNs, suggesting that the PrL-DMS pathway controls action
switching through biased innervation of striatal D2-SPNs. This was
further confirmed by optogenetic stimulation of the PrL-DMS path-
way during LLRR sequence execution. Again, whether it is by opto-
genetic excitation of DMS-projecting PrL neuron soma or PrL
neuronal terminals in DMS, PrL-DMS pathway activation triggers
action switching and facilitates the transition toward the next subse-
quence in the motor program.

Motor perseveration has long been recognized as a major behav-
ioral sign following frontal lobe lesions (65). The PFC and associat-
ed cortico-basal ganglia circuitry have been demonstrated to be
crucially involved in inhibiting inappropriate actions responding to
either external cues or internal states (66-69). The current finding
by identifying the critical role of PrL-DMS pathway in controlling
action switching provides a fundamental principle to explain the
functions of PFC in action selection, behavior flexibility, and inhibi-
tory control. Furthermore, it has been previously shown that in ro-
dents, the limbic cortico-basal ganglia-thalamocortical loop can
unidirectionally influence the motor output through the nigrotha-
lamic pathway (36). Our in vivo neuronal recording experiments
found that optogenetic excitation of PrL-DMS pathway inhibits the
M1 activity, but not vice versa, suggesting that the activation of ac-
tion switching pathway suppresses action repetition circuit. This
suppression likely arises from unidirectional regulation by the lim-
bic system over motor output through the limbic striatum-medial
substantia nigra (SNr)-motor thalamus-M1 circuitry, as previously
described (36). Together, these results elucidate the cortiostriatal
mechanisms underlying action repetition and switching and estab-
lish the logic and interaction for two functionally distinct circuits
that control action sequencing in the healthy brain.

In many neurological and psychiatric conditions, such as ASD
and OCD, repetitive behavior is one of the most prominent symp-
toms, where altered corticostriatal circuits have been generally
found (30-33, 47), such as the anterior cingulate cortex (ACC), or-
bitofrontal cortex (OFC), and PFC to striatum circuits (70-73).
Recent studies have shown that dysfunction of the ACC is associ-
ated with social deficits but not repetitive grooming (74). OFC with
its major projections to the central striatum has been demonstrated
involving in grooming in both WT and Sapap3 mutant mice
(71, 72). As a prevailing theory based on the cortico-basal ganglia
circuit in the OCD pathology, formation of compulsive repetitive
behavior is a shift from normal goal-directed behaviors to patho-
logical habits (75). Considering the function of DLS and DMS in
habitual and goal-directed behaviors (76, 77), in our study, we ap-
proached the mechanism underlying repetitive behavior through
focusing on M1 and PrL with their dense projections to DLS
and DMS, respectively. Previous studies on repetitive behaviors in
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animal models of neurological or psychiatric disorders mostly fo-
cus on innate behaviors such as grooming, jumping, circling, or
marble burying (30, 32, 33, 70, 71). However, many repetitive be-
haviors of ASD or OCD conditions are learned, such as various
acquired ritual behaviors composed of stereotyped action sequences
(16, 17, 72). Therefore, the LLRR action sequence task used in cur-
rent study including both action repetition and switching compo-
nents provides an ideal framework to study the circuit mechanism
underlying pathological repetitive behaviors in disease brains.

Shank3 KO mice as a genetic animal model for ASD has both the
deficits of social interaction and stereotyped repetitive behavior
such as overgrooming (33, 47). In the current study, besides exces-
sive grooming, we found severe deficits in learning and performance
of LLRR action sequences, with nearly doubled action repetition/
switching ratio in the Shank3 KO mice compared to their littermate
controls. On the basis of our findings in healthy brain, where the
M1-DLS pathway mediates action repetition and the PrL-DMS cir-
cuit controls action switching, one might hypothesize either en-
hanced repetition or diminished switching pathway underlying the
ASD symptoms in the Shank3 KO mice. In contrast with the WT
animals, it was found that optogenetic activation of the M1-DLS
pathway had negligible effects on learned sequence behavior, while
activation of the PrL-DMS pathway caused action repetition in
Shank3 KO mice. These findings suggest a corticostriatal mecha-
nisms underlying action sequence deficiency in Shank3 KO mice, in
which the original action switching pathway has turned into an ac-
tion repetition pathway, leading to the impaired action switching
and repetitive behaviors.

Our followed slice electrophysiology experiments reveal reduced
corticostriatal excitatory synaptic transmission at both the M1-DLS
and PrL-DMS pathways in Shank3 KO mice, consistent with previ-
ous studies (34). Notably, it was found that the D1/D2 ratio was re-
versed in the PrL-DMS pathway, which turns from the action
switching to action repetition function and led to impaired action
switching in these Shank3 KO mutants. In addition, the dominant
inhibitory effect of the PrL-DMS pathway on M1 observed in WT
mice, became excitatory in Shank3 KO mice, further deteriorating
the interplay between the PrL-DMS and M1-DLS pathways and the
action switching function in Shank3 KO mice. Together, these re-
sults have pinpointed the critical contribution of impaired action
switching associated with awry PrL-DMS circuit underlying repeti-
tive behaviors in Shank3 KO mice. Therefore, after genetic restora-
tion of Shank3 expression in DMS but not in DLS of Shank3 KO
mice, we found it recovered the D1/D2 ratio in the PrL-DMS path-
way, which in turns rescued the action switching function and the
sequence behavior. It is noteworthy that both excessive grooming
and repetitive lever pressing were notably diminished in the DMS
Shank3 rescued mice, suggesting a universal action switching func-
tion of the PrL-DMS circuit for controlling both innate and learned
action sequences.

MATERIALS AND METHODS

Mice

All procedures were approved by the Animal Advisory Committee at
East China Normal University and the Salk Institute Animal Care
and Use Committee (Salk IACUC 12-00032) and were conducted in
accordance with the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals. Experiments involved both
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male and female mice, all of which were housed on a 12-hour
light/12-hour dark cycle. WT (C57BL/6), Vgat“*:Ai32, Shank3™"*
(Shank3 KO, RRID:IMSR_JAX:028800) (33), Shank3™'* (Shank3
heterozygous), and Shank3*'* (Shank3 littermate control) mice were
used for behavior experiments. Vgat““*:Ai32 mice were crossed
from Vgat“** (RRID:IMSR_JAX:016962) and Ai32 mice (RRID:
IMSR_JAX:024109). For in vivo recording, WT and Shank3 KO mice
were used to record M1 and PrL neurons. For slice recording, D2-
EGFP (RRID: MMRRC_000230-UNC) and DI1-Cre mice (RRID:
MMRRC_034258-UCD) with AAV5-flex-mCherry injection were
used to identify D2-SPNs and D1-SPNs under the WT background,
respectively; only Shank3 KO:D2-EGFP mice were used to identify
D1- versus D2-SPNs under the Shank3 KO background.

Behavioral training and quantification

Both the continuous reinforcement (CRF) and LLRR sequence tasks
are the same as previous report (20). Behavior experiments were
conducted inside a sound-attenuating box (Med Associates operant
chamber, Med Associates, catalog no. MED-307 W-D1), where an
operant chamber was equipped with a food magazine that had an
infrared beam to record each magazine entry, a house light (3 W, 24 V)
on the opposite side of the magazine and two retractable levers
placed on each side of the house light. A food pellets dispenser con-
nected to the food magazine would deliver a pellet whenever the
mouse finished certain lever press. Behavioral chamber was con-
trolled by the behavioral software (MED-PC IV, Med Associates,
VT) that recorded all time stamps of lever presses and magazine
entries with a resolution of 10 ms. All behavioral programs were
custom-written.

Before behavioral training, mice were food-restricted and then
were given 2 g of normal chow per day to maintain their body weight
at ~85% of their original weight. Training began with the CRE as
described previously (20, 26). The CRF procedure initiated with the
illumination of the house light and the extension of either left or
right lever. Mice typically went through 3 days of CRF with receiv-
ing reinforcers up to 5, 10, and 15 within 1 hour per session on day 1,
day 2, and day 3, respectively. Each day featured two consecutive
sessions where either the left or right lever was extended randomly.
Mice that failed to obtain 15 pellets on the third day continued daily
15-pellet per session testing until they successfully completed the
task within 1 hour per session.

Once finished CRE, mice continue to be trained on the LLRR
sequence task. The LLRR task started with the illumination of the
house light and the extension of both the left and right levers simul-
taneously. During training, both levers will not retract and are al-
ways available for pressing. Mice received reinforcers delivered to
the food magazine whenever they pressed the lever as the consecu-
tive LLRR pattern. Within one trial, extra lever presses besides the
LLRR pattern did not exclude the reward. One training session
would be ended once mice received 40 reinforcers or the session
lasted for 120 min.

For behavioral quantification, the initiation of a sequence was
defined as the first lever press following the last magazine entry. Se-
quence termination was determined either by the magazine entry at
the end of a rewarding trial or by the end of the right subsequence in
nonrewarding trials. The termination of the left or right subse-
quence was determined by the distribution of interpress intervals
(IPIs) of each mouse. The IPIs distributed as multimodal because
there were the shortest intervals (within subsequence), shorter
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intervals (switching between subsequences), and longer intervals
(sequences separated by magazine checking). The left and right sub-
sequences were identified as the first peak in the IPI distribution
(26, 41). For groups undergoing optogenetic manipulation, all data
went through an additional post hoc analysis process to better iden-
tify discrete sequences. Behavior efficiency was calculated as the
percentage of rewarded lever presses (LLRR, four presses per re-
ward) relative to the total number of presses during a session (20).

Surgery and implantation

Mice were anesthetized with either isoflurane (4% induction, 1 to
2% sustained) or a cocktail of ketamine (100 mg/kg) and xylazine
(10 mg/kg). The head was shaved and placed in a Kopf stereotaxic
frame. The scalp was cleaned with 70% ethanol and povidone io-
dine. Subsequently, bupivacaine was subcutaneously injected for lo-
cal anesthesia before the incision. After opening the scalp, the skull
was cleaned and leveled at bregma and lambda, and a mounted drill
was used to create holes in the skull.

For muscimol infusion, a 26-gauge bilateral guide cannula (Plastics
One, VA) with 3.0-mm center-to-center distance was implanted
into M1 following the coordinates: +1.1 mm anterior-posterior
(AP), +1.5-mm medio-lateral (ML), —0.9-mm dorso-ventral (DV).
A 26-gauge bilateral guide cannula (Plastics One, VA) with 0.8-mm
center to center distance was implanted into PrL following the coordi-
nates: +2.0-mm AP, +£0.4-mm ML, —1.6-mm DV. Dummy cannulas
fitted to the length of the guide cannulas were inserted after surgery.

For virus injection, a Hamilton syringe was used to inject 200 nl of
AAV5-fDIO-ChR2(H134R)-YFP (University of North Carolina Vec-
tor Core) or AAV9-flex-GFP (Salk GT3 Core) into either M1 or PrL
area using following coordinates: +1.1-mm AP, +1.6-mm ML, —0.9-mm
DV for M1; +2.0-mm AP, +0.4-mm ML, —1.6-mm DV for PrL. A total
of 750 nl of AAV2-retro-flp (Salk GT3 Core), AAV5-retro-Cre (Salk
GT3 Core), AAV5-flex-mCherry (Salk GT3 Core), and AAV5-hsyn-
mCherry-Cre (University of North Carolina Vector Core) were injected
into DLS or DMS using following coordinates: +0.2-mm AP, +2.5-mm
ML, —2.7-mm DV for DLS; +0.5-mm AP, +1.5-mm ML, —2.5-mm
DV for DMS. After positioning at the injection site, the syringe was
held in place for 5 min before starting the injection. The injection
speed was maintained at 100 nl/60 s. Following injection, the syringe
was left in place for at least 5 min before withdraw.

For fiber implantation, optic fibers (200 pm, 0.37 numerical ap-
erture) were constructed as previously described (20). For PrL, optic
fibers were implanted at a 10° angle to allow sufficient space for bi-
lateral fibers using following coordinates: +2.0-mm AP, +0.9-mm
ML, —1.1-mm DV. For mediodorsal thalamus (MD), optic fibers
were implanted at a 15° angle to ensure enough space for bilateral
fibers using following coordinates: —1.2-mm AP, +1.3-mm ML,
—2.8-mm DV. For others area, optic fibers were implanted as follow-
ing coordinates: M1: +1.1-mm AP, +1.6-mm ML, —0.4-mm DV;
DLS: 40.2-mm AP, +2.5-mm ML, —2.3-mm DV; DMS: 4+0.5-mm
AP, +1.5-mm ML, —2.1-mm DV; CLA: +1.0-mm AP, +2.75-mm
ML, —=2.5-mm DV; Amy: —1.6-mm AP, +3.4-mm ML, —4.2-mm DV.

Implantation of electrode array (Innovative Neurophysiology)
for in vivo recording was performed as described previously (26, 27).
The electrode arrays used in this study contained 16 tungsten con-
tacts (2 X 8), each 35 pm in diameter and 5 mm in length. Electrodes
were spaced 150 mm apart in the same row and 200 mm apart be-
tween two rows (Innovative Neurophysiology Inc., NC). Arrays
were placed randomly in either side of hemisphere toward the AP
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position with the center targeting following coordinates: +1.1-mm
AP, +1.6-mm ML, —0.9-mm DV for M1; +2.0-mm AP, +0.4-mm
ML, —1.6-mm DV for PrL. The silver grounding wire was attached
to the skull screw. After implantations, cannulas, optic fibers or elec-
trode arrays were fixed to skull using the dental acrylic (Contempo-
rary Ortho-Jet powder and liquid, Lang Dental, IL). After surgery,
mice received buprenorphine (0.5 to 1 mg/kg) for analgesic and
were allowed to recover for at least 1 week in their home cages be-
fore food restriction and behavioral training.

Muscimol experiments

Following cannulas implantation, mice were retrained to achieve at
least 40% behavioral efficiency before muscimol infusion. Over the
next three consecutive days, mice underwent infusions of saline,
muscimol (0.05 pg/pl; Sigma-Aldrich), and saline, respectively. Be-
fore infusion, mice were briefly anesthetized using isoflurane and
injection cannulas (Plastics One, VA) were bilaterally inserted into
the cannulas. Subsequently, 200 nl of saline or muscimol was slowly
infused into the target area using an infusion pump (BASi, IN) con-
nected to two syringes containing infusion liquid and linked to the
injection cannulas via polyethylene tubing. After infusion, the injec-
tion cannulas were left in place for 5 min before removal. Mice were
then returned to their home cage and rested for 30 min before start-
ing behavior task. Behavioral sessions ended until mice received 40
reinforcers or lasted for 120 min.

Optogenetic experiments

Following optic fiber implantation, mice were retrained while teth-
ered via fiber optic cables connecting optrode ferrules to a commuta-
tor (Doric, Canada) to allow free rotation within the behavioral
chamber. Optogenetic stimulation began once behavior efficiency
reached above 40%. Here, we defined four stimulation conditions
based on the four lever presses of the LLRR sequence: the first
(left), second (left), third (right), or fourth (right) lever press triggered
1-s stimulation on each condition. The stimulation was delivered by
a 473-nm laser (Laserglow Technologies, Canada) triggered by a
Transistor-Transistor Logic (TTL) output programmed in the behav-
ioral software (MED-PC IV, Med Associates, VT). Mice underwent
one stimulation condition per day, with half of the randomized trials
receiving stimulation and the rest trials as control. The stimulation
session ends after mice received 80 reinforcers or lasted for 180 min.
The change in lever press length of each mouse was calculated by
subtracting the values of stimulated trials from those of nonstimula-
tion trials within the same session. Sometimes stimulation condi-
tions were repeated across multiple days to ensure enough trials for
analysis (20). Stimulation effects were compared through the peri-
event time histograms (PETHs) between control and stimulated
sequences. All lever presses were aligned to the stimulated press,
averaged in 100-ms bins, and filtered with a Gaussian low-pass filter
(window size = 5, SD = 5). PETHs were plotted while excluding the
referenced lever press to avoid misleading results caused by the nar-
row smoothing window artificially inflating lever press rates. Other
stimulation pattern, such as 200-ms and 10-ms light pulses delivered
at 14 Hz for 1 s, was used to demonstrate the consistency of stimula-
tion effects across different stimulation parameters.

In vivo recording during sequence performance
In vivo recording of M1 and PrL neurons while mice are doing the
task was performed as previously described (20, 26, 41). Following
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electrode implantation, mice were retrained while tethered via a re-
cording cable connecting electrode to the amplifier. Recording started
after mice reached 40% efliciency to ensure stable behavior perfor-
mance. Neural activity was recorded using the MAP system (Plexon
Inc., Dallas, TX). Behavior data including time stamps of lever presses
and magazine entries were recorded simultaneously by the behav-
ioral software (MED-PC IV, Med Associates, VT). Spikes were ini-
tially sorted online used a built-in algorithm (Plexon Inc., Dallas,
TX). Only those with stereotypical waveforms were tagged and
saved. After recording, spikes were further sorted into individual
units using the offline sorting software (Offline Sorter, Plexon Inc.,
Dallas, TX). Identified units had no spikes during the refractory pe-
riod (larger than 1.3 ms).

For the LLRR task, neuronal activity was aligned to the first left,
final left, first right, or final right lever press, averaged across all tri-
als in 10-ms bins, and smoothed using a Gaussian filter low-pass
filter (window size = 5, SD = 5) to construct PETH. Neuronal activ-
ity between mice leaving the magazine and initiating lever pressing
of next trial was sampled with a 10-s time window 50 times as the
baseline activity for each unit. Baseline activity was averaged across
all 50 samples, binned with 10-ms time bins, and filtered with the
same Gaussian filter mentioned above. Neuronal activity with 10-ms
time bins, occurring 1000 ms before and after each lever press, was
used to determine the significance of sequence-related activity
(20, 26, 41). Activity was significant when at least five consecutive
bins of firing rate increasing more than 95% (2 x SD) of the baseline
activity or decreasing below 68% (1 X SD) of the baseline activity
within 500 ms before and after lever press (20, 26, 41).

Sequence start/stop related neurons were those with a significant
firing rate modulation before the first left press (start) and/or after
the final right press (stop) of the sequence. This modulation was sig-
nificantly larger than other firing rate modulations associated with
remaining presses within the sequence. Switching-related neurons
were defined as those exhibiting significant firing rate modulation
during the transition period, relative to baseline activity. Sustained
or inhibited activity was defined as a significant positive or negative
firing rate modulation constantly associated with multiple lever
presses in the sequence (20, 26, 41). All analyses were performed
using custom-written scripts in MATLAB (MathWorks, MA).

In vivo acute recording with opto-stimulation
In vivo acute recording of M1 or PrL neurons during optogenetic
stimulation was performed as previously described (36). Briefly,
AAV9-hsyn-ChR2-eYFP (Salk GT3 Core) was injected into M1 or
PrL of WT mice. After 3 weeks of virus injection, mice were anes-
thetized under isoflurane (4% induction, 1 to 2% sustained) and im-
mobilized with four limbs and tail fixed on the plate. The remaining
steps followed the electrode implantation procedure (see above),
except that dental cement was not applied to fix the electrode to the
skull. Before lowering the electrode into the brain, optic fiber was
placed into DLS for M1 terminals stimulation or DMS for PrL ter-
minals stimulation. The silver grounding wire of the electrode was
attached to the skull screw. Then, electrode was gradually lowered
into PrL or M1. Once the electrode reached the surface layer of M1
or PrL, the isoflurane was cut off and waited for the mice to fully
awake. After that, the electrode was lowered incrementally, enabling
the recording of neurons at multiple depths in each cortical area.
When recording started, blue laser stimulation (3 to 4 mw) was de-
livered through the optic fiber via a fiber-optic patch cord connecting
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to a 473-nm laser. Three stimulation patterns including 1-s constant
light, 5 Hz, and 20 Hz (10-ms pulse duration) were delivered random-
ly during recording. The intertrial interval was 4 s, and each pattern
was repeated ~50 trials. Neuronal activity was aligned to the stimula-
tion onset at 0, averaged in 5-ms time bins, and smoothed using a
Gaussian filter low-pass filter. Neuronal activity during the 1 s before
stimulation onset was used as baseline activity. Neurons were classified
as responsive to stimulation if their firing rate during the stimulation
period increased by more than 3 X SD of baseline activity or decreased
below 1 X SD of baseline activity. The latency was measured by the
time when neuron firing rate first reached the criterion above.

Slice recording

Slice recording of D1- and D2-SPNs while giving optogenetic stimu-
lation was performed as previously described (36). Briefly, 4 weeks
before recording, AAV9-hsyn-ChR2-eYFP was injected into both
side of M1 or PrL of D2-EGFP, D2-EGFP:Shank3 KO, or D1-
Cre:Shank3 KO mice with injection of AAV5-flex-mCherry in dor-
sal striatum. Before slice recording, mice were anesthetized using
ketamine (100 mg/kg) and xyzaline (10 mg/kg) cocktail and trans-
cardially perfused with ice-cold NMDG cutting solution (saturated
with 95% 0,/5% CO;) contained the following: 105 mM NMDG,
105 mM HC], 2.5 mM KCl, 1.2 mM NaH,POy, 26 mM NaHCO3, 25 mM
glucose, 5 mM sodium L-ascorbate, 3 mM sodium pyruvate, 2 mM
thiourea, 10 mM MgSO,4, and 0.5 mM CaCl, (300 mOsm/kg,
pH = 7.4). Then, the fresh brains were cut into coronal slice of 300-pm
thickness under the ice-cold NMDG cutting solution by a vibratome
(Leica VT1000S). Brain slices were incubated in 33°C NMDG cut-
ting solution for 15 min and then transferred to 27°C normal artifi-
cial cerebrospinal fluid (ACSF) containing: 125 mM NaCl, 2.5 mM
KCl, 1.25 mM NaH,POy, 25 mM NaHCO3, 12.5 mM D-glucose,
1 mM MgCl, and 2 mM CaCl, (295 mOsm/kg, pH = 7.4) for
45-min recovery. Both 33°C NMDG cutting solution and 27°C nor-
mal ACSF were bubbled with 95% 0,/5% CO,. After that, slice was
transferred to the recording chamber with ACSF bubbled with 95%
0,/5% CO; perfused at ~2 ml/min.

Whole-cell recording was performed under a 40X objective lens.
D1- and D2-SPNs were identified through the fluorescence expres-
sion. Recording micropipettes (BF100-58-10, Sutter Instrument) were
pulled by a Sutter P-97 puller with the resistance of 5 megohm, filled
with internal solution containing: 115 mM KCl, 10 mM Hepes, 1 mM
EGTA, and 12 mM tetraethylammonium chloride, 5 mM QX-314
(Br— salt), 4 mM MgATP, 0.3 mM Na-guanosine 5’'-triphosphate, and
8 mM Na,-phosphocreatine (pH 7.3 adjusted with KOH; 295 mOsm/
kg). After breaking in, cells were held at —=70 mV for recording. The
paired pulses light stimulation (473 nm, 5 to 60 mW/mm?, 0.05 Hz,
2.5 ms, 50-ms ISI) were delivered by a 473-nm blue Diode-Pumped
Solid-State (DPSS) laser system (Laserglow Technologies, Canada)
through a 200-pm optic fiber (ThorLabs) positioned close to the
patched cell (~50 to 150 pm) to evoked EPSCs. After recording 20 con-
trol trials (trial duration of 10 s), ACSF with 10 mM 6-cyano-7-nitroq
uinoxaline-2,3-dione (Tocris) and 50 mM DL-APV (Sigma-Aldrich)
was perfused into the recording chamber to inhibit AMPA receptor-
and NMDA receptor-mediated excitatory currents and recorded for
another 20 trials. Access or series resistance ranged from <20 megohm
and was monitored online. Any changes greater than 20% were ex-
cluded from the analysis. Data acquisition and signal processing were
made with a patch-clamp amplifier (MultiClamp 700A, Axon Instru-
ments) and Digidata (1440A, Axon Instruments), and all signals were
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filtered at 3 kHz and sampled at 10 kHz using Clampex 10.1 (Molecu-
lar Devices). In D2-EGFP mice, D2-SPNs were identified by EGFP
fluorescent, while paired D1-SPNs were selected on the basis of com-
parable soma size and lack of fluorescence within a 30-pm radius of the
identified D2-SPNs. Similarly, in D1-Cre mice injected with AAV5-
flex-mCherry, the same approach was used to select D1-SPNs and
paired D2-SPNs.

Shank3 rescue experiments

For Shank3 rescue experiments, 750 nl of AAV5-hsyn-mCherry-
Cre was bilaterally injected into either DMS or DLS of Shank3 KO
mice at the age of 8 weeks. As the rescue of Shank3 reported previ-
ously (47), all behavioral and electrophysiological experiments were
conducted at least 6 weeks after Cre injection. For opto-stimulation
and acute recording experiments, virus [AAV2-retro-flp, AAV5-
fDIO-ChR2(H134R)-YFP, and AAV9-hsyn-ChR2-eYFP] injection
with or without optic fiber implantation were done 4 weeks after Cre
injection. With at least another 2 weeks” recovery, mice were used
for later optogenetic or acute recording experiments. Grooming be-
havior was assessed as previously described (47). Mice were video-
taped in their home cage from 19:00 to 21:00. Instances such as
face-wiping, scratching/rubbing of head, ears, back, limbs and tails
were all treated as grooming behavior.

Statistics

Learning data in WT mice were analyzed using one-way ANOVA.
Learning data in littermate control, Shank3 het, Shank3 KO, Shank3
KO with DLS rescue, and Shank3 KO with DMS rescue were com-
pared using one-way ANOVA with Tukey’s multiple comparison
test. Repetition versus switching ratio and grooming percentage
were also analyzed through one-way ANOVA with Tukey’s multiple
comparison test. Optogenetic data were analyzed on the basis of
control and stimulated values for each mouse per stimulation con-
dition. The Wilcoxon matched-pairs signed rank test was used
for this analysis. In vivo neuronal recording data were analyzed
using two-sample z test for the comparison of proportions. Slice
recording data were compared to either paired or unpaired ¢ test.
All data were initially analyzed in MATLAB (MathWorks, MA),
and all statistics were performed using GraphPad Prism 7 (Graph-
Pad Software, CA). Results are presented as means + SEM except
for the neuronal recording data, which are presented as percentages
of the task-related positively identified units. P < 0.05 was consid-
ered significant.

Supplementary Materials
This PDF file includes:
Figs. S1to S8
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