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Our everyday behavior is composed of diversified action sequences. Rapid integration
of real-time sensory feedback with action enables rather swift, effortless execution of the
learned sequences. Sensorimotor integration is the process through which the brain matches
motor commands to the sensory consequence arising from their execution. It has been
proposed that our brain uses an internal forward model to predict sensory outcomes of motor
commands. The compatibility between actual and predicted sensory feedback indicates
successful execution of an action and is crucial for the sense of self-ownership of action.
Disruption in sensorimotor integration not only sabotages action sequencing but also
compromises self-agency and is implicated in agency-related psychotic symptoms. Where and
how sensorimotor integration occurs in mammalian brains, however, remains elusive.
Songbirds have been the most prominent model in studying the role of auditory feedback in
motor sequencing, and mouse models are relatively few in this field. In this dissertation, I
describe my efforts in establishing a mouse model to explore auditory-motor integration in
action sequencing. I designed a behavior task in which mice learn to perform a heterogeneous
action sequence with the assistance of artificial auditory feedback. Using a comprehensive
approach with viral tracing, optogenetics, chemogenetics, and both in vivo and slice
electrophysiological recordings, I demonstrate the role of the cingulate cortex and the medial
portion of the secondary motor cortex in integrating sensorimotor feedback and controlling the
switch between subsequences— a crucial decision for successful performance. I also identified
two parallel corticostriatal pathways that coordinately regulate sensory feedback-based action
sequencing. Our findings reveal an essential neural mechanism of sensorimotor feedback in
action sequencing. In the final part of the dissertation, by reviewing current literature I also
discuss how the findings of the present study could provide critical insights and a comprehensive

perspective in understanding the pathophysiology of schizophrenia.
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Chapter 1: Introduction and Background

1.1 Action sequencing

1.1.1 Action sequencing is the foundation of behavior

Action sequences form the foundation of human and animal behavior. Whether to
speak, play an instrument, or generate trains of thought, the subject needs to perform a series
of motor or cognitive movements in precise timing and order. That being said, the brain does
not simply execute the whole series of movements mechanically; instead, the brain is thought
to organize individual elements into functional units of action sequences (Lashley, 1951;
Gallistel, 1981; Graybiel, 1998). The advantage of chunking relevant pieces of information
into separate units is that the brain can perform efficiently despite the limited capacity of
storage (Miller, 1956; Jin & Costa, 2015). Several studies support this idea by showing that
humans and other species demonstrate the pattern of ‘chunking’ during behavior, and by
doing so behavioral efficiency is increased (Sakai, Kitaguchi, & Hikosaka, 2003; Wymbs,
Bassett, Mucha, Porter, & Grafton, 2012; reviewed in Jin & Costa, 2015). It is further
supported by the observation that neuronal activity corresponding to the initiation or
termination of each action sequence emerges following learning (Jin & Costa, 2010). It was
proposed that the system which generates movements is hierarchically organized, from the
basic elementary action units to higher coordinating units and then the highest command units
(Gallistel, 1981). Although the hierarchical view of action sequence control is well accepted

through rigorous behavioral analyses, as opposed to the response chains theory, it was until



recently that this framework was experimentally confirmed with compelling evidence

(Geddes et al., 2018).

1.1.2 Basal ganglia

The basal ganglia comprise a group of interconnected subcortical nuclei— the striatum,
the substantia nigra (the pars compacta (SNc) and the pars reticulata (SNr)), the globus
pallidus (the internal segment (GPi1), and the external segment (GPe)), and the subthalamic
nucleus (STN) — and are critical for motor and cognitive functions (Gerfen & Surmeier, 2011;
Kreitzer & Malenka, 2008; Shepherd, 2013). The dysfunction of basal ganglia circuits is
implicated in a wide range of neurological and psychiatric diseases, such as Parkinson’s
disease, Huntington’s disease (Albin, Young, & Penney, 1989; DeLong, 1990), obsessive-
compulsive disorder (Graybiel & Rauch, 2000), and schizophrenia (McCutcheon, Abi-
Dargham, & Howes, 2019). The striatum is the primary input nucleus of basal ganglia and
receives multimodal information all over from the cortex and computes to achieve action
selection. Information from the striatum is conveyed to the rest of basal ganglia through
GABAergic striatal projection neurons (SPNs) of the direct and indirect pathways. Dopamine
D1 receptor-expressing SPNs (dSPNs) in the direct pathway project monosynaptically to SNr
and GPi; dopamine D2 receptor-expressing SPNs (iISPNs) project polysynaptically to SNr via
first GPe and secondly STN. The main output nucleus SNr then transmits information to the
thalamus, which projects to back the cortex to form functional cortico-striatal-thalamo-
cortical (CSTC) loops (Gerfen & Surmeier, 2011). Three major parallel complementary

CSTC pathways have been identified to process sensorimotor, limbic, and associative



information, respectively. (Jahanshahi, Obeso, Rothwell, & Obeso, 2015). Classic models of
basal ganglia proposed a competition between the direct and indirect pathways in action
selection and modulation: the former facilitates actions, and the latter inhibits actions. (Albin
et al., 1989; Alexander & Crutcher, 1990; DeLong, 1990). Accumulating evidence from
recent studies, however, suggests that these two pathways work coordinately to achieve action
control (Cui et al., 2013; Isomura et al., 2013; Jin, Tecuapetla, & Costa, 2014; Tecuapetla, Jin,

Lima, & Costa, 2016; Geddes et al., 2018).

1.1.3 Action sequencing and basal ganglia circuits

A rich body of evidence suggests that the striatum is critical for the shaping and
execution of action sequences (Doupe, Perkel, Reiner, & Stern, 2005; Graybiel, 1998;
Hikosaka et al., 1999; Jin & Costa, 2010, 2015; Jin et al., 2014; Wymbs et al., 2012; Geddes
et al., 2018). Patients with diseases associated with basal ganglia dysfunction demonstrate
clear impairment in action sequence organization (Benecke, Rothwell, Dick, Day, & Marsden,
1987; Boyd et al., 2009). Synaptic plasticity in the dorsal striatum is crucial for action
sequence learning. Selective deletion of NMDA receptors in striatal projection neurons
(SPNs) impairs corticostriatal plasticity and animals' ability to acquire and consolidate action
sequences (Jin & Costa, 2010; Geddes et al., 2018). Recordings of neuronal activity in the
dorsal striatum revealed that a large proportion of SPNs show phasic changes in activity
associated with the initiation or termination of a sequence consisting of a single type of

action. This start/stop activity increasingly emerges after learning (Jin & Costa, 2010, 2015).



With further identification of cell types, it was found that the direct and indirect pathways are
concurrently activated around sequence start/stop, and have different activity patterns during
sequence performance— more dSPNs show sustained activity, while more iSPNs show
inhibited activity. At the sequence initiation, the activated dSPNs could serve to select the
desired program, and the activated iSPNs could shut down the competing programs. During
the execution of the sequence, sustained activity from dSPNs could facilitate the selected
action (Jin et al., 2014; Jin & Costa, 2015). These results demonstrate that the control of
action sequence required cooperation, rather than mere competition, between the direct and

indirect pathways.

To interrogate whether the action sequence is hierarchically organized and how it is
controlled by the direct and indirect pathways, Geddes (2018) trained mice to perform a
heterogeneous action sequence. In this self-paced task, the animals learn to press the separate
left and right levers in the ‘‘left-left-right-right’” order. This “LLRR” action sequence
features a specific spatiotemporal pattern and is composed of two subsequences LL and RR.
As a result, performing this action sequence requires a “switch” phase between subsequences,
in addition to the start and stop. With optogenetic manipulation of dSPNs and iSPNs, their
results highly suggest a hierarchical organization underlying action sequences. Moreover,
dSPNs and iSPNs behave differently at each level of the sequence hierarchy and coordinate
during sequence execution. At the sequence level, both dSPNs and iSPNs are active to signal
start/stop. At the subsequence level, iISPNs control the switch between subsequences. At the
element level, more dSPNs display sustained activity, while more iSPNs display inhibited

activity. Overall, the coordinating roles of the direct and indirect pathways are consistent with



those in action sequences composed of the same elements (Jin et al., 2014) and they further
demonstrate that the indirect pathway predominantly controls the switch between-
subsequence in heterogeneous action sequences. The activity of a large proportion of iSPNs
increases exclusively during the behavioral switch. Optogenetically activation of iISPNs
mediates switches whereas activation of dSPNs facilitates the ongoing action, indicating the

complementary roles of these two pathways in execution of action sequences.

1.1.4 Future directions

Two further questions I attempted to answer in this dissertation are (1) how different
cortical regions interact with the striatal pathways to control action sequencing and (2) the
roles of sensory feedback play in action sequencing and the underlying neural mechanisms.
The following chapters describe that I exploited multidisciplinary techniques to demonstrate
two essential and parallel corticostriatal pathways controlling action sequencing in an

artificial sensory feedback-assisted action sequence task.



1.2 Sensorimotor integration

1.2.1 Sensorimotor integration is fundamental to human and animal behavior

Self-consciousness is a feature considered unique to human beings— we are conscious
of our agency, our own actions, and our thoughts. What is the ‘self’, then, is the most
fundamental question that people often ask themselves. Self is a rather broad concept and
could involve longitudinal personal identity and continuity— a narrative self. In contrast, a
minimal self refers to a more primary and immediate experience: the sense of self-agency and
self-ownership for actions (Gallagher, 2000). For example, what shapes the clear boundaries
between self and the rest of the world? How is one sure that a thought or an action is coming
from oneself? Human and animals perceive the world while influencing it; this perceptual
experience is a dynamic process because their actions also constantly change the environment
around them. Multisensory integration and more importantly, sensorimotor integration— the
process through which the nervous system matches motor commands to the sensory
consequence arising from their execution — are crucial for generating a sense of self-agency.
The compatibility between an action and its sensory outcomes serves as strong evidence for
the ownership of the action. (Gallagher, 2000; Jeannerod, 2003; Tsakiris, Schutz-Bosbach, &
Gallagher, 2007). The ability to distinguish self-generated sensory signals, or sensory
feedback, from environmental sensory signals is also essential to survival in the constantly
changing world. For example, self-generated sounds of an animal are generally perceived as
harmless and ignorable, and should not elicit a false alarm indicating coming from potential
predators. Decreased sensitivity to self-generated sounds would also allow animals more

tuned to auditory signals for food sources and social needs, etc. Indeed, attenuation of cortical



responses to self-generated sounds is a well-recognized phenomenon in human, non-human
primates, and rodents (Curio, Neuloh, Numminen, Jousmaki, & Hari, 2000; Eliades & Wang,
2008; Ford, Mathalon, Heinks, et al., 2001; Schneider, Sundararajan, & Mooney, 2018;
Weiss, Herwig, & Schutz-Bosbach, 2011). Moreover, our everyday behavior comprises a
diverse repertoire of action sequences in dynamic environments. Mechanisms which enable
element-based integration of real-time sensory feedback with action, error monitoring, and
rapid correction/updates of motor commands are necessary for individuals to perform action

sequences swiftly and accurately appropriate to various contexts.

1.2.2 Internal models and the role of sensory feedback

The process of sensorimotor integration involves the comparison of actual sensory
feedback with predicted sensory consequences of actions. In this regard, internal
representations of expected sensory outcomes resulting from the execution of motor
commands are critical. The idea that the brain uses an internal model simulating the body and
environment to predict the consequences of our own actions is well-established in motor
control theory (Wolpert, Ghahramani, & Jordan, 1995; Miall & Wolpert, 1996; Blakemore,
Goodbody, & Wolpert, 1998). This model is called an internal forward model as it makes a
forward prediction for the causality between actions and the sensory consequences. According
to Wolpert (1995), there are several reasons that justify the necessity of a forward model in
motor control: (1) Sensory feedback always comes with significant delays in most
sensorimotor loops. A motor control system purely relying on sensory feedback is too slow

for rapid movements. Instead, with a forward model, an estimate of sensory consequences can



be made and used before sensory feedback is available. (2) A forward model is needed in a
system that expects and cancels the sensory effects resulting from one’s own action. (3) A
forward model computes errors between the desired and actual sensory outcome, transforms
this information into errors in the motor commands, and provides instructive signals for
learning. (4) A forward model can generate a state estimate as part of a model which

combines the state estimate and sensory discrepancy to predict the next state.

It has been proposed that upon the transmission of a motor command, an efference
copy—a copy of the motor command- is sent to the internal model to make a prediction of
sensory outcome; this representation is called ‘corollary discharge’ (Wolpert, Ghahramani, &
Jordan, 1995; Blakemore, Goodbody, & Wolpert, 1998). The predicted sensory feedback
will be compared with the actual feedback which arrives later, and the mismatch between
these two is computed as prediction errors. Prediction errors can further inform an internal
inverse model, which inversely calculates the motor command needed between a current
and desired state, to generate corrective signals to modify the motor command for the next
movement in the action sequence (Subramanian, Alers, & Sommer, 2019; Wolpert et al.,
1995). This process serves as an essential mechanism for performance monitoring, which is
important for learning and maintenance of behavior. Sensorimotor learning is a process of
reducing the deviation between desired and actual performance through trial-and-error and
reinforcement learning (Murphy, James, Sakata, & Prather, 2017). Therefore, monitoring
sensory feedback and the deviation from expected feedback on an element basis, and
modifying action accordingly, are critical for action sequence acquisition. After an action

sequence is learned, carefully monitoring sensory feedback during execution is as important



for detecting behavior errors and fine-tuning ongoing action to achieve sophisticated
performance. On the other hand, recurrent prediction errors also update the internal forward
model to make a new prediction about the sensory outcome of an action. This allows

behavioral flexibility in a constantly changing environment.

A prominent example of how the failure of integrating sensory feedback with action
sabotages learning and execution of action sequences is the importance of auditory feedback
in human speech and musical performance. Auditory feedback is critical in speech learning in
early childhood, and as equally important in maintaining normal speech throughout adult life.
It is known that people with congenital hearing impairment struggle with speech production.
Acquired hearing impairment after normal speech is formed also causes speech deterioration
over time (Ryalls, 1994). Perturbation of the real-time auditory speech feedback to the
speaker’s ear is a frequently used method to study auditory-motor integration during speech.
For example, delayed auditory feedback (DAF), imposing a short delay in the voice/sound to
the ear, has been shown to largely disrupt speech and other forms of action sequencing, such
as musical performance and tapping. Common behavioral changes include slow performance
rate, high variability, and increased errors of insertion and repetition. (Finney & Warren,
2002; Black, 1951; Finney, 1997; Zimmermann, Brown, Kelso, Hurtig, & Forrest, 1988).
Altered auditory feedback (AAF), another type of manipulation often involving omitted
feedback or altered feedback pitch, also leads to disrupted action sequencing in both speech
and musical performance. (Pfordresher & Beasley, 2014; Pruitt & Pfordresher, 2015) Another
example to demonstrate the indispensability of sensory feedback in action sequencing is gait

disturbance in patients with sensory ataxia. Sensory ataxia is caused by somatosensory



impairment, such as peripheral sensory neuropathy, which leads to disrupted transmission of
somatosensory signals. The patients lose normal somatosensory feedback when their sole of
the foot touches the ground. As a result, they suffer from discoordinated gaits even with intact
motor systems, and often lift their legs to step heavily on the ground as compensation, known

as trampling gait (Zhang, Zhou, Li, Yang, & Abbasi, 2021).

1.2.3 Sensorimotor integration, self-agency, and psychosis

The internal model for sensorimotor integration is not only useful for accounting for
motor behavior but also has been expanded to understand cognitive processing. Indeed,
thinking can be viewed as a complex form of mental action sequencing. As how Irwin
Feinberg (2011) interprets Hughlings Jackson (1958)’s statement: “although the highest motor
centers of thinking act without producing actual sensory reactions in the outside world, they
would cause the sensory consequences on the sensory centers of consciousness that represent

‘self” in most complex ways” (Feinberg 2011).

The idea of ‘corollary discharge’—the representation of predicted sensory outcome for
action— was first introduced in the 1920s. In studying how the brain distinguishes visual
representation resulting from moving objects or from eye movements, Helmholtz (1925) first
hypothesized the existence of a mechanism for forward prediction for action. This hypothesis
was later supported experimentally by Von Holst and Mittelstaedt (1950) and Sperry (1950),
suggesting that an efference copy of action generates a corollary discharge for motor

prediction in the sensory cortex. In 1978, Irwin Feinberg first applied mechanisms of

10



sensorimotor integration to explain thinking, as a motor act at the highest level. He argued
that thinking requires successful integration of corollary discharge and internal feedback in
the brain and proposed that disrupted integration underlies psychotic symptoms in

schizophrenia (Feinberg, 1978, 2011).

Auditory verbal hallucination is the most common symptom in patients with
schizophrenia and is proposed to stem from aberrant integration during processing inner
speech (Seal, Aleman, & McGuire, 2004; Jones & Fernyhough, 2007). When the motor
command triggers inner speech, it will lead to auditory perceptual experience inside the brain;
at the same time, an efferences copy will be used to generate corollary discharge encoding the
predicted sensory outcome. The agreement between actual and predicted experience gives the
subject a sense of ownership of the inner speech. In contrast, disrupted integration of corollary
discharge impairs the ownership of the action, causing the subject to assign the voices of his
or her own inner speech to someone else’s. Other agency-related psychotic symptoms include
thought insertion or delusion of being controlled are also believed to be attributed to similar
dysfunctions. Moreover, the mismatch between actual and predicted sensory feedback will
also impair the sense of self-agency and cause perceptual incoherence. These in turn
contribute to a more pervasive and detrimental experience (yet often downplayed by the
current diagnostic system)— the blurring of self-boundaries. Even after remission of
prominent hallucination or delusions, some patients still report disturbed self-experiences,
such as depersonalization, ambivalence, and a diminished sense of agency (Postmes et al.,
2014). This experience was vividly described by Clara Kean (2009): “...the real ‘me’ is not

here anymore. [ am disconnected, disintegrated, diminished. Everything I experience is
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through a dense fog, created by my own mind, yet it also resides outside my mind. I feel that
my real self has left me, seeping through the fog toward a separate reality, which engulfs and
dissolves this self. This has nothing to do with the suspicious thoughts or voices; it is purely a
distorted state of being.” Last but not least, formal thought disorder—disturbance in the
organization of thinking— is also commonly seen in patients with schizophrenia. It is often
characterized by poverty of content, incoherence, tangentiality, and loosening of association.
It has been proposed that internal sensory feedback is essential for the hierarchical
programming of thought processes. Disruption in integrating internal feedback therefore

would lead to impaired mental action sequencing (Feinberg, 1978).

Although the framework proposed by Feinberg cannot be experimentally proved due
to the nature of cognitive processes, accumulating evidence continues to lend support to it by
showing that patients with schizophrenia display impaired corollary discharge signaling. It
has been suggested that corollary discharge resulting from a self-generated action serves to
suppress the neural responses in the sensory cortex. The sensory attenuation of self-generated
movements explains why people cannot tickle themselves (Blakemore, Wolpert, & Frith,
1998). However, compelling studies showed that patients with schizophrenia have
significantly smaller sensory attenuation of self-generated responses in multiple sensorimotor
domains, such as tactile sensation and speech perception (Blakemore, Smith, Steel, Johnstone,
& Frith, 2000; Ford, Mathalon, Heinks, et al., 2001; Ford, Mathalon, Kalba, et al., 2001;
Shergill, Samson, Bays, Frith, & Wolpert, 2005). Studies on the oculomotor systems also
strongly suggested disrupted corollary discharge in the patients (Thakkar & Rolfs, 2019). All

together these results indicate sensorimotor integration deficits in schizophrenia.
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1.2.4 Future directions

Despite the theoretical framework of sensorimotor integration using internal models
being well-formulated, the neural substrates which integrate sensory feedback and
representation of motor signals remain largely unknown. Studies have previously
demonstrated a direct pathway from motor cortical inputs to the auditory cortex that serves as
corollary discharge to suppress the auditory cortical responses to self-generated sound in mice
(Schneider, Nelson, & Mooney, 2014; Schneider et al., 2018). However, it remains enigmatic
where and how the sensory feedback and the motor representation are integrated to control
action sequencing. In the present study, I designed an artificial auditory feedback-assisted
action sequence task to investigate this question in mice. Although songbirds have been the
most prominent model in studying the role of auditory feedback in motor sequencing,
establishing mouse models to address this question is important in many ways. First, we can
train free-moving mice to learn or relearn a variety of auditory-guided action sequences
optimal for different experimental purposes. In contrast, birdsongs have fixed templates, lack
spatial dimension, and relearning is not possible. In addition, the auditory cortex of songbirds
does not display sensory attenuation to self-generated sounds, as observed in human, primates
and rodents (Schneider & Mooney, 2018), indicating possible species differences in
sensorimotor integration. It has been shown that in songbirds, sensory feedback signal is
transmitted to the ventral tegmental area (VTA) which serves as a ‘critic’ and directly
reinforces the basal ganglia (area X) to modulate song production (Kearney, Warren, Hisey,
Qi, & Mooney, 2019), without a higher center integrating both sensory and motor

information. In the following chapters, I described my efforts in elucidating where and how
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sensory feedback is integrated in the mouse brain to assist action sequence execution. We
identified a prefrontal cortical region that is critical in integrating sensorimotor feedback and
utilizing the information to guide behavioral switching within the sequence via an associative
corticostriatal circuit. We further demonstrate this associative corticostriatal pathway works

with a sensorimotor corticostriatal pathway coordinatively in controlling action sequencing.

Part of chapter 1, in part, is currently being prepared for submission for publication of
the material. (Huang, Hsiang-Hsuan; Yan, Xunyi; Zhang, Baibing; Jin, Xin.) The dissertation

author was the primary researcher and author of this material.
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Chapter 2: Auditory feedback-assisted action sequence task

2.1 Task design

To investigate the role of sensory feedback in action control, we designed a
task in which mice learned to perform a heterogeneous action sequence with the help of
discriminative auditory feedback (Figure 1A). Briefly, in an operant chamber,
trials began with simultaneous extension of left and right levers, and after mice made four
lever presses, both levers retracted. Among all possible four-press sequences, only the “‘left-
left-right-right’> (LLRR) sequence would be rewarded. Throughout the task, discriminative
auditory feedback was provided: each left or right lever press was followed by a 3kHz or 8
kHz pure tone feedback, respectively. In untrained mice, the pattern of lever presses was
disorganized and consisted of predominantly right lever presses. With training, mice gradually
acquired the target LLRR sequence and performed it with a highly coordinated spatiotemporal

pattern (Figure 1B).

2.1 Learning

The mice’s performance efficiency significantly increased following training. Both

groups eventually reached the same level of efficiency by the end of the second week (Figure

1C). However, the mice receiving auditory feedback learned significantly better in the early

phase of training, in comparison to the controls that learned the same action sequence without
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auditory feedback (Figure 1D). A closer examination on the sequence structure across training
revealed that the animal firstly identified the final RR, followed by the first L and lastly the
second L. In other words, animals can grasp the pattern ‘‘L — RR’’ relatively early, whereas
the second element is the most difficult one to acquire. There is an inclination toward a
premature switch from L to R (“LRRR”) in the mice, and the determining factor to master the
task is the capability to correctly select the second element as a L press. Providing mice with
auditory feedback significantly increases the correctness of this critical second element of the
sequence during early learning (Figure 1E). In well-trained mice, their performance efficiency
significantly dropped without proper auditory feedback provided (Figure 1F). Taken together,
these data indicate that auditory feedback is sufficient to enhance action sequence learning

and is utilized by mice during the execution of the learned sequence.

2.3 Manipulation of auditory feedback

To further confirm that auditory feedback can really modulate behavioral choice and
assist in deciding the optimal timing of switching between LL and RR subsequences, we
introduced tone perturbation to well-trained mice for whom auditory feedback was highly
predictable. In this experiment, we tested mice trained in the task with probe trials in which
the anticipated tone following the first left, second left, or first right lever press was omitted
during sequence execution. To mice, lack of expected auditory feedback might indicate an
unsuccessful attempt of an action. If this was true, the animals would tend to repeat the same

action. Indeed, we found that omission of auditory feedback of the first or second left lever

22



press facilitated ongoing actions — the likelihood to select the left lever press as the
succeeding action significantly increased (Figure 2A and B). Omission of auditory feedback
of the first right lever press did not change action selection at the final position of the
sequence, indicating state-dependent modulatory effects of auditory feedback. This result was
not surprising because the probability of pressing right again following “LLR” in trained mice
is normally nearly 100%. Following the same logic, we next tested whether inserting an
additional tone associated with a future element of the sequence could also alter mice's action
selection. In this case, we predicted that mice might ‘skip’ that future element and ‘jump’ onto
the next succeeding element of the sequence, due to a false belief that they had already
fulfilled a future action. Interestingly, we did observe that following the first left press and the
associated auditory feedback, delivering ‘future’ auditory feedback of the second left press
elicited an early behavioral switch — mice were more prone to skipping left lever presses and
switching to the right at the second position of the sequence (Figure 2C). Similarly, inserting
the “future” auditory feedback of the first right presses further increased the likelihood of
pressing right at the third position of the sequence (Figure 2D). As expected, inserting the
tone associated with the second right lever press did not change action selection for the final
position of the sequence. All together these results show that alteration of auditory feedback
can modulate online action selection and auditory feedback is crucial for guiding behavioral

switching.

Part of chapter 2 is currently being prepared for submission for publication of the

material. (Huang, Hsiang-Hsuan; Yan, Xunyi; Zhang, Baibing; Jin, Xin.) The dissertation author

was the primary researcher and author of this material.
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Figure 1. Auditory feedback facilitates action sequence learning and is involved in action
sequence execution

(A) Operant chamber schematic. Artificial auditory feedback for distinguishing left versus
right lever press is provided when mice perform the LLRR sequence task.

(B) Example of typical wild-type mouse behavior on day 1 (left) and day 14 (right) of
training. Top panels: left and right lever presses indicated by blue and red dashes,
respectively, and aligned to the final lever press at time zero. Bottom panels: averaged left-
and right-lever pressing rate indicated by blue and red lines, respectively.

(C) Behavioral efficiency for mice trained with the auditory feedback-assisted task (L3kR8k,
n=12) versus mice trained with no tone version of the task (Control, n=10) across 14 days of
training (main effect of training: F3 60 =49.82, p<0.0001; main effect of auditory feedback:
F1,20=3.402, p=0.0800).

(D) Behavioral efficiency for mice trained with auditory feedback-assisted task (L3kR8k,
n=20) versus mice trained with no tone version of the task (Control, n=15) across 7 days of
training. (main effect of training: F4.130, 136.3 = 88.06, p<0.0001; main effect of auditory
feedback: Fi 33 =7.174, p=0.0114).

(E) Percentage of sequences containing each appropriate element position for mice trained
with auditory feedback and no tone control across training. (- L - -: main effect of training:
Fs, 108 = 13.94, p<0.0001; main effect of auditory feedback: Fi,33=4.396, p=0.0438).

(F) Behavioral efficiency for mice trained with auditory feedback (n=8) decreased when tone
was canceled at each lever press with a 50% probability in randomly selected 15% of total
trials (paired t-test, t7=4.216, p=0.0040).

Data were analyzed using repeated-measures two-way ANOVA if not else mentioned. Error
bars denote SEM.
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Figure 2. Auditory feedback is critical for the proper switch between action
subsequences

(A and B) Omitting artificial auditory feedback of the first (A) or second (B) left press within
the sequence in randomly selected probe trials when the mice performed the tone-assisted
task. The bar graphs indicate normalized changes in probability for the succeeding elements
to be a left press (2" L), a right press (3™ R), and another right press (4™ R) subsequently,
following manipulation of the tone on the first left press (A) or the second left press (B)

(A: n=7, 2nd L: paired t-test, tc=2.660, p=0.0375; F, 3rd R: paired t-test, ts=2.885, p=0.0290.
B: n=7, 3rd R: paired t-test, t.=2.627, p=0.0392).

(C-D) Inserting artificial auditory feedback associated with the next element within the target
sequence (LLRR) when the mice made the first (C) or second left (D) press in randomly
chosen probe trials. The bar graphs indicate normalized changes in probability for the
succeeding elements to be a left press (2" L), a right press (3™ R), and a right press (4" R)
subsequently, following manipulation of the tone in (C) and (D).

(C: n=10, 2nd L: paired t-test, to=5.138, p=0.0006. D: n=8, 3rd R: paired t-test, t;=2.737,
p=0.0290). Error bars denote SEM.
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Chapter 3: The neural substrate for integrating sensorimotor feedback

3.1 Auditory cortex is essential for transducing task-related sensory feedback

To address the role of the auditory cortex in the implementation of auditory feedback-
assisted sequence execution, we first assessed the expression of the immediate early gene c-
Fos, a marker widely used to visualize activated neurons in the brain, following the training.
After the mice performed the task, we perfused the brain and conducted
immunohistochemistry for c-Fos. There was robust c-Fos expression present in the auditory
cortex (Figure 3A). We next tested whether neuronal activity in the auditory cortex is required
for performing the task. Inactivation of the auditory cortex with bilateral infusion of
muscimol, a selective GABAA agonist, significantly impaired task performance (Figure 3B),
suggesting auditory input is indispensable for executing the learned action sequence. This
raises the possibility that mice could not organize the learned sequence well because the
processing of auditory feedback is disrupted. To test this idea, we sought to use optogenetics
to inhibit the auditory cortex more precisely over a narrow time window around the auditory
feedback delivery. We found that optogenetically inhibiting the auditory cortex following the
first or second left lever press resulted in an increased probability of selecting the left lever
press as the succeeding action (Figure 3C and D). These results recapitulate the behavioral
effects elicited by naturally omitting the expected auditory feedback (Figure 2A and B).
Previously we have shown inserting additional auditory tones was sufficient to alter mice’s
action selection (Figure 2C and D). These behavioral changes were abolished by optogenetic

inhibition of the auditory cortex during the tone delivery (Figure 3E and F), indicating its role
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in transmitting moment-to-moment sensory information essential for task performing. Taken
together, these results confirm the auditory cortex is necessary for transducing auditory

feedback to control action sequence implementation.

3.2 Optogenetics screening for integration centers

We next sought to identify the brain regions that may integrate auditory-motor
feedback to achieve action sequence control. To this end, we performed anterograde
tracing by injecting AAV-CAG-tdTomato into the auditory cortex and found that several
cortical regions receive abundant afferents, including the cingulate cortex (Cg), the secondary
motor cortex (M2), posterior parietal cortex (PPC) and orbitofrontal cortex (OFC) (Figure
4A). Through screening with optogenetic inhibition, we revelated that the cingulate cortex
and the medial portion of M2 (Cg/M2) is a potential sensorimotor integration center, given
that suppressing Cg/M2 activity following the animals performing the first or second left lever
press resulted in a robust increase in the probability of repeating the ongoing action and thus
delayed between-subsequence switching (Figure 4C-H). In addition, we showed that
inactivation of Cg/M2 with bilateral infusion of muscimol largely compromised mice’s task
efficiency (Figure 4B), suggesting it is indispensable for appropriate sequence organization.
To first determine whether Cg/M2 is a critical node that integrates auditory inputs, we utilized
designer receptors exclusively activated by designer drugs (DREADDs) to specifically silence
auditory cortex— Cg/M2 projections. We found that inhibition of this pathway significantly

impaired task performance (Figure 5B), supporting the idea Cg/M2 is important for
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integrating auditory feedback information. Moreover, this pathway seems to be essential
specifically for the discriminative auditory feedback, rather than lever-pressing sounds
(Figure 5D). Taken together, these results indicate that the capability of integrating moment-
to-moment sensorimotor feedback underlies the mechanism by which Cg/M2 dictates action

sequence execution.

Part of chapter 3 is currently being prepared for submission for publication of the
material. (Huang, Hsiang-Hsuan; Yan, Xunyi; Zhang, Baibing; Jin, Xin.) The dissertation author

was the primary researcher and author of this material.
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Figure 3. Optogenetic inhibition of the auditory cortex blocks sensory feedback

(A) c-Fos induction in auditory cortex of trained mice following auditory feedback assisted
sequence task.

(B) Inhibition of the auditory cortex with muscimol during the task. The line chart indicates
behavioral efficiency of performance in trained mice during the muscimol infusion day

and the pre-/post-control days (n=7, pre-control versus muscimol: paired t-test: ts=2.832,
p=0.029).

(C and D) Optogenetic inhibition (by stimulating inhibitory interneurons in the auditory
cortex) following the first (C) or the second left (D) press of the sequence when the trained
Vgat-Ai32 mice performed auditory feedback assisted task. 500-ms 473nm light was
delivered triggered by the selected lever presses within the sequence, in randomly chosen
probe trials. The bar graphs indicate normalized changes in probability for the succeeding
elements to be a left press (2" L), a right press (3™ R), and a right press (4" R) subsequently,
following optogenetic inhibition on the first left (D) and the second left press (D) (C: n=10,
2nd L: paired t-test, t¢=6.030, p=0.0003. D: n=7, 3rd R: paired t-test, t=4.440, p=0.044).

(E and F) Optogenetic inhibition (by stimulating inhibitory interneurons in the auditory
cortex) during an additional tone associated with the next element within the target sequence
(LLRR) when the mice made the first (E) or second left (F) press in randomly chosen probe
trials. 175-ms 473nm light was delivered triggered by the selected lever presses within the
sequence to cover the duration of the additional tone. The bar graphs indicate normalized
changes in probability for the succeeding elements to be a left press (2" L), a right press (3™
R), and a right press (4" R) subsequently, following optogenetic manipulation (F: n=4, 3rd R:
paired t-test, t3=1.103, p=0.3505). Error bars denote SEM.
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Figure 4. Optogenetic inhibition of Cg/M2 delays between-subsequence switch

(A) Anterograde tracing from the auditory cortex to screen the candidates of the cortical
regions receiving auditory feedback information. The injection site was validated by the
abundant innervation in the medial geniculate nucleus (MGN) of the thalamus and the
posterior striatum.

(B) Inhibition of Cg/M2 with muscimol during the task. The line chart indicates behavioral
efficiency of performance in trained mice during the muscimol infusion day and the pre-/post-
control (n=8, pre-control versus muscimol: paired t-test: t;=4.620, p=0.0024).

(C-H) Optogenetic inhibition (by stimulating inhibitory interneurons in Cg/M2) following the
first (C) or the second left (F) press of the sequence when the trained Vgat Ai32 mice
performed the auditory feedback-assisted task. 500-ms 473nm light was delivered triggered
by the selected lever presses within the sequence, in randomly chosen probe trials.

(D and G) Behavioral examples of Cg/M2 inhibition in (C) and (F), respectively. Left panels:
control trials. Right panels: probe trials. Grey shadow indicates the duration of laser delivery.
(E and H) The bar graphs indicate normalized changes in probability for the succeeding
elements to be a left press (2™ L), a right press (3™ R), and a right press (4 R) subsequently,
following optogenetic inhibition on the first left (F) or the second left press (I).

(E: n=8, 2nd L: paired t-test, t;=4.155, p=0.0043; 3rd R: paired t-test, t;=5, p=0.0616. I: n=7,
3rd R: paired t-test, t=4.059, p=0.0067)

(I-N) Optogenetic inhibition (by stimulating inhibitory interneurons in Cg/M2) during an
additional tone associated with the next element within the target sequence (LLRR) when the
mice make the first (I) or second left (L) presses in randomly chosen probe trials. 175-ms
473nm light was delivered triggered by the selected lever presses within the sequence to cover
the duration of the additional tone.

(J and M) Behavioral examples of Cg/M2 inhibition in (I) and (L), respectively.

(K and N) The bar graphs indicate normalized changes in probability for the succeeding
elements to be a left press (2" L), a right press (3™ R), and a right press (4 R) subsequently,
following optogenetic manipulation. (N: n=5, 3rd R: paired t-test, t4=3.669, p=0.0214.)

Error bars denote SEM.
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Figure 5. Chemogenetic silencing of auditory cortex to Cg/M2 projection attenuates
auditory feedback-assisted sequence performance

(A) Schematic representing injection of AAV-hSyn-hMD4(Gi)-mCherry into the bilateral
auditory cortex and CNO infusion into Cg/M2 via implanted cannulas.

(B) Behavioral efficiency of trained mice injected with inhibitory Gi DREADDs on the day
infused with CNO versus on the day infused with vehicle, 30 minutes prior to the session of
auditory feedback-assisted task (n=6, paired t-test, ts=4.040, p=0.0099).

(C) Behavioral efficiency of trained mice injected with AAV carrying only fluorescent
proteins (as control) on the day infused with CNO and on the day infused with vehicle, 30
minutes prior to the session of auditory feedback-assisted task (n=5, paired t-test, t4=0.9005,
p=0.4188).

(D) Comparison of inhibitory effects in the mice in (B) performing the auditory feedback-
assisted task or the no-tone version of the action sequence task.

Error bars denote SEM.
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Chapter 4: Dual corticostriatal circuits for controlling action sequence

4.1 Cg/M2-DMS pathway controls subsequence switch

Previously, the striatal direct and indirect pathways have been shown to coordinatively
control action sequencing, and the latter selectively guides between-subsequence switch
(Geddes et al., 2018). The Dorsomedial striatum (DMS) receives abundant innervation from
Cg/M2. Together with our findings that inhibiting Cg/M2 prevented the animal from
switching (Figure 4C-H), it is possible that Cg/M2 regulates subsequence switch through its
projections to DMS. To test this idea, we next sought to investigate whether activation of the
Cg/M2-DMS pathway is sufficient to trigger a behavioral switch. To do this, we injected
retrograde adeno-associated viral (AAV) vector carrying FlpO recombinase (AAVRetro-
FlpO) into the DMS and FlpO-dependent channelrhodopsin-2 (AAV-fDIO-ChR2-eYFP) into
Cg/M2 to selectively label DMS-projecting neurons in Cg/M2 (Figure 6A left). We found that
optogenetically stimulating Cg/M2 neurons projecting to DMS following the first or second
left lever press significantly increased the probability of halting the ongoing action and
switching to the right lever (Figure 6B-G). Similarly, optogenetically stimulating
Cg/M2—DMS terminals (Figure 6A right) produced the same behavioral effects (Figure 6H-
M). These findings thus further confirm the essential role of Cg/M2 in mediating subsequence

switch through corticocortical pathways.

4.2 In vivo electrophysiological recording of Cg/M2

35



We next moved to investigate the neural activities in Cg/M2 during auditory feedback-
assisted action sequencing by in vivo electrophysiological recordings. Intriguingly, we
identified a portion of Cg/M2 neurons that are exclusively active during the transition from
the left to the right subsequences (Figure 7 A and B). This ‘switch-related activity emerged
after the second left press and terminated before the first right press and spanned throughout
the transition period. Similar switch-related activity has previously been observed in D2-
expressing (indirect pathway) spiny projection neurons (iSPNs) in the striatum (Geddes et al.
2018). Moreover, we also identified Cg/M2 neurons responsive to altered auditory feedback,
which can be categorized into two groups (Figure 7C). 31% of these neurons are ‘sensory
neurons’, whose activity increased faithfully in response to auditory tones (Figure 7D and E).
In contrast, 69% of these neurons did not respond to auditory tones themselves but showed
phasic activity selectively to unexpected auditory feedback and were therefore termed
“prediction error neurons”. The presence of prediction error neurons indicates that Cg/M2
receives motor representation signaling self-generated action. These results collectively

support the role of Cg/M2 in sensorimotor integration and guiding behavioral switching.

4.3 Slice electrophysiological recording of dSPN vs. iSPN to Cg/M2—DMS stimulation

Striatal iISPNs have been shown to mediate subsequence switch (Geddes et al. 2018).
This raises the possibility that the behavioral switch driven by stimulating the Cg/M2-DMS
pathway (Figure 6H-M) can be attributed to the activation of iSPNs. To test this idea, we
examined the postsynaptic responses of dSPNs versus iSPNs in DMS to Cg/M2 inputs

excitation. Here, we conducted ex vivo patch-clamp recordings in pairs of adjacent striatal
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dSPNs and iSPNs, while optogenetically stimulating Cg/M2 terminals in proximity (Figure
8A). Noticeably, we observed larger EPSCs in iSPNs in almost all pairs of neurons (Figures
8C and D). There were no differences in the paired-pulse ratio (PPR) (Figure 8E). These
results suggest that Cg/M2 preferentially innervates iISPNs in DMS and Cg/M2 may mediate

behavioral switching through activation of iSPNs.

4.4 M1-DLS pathway facilitates ongoing actions

To identify the possible sources of motor representation, we sought to investigate
whether the primary motor cortex (M1) is involved in auditory feedback-assisted sequence
execution. We found that inhibition of M1 following the first left lever press resulted in an
increased probability of premature switching to the right lever (Figure 9A), suggesting that
M1 may be involved in promoting ongoing actions. M1 primarily innervates the dorsolateral
striatum (DLS), and it is possible M1 controls action sequencing through its projection to
DLS. To further test this idea, we next tested the behavioral effects of optogenetic stimulation
of the M1-DLS pathway. As expected, activation of DLS-projecting M1 neurons when the
animals pressed the first left lever generated effects opposite to M1 inhibition (Figure 9C).
Moreover, activation of M1—DLS terminals following the first or second left press also
facilitated ongoing actions and increasingly inserted an additional left press before switching
(Figures 9E and F). It has been previously shown striatal D1-expressing direct pathway spiny
projection neurons (dSPNs) facilitate actions and encode sequence start/stop (Geddes et al.

2018). Slice electrophysiology further revealed that M1 preferentially innervates dSPNs in
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DLS (Figure S6) and it is possible that M1 promotes action via dSPNs activation. Together
these results imply M1-DLS pathway facilitates ongoing actions and might be the source of
motor representation conveying to Cg/M2. Chemogenetic inhibition of M1 terminals in
Cg/M2 interfered with action sequence execution (Figure S5). This result suggests M 1—

Cg/M2 projection is one route through which motor signals are transmitted.

4.5 Model of dual corticostriatal pathways controlling sensory feedback-guided action

sequencing

To summarize, the experimental data of the present study suggest there are two
parallel corticostriatal pathways that dynamically coordinate their activity in controlling
action sequence execution. Based on our results, we came up with a model to account for the
roles of these two pathways. The M1-DLS pathway is responsible for the facilitation of
elemental actions, through the striatal direct pathways, whereas the Cg/M2-DMS pathway
inhibits actions and mediates subsequence switch through the indirect pathway. It is possible
the M1-DLS pathway is first activated to start the action sequence and continue to promote
actions. The auditory feedback and motor representation of lever pressing would be
transmitted to and integrated in Cg/M2. The presence of both motor representation and the
compatible sensory feedback indicates an action is performed properly and possibly increases
Cg/M2 activity. Upon finishing the first subsequence, Cg/M2—-DMS is now more active than
the M1-DLS pathway and takes over the control, halting the current action and triggering a

switch to the second subsequence. This model also helps to explain why inhibition of the

38



auditory cortex and Cg/M2 following the first or second left press, the animals are more likely
to repeat a left press, while inhibition of M1 instead triggers a behavior switch—because the
‘facilitation’ pathways would be shut down and the ‘switch’ pathways would now dominate
the system. In a nutshell, this dual pathways model offers a mechanistic explanation for the

role of Cg/M2 in sensorimotor integration and actively guiding action sequencing.

Part of chapter 4 is currently being prepared for submission for publication of the
material. (Huang, Hsiang-Hsuan; Yan, Xunyi; Zhang, Baibing; Jin, Xin.) The dissertation

author was the primary researcher and author of this material.
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Figure 6. Optogenetic stimulation of the Cg/M2-DMS pathway is sufficient to trigger a
behavioral switch

(A) Surgical setups and the innervation pattern of corticostriatal inputs from Cg/M2 onto the
dorsomedial striatum (DMS). Left panel: striatum-projecting Cg/M2 neurons were expressed
with eYFP-tagged ChR2, and optical fibers were implanted in Cg/M2 superficially. Right
panel: Cg/M2 neurons were expressed with eYFP-tagged ChR2, and optical fibers were
implanted into DMS.

(B—G) Optogenetic stimulation of striatum-projecting Cg/M2 neurons following the first (B)
or the second left (E) press of the sequence during auditory feedback-assisted task. 500-ms
473nm light was delivered triggered by the selected lever presses within the sequence, in
randomly selected probe trials.

(C and F) Behavioral examples of inhibition of Cg/M2 in (B) and (E), respectively. Left
panels: control trials. Right panels: probe trials. Grey shadow indicates the duration of laser
delivery.

(D and G) The bar graphs indicate normalized changes in probability for the succeeding
elements to be a left press (2" L), a right press (3™ R), and a right press (4" R) subsequently,
following optogenetic stimulation on the first left (B) or the second left press (E). (D: n=8,
2nd L: paired t-test, t;=4.447, p=0.0029; 3rd R: t;=4.019, p=0.0051. G: n=6, 3rd R: paired t-
test, ts=4.376, p=0.0072; 4thR: ts=4.502, p=0.0064)

(H-N) Optogenetic stimulation of Cg/M2 terminals in DMS following the first (H) or the
second left (K) press of the sequence during the task. 1-s 473nm light was delivered in
randomly selected probe trials.

(I and L) Behavioral examples of Cg/M2 terminal stimulation in (H) and (K), respectively.
Left panels: control trials. Right panels: probe trials. Grey shadow indicates the duration of
laser delivery.

(J and M) The bar graphs indicate normalized changes in probability for the succeeding
elements to be a left press (2" L), a right press (3™ R), and a right press (4" R) subsequently,
following optogenetic stimulation. (J: n=6, 2nd L: paired t-test, ts=3.265, p=0.0223. M: n=5,
3rd R: paired t-test, t4=4.822, p=0.0085) Error bars denote SEM.
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Figure 7. Cg/M2 neurons encode behavioral switch, auditory feedback, and prediction
errors in auditory feedback

(A) Representative Cg/M2 neuron exhibiting switch-related activity. Top: each dash in the
raster plot indicates a spike. Bottom: neuronal activity is aligned to 50ms before the first left,
second left, first right, and second right lever presses within the sequence, respectively.

(B) Peri-event time histogram (PETH) of the same Cg/M2 neuron in (A) with trials sorted by
left-to-right subsequence switch intervals. Top panel: each dash indicates a spike. Bottom
panel: neuronal activity is aligned to the first right press at time zero.

(C) Distribution of Cg/M2 neurons responsive to altered auditory feedback.

(D) Representative Cg/M2 ‘sensory’ neuron responding to auditory feedback itself. Top
panel: each dash indicates a spike. Bottom panel: neuronal activity is aligned to the onset
auditory feedback of the first left, second left, first right, and second right lever presses within
the sequence, respectively.

(E) Neuronal activity of the same Cg/M2 neuron in (D) in response to altered auditory
feedback. Responses to normal auditory feedback (left), omitted auditory feedback (middle
left), and unexpected additional auditory feedback (middle right and right) are shown
respectively.

(F) Representative Cg/M2 ‘prediction error’ neuron encoding prediction error in auditory
feedback. Top panel: each dash indicates a spike. Bottom panel: neuronal activity is aligned to
the onset auditory feedback of the first left, second left, first right, and second right lever
presses within the sequence, respectively.

(G) Neuronal activity of the same Cg/M2 neuron in (F) in response to altered auditory
feedback. Responses to normal auditory feedback (left) and unexpected additional auditory
feedback (middle) are shown respectively. This neuron did not respond to 8kHz itself (right).
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Figure 8. Cg/M2 cortical inputs differentially excite dSPNs vs. iSPNs in DMS
(A)Schematic representation of the experimental setup.

(B) Representative traces of EPSC in a pair of neighboring dSPN and iSPN, in response to
optogenetic stimulation of Cg/M2 terminals in DMS.

(C and D) Amplitude (C) and mean ratio (D) of EPSCs in pairs of neighboring dSPNs and
iSPNs (n=8) following optogenetic stimulation of Cg/M2 terminals in DMS (ratio paired t-
test: t7=2.662, p= 0.0324).

(E) Paired pulse ratio of the same dSPNs and iSPNs pairs shown in (C and D) following
optogenetic stimulation of Cg/M2 terminals in DMS.

Error bars denote SEM.
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Figure 9. Optogenetic inhibition of M1 triggers a behavioral switch and stimulation of
M1-DLS pathway facilitates ongoing actions

(A and B) Optogenetic inhibition (by stimulating inhibitory interneurons in M1) following the
first (A) or the second left (B) press of the sequence when trained Vgat Ai32 mice performed
the auditory feedback-assisted task. 500-ms 473nm light was delivered triggered by the
selected lever presses within the sequence, in randomly selected probe trials.

The bar graphs indicate normalized changes in probability for the succeeding elements to be a
left press (2" L), a right press (3™ R), and a right press (4™ R) subsequently, following
optogenetic inhibition on the first left (A) or the second left press (B) (A: n=5, 2nd L: paired
t-test, t4=3.003, p=0.0398. B: n=4, 3rd R: paired t-test, t3=1.493, p=0.2322).

(C and D) Optogenetic stimulation of striatum-projecting M1 neurons following the first (C)
or the second left (D) press of the sequence during the auditory feedback-assisted task. 473nm
light was delivered triggered by the selected lever presses within the sequence, in randomly
selected probe trials. The bar graphs indicate normalized changes in probability for the
succeeding elements to be a left press (2™ L), a right press (3™ R), and a right press (4" R)
subsequently, following optogenetic stimulation on the first left (C) or the second left press
(D) (C: n=5, 2nd L: paired t-test, t4=4.018, p=0.0148. D: n=5, 3rd R: paired t-test, t4=2.0609,
p=0.1072).

(E and F) Optogenetic stimulation of M1 terminals in DLS following the first (E) or the
second left (F) press of the sequence during the task. 1s 473nm light was delivered in
randomly selected probe trials. The bar graphs indicate normalized changes in probability for
the succeeding elements to be a left press (24 L), a right press (3™ R), and a right press (4" R)
subsequently, following optogenetic stimulation. (E: n=5, 2nd L: paired t-test, t4=2.0809,
p=0.0446. F: n=5, 3rd R: paired t-test, t4=3.128, p=0.0353) Error bars denote SEM.
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Figure 10. Model of parallel corticostriatal pathways in auditory feedback guided action
sequencing

Summary diagram of the different roles of the M1-DLS pathway and the Cg/M2-DMS
pathway in controlling auditory feedback-guided action sequence execution. The M1-DLS
pathway signals the start of the action sequence and facilitates elemental actions through
selectively activating the direct pathway in DLS. The representation of the motor command
and auditory feedback of action are integrated in Cg/M2, which mediates between-
subsequence at the proper timing through preferentially activating the indirect pathways in
DMS.
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Figure S1. Mice can discriminate 3 kHz and 8kHz tones in Go/No Go task

After training in Go/No-Go task, mice (n=4) displayed high lever-pressing rate in response to
the 3kHz Go tone and lever-pressing rate similar to the baseline in response to the 8kHz No-
Go tone. Time zero was aligned at the onset of Go or No-Go tone (main effect of time: Fio1,606
=6.64, p<0.0001; main effect of Go/No-Go tone: Fi,s=12.19, p=0.0130; time X tone

interaction: Fio1,606 =3.74, p<0.0001). Data were analyzed using repeated-measures two-way
ANOVA. Error bars denote SEM.
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Figure S2. Auditory stimuli dissociated with action do not incur changes in action
sequence execution

Two 3 kHz tones were delivered right before LLRR sequence initiation triggered by infrared
beam break as mice approached the left lever (n=6). The bar graphs indicate normalized
changes in probability for the four positions of the action sequence to be left press (15 L), be a
left press (274 L), a right press (3™ R), and a right press (4™ R), respectively, following the
second 3 kHz triggered by infrared beam break (1% L: ts=1.616, p= 0.1669; 2" L: ts=0.4726,
p=0.6564; 3 R: ts=1.174, p= 0.2932; 4" R: ts=0.4371, p= 0.6803). The data were analyzed
with pair t-tests. Error bars denote SEM.
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Figure S3. Chemogenetic silencing of the auditory cortex to the posterior striatum
projections does not significantly alter auditory feedback-assisted sequence performance
AAV-hSyn-hMD4(Gi)-mCherry was injected into the auditory cortex and the posterior
striatum was implanted with a cannula for drug delivery; these procedures were done
bilaterally. Behavioral efficiency for trained mice injected with inhibitory Gi DREADDs on
the day infused with CNO versus on the day infused with vehicle into the posterior striatum

30 minutes prior to test session of auditory feedback-assisted task (n=5, paired t-test,
t4=2.535, p=0.0643).

Error bars denote SEM
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Figure S4. Optogenetic inhibition of OFC alters action sequence execution whereas
chemogenetic silencing of the auditory cortex to OFC projections does not impair
performance

(A and B) Optogenetic inhibition (by stimulating inhibitory interneurons in OFC) following
the first (A) or the second left (B) press of the sequence when the trained Vgat Ai32 mice
performed the auditory feedback-assisted task. 500-ms 473nm light was delivered triggered
by the selected lever presses within the sequence, in randomly chosen probe trials. The bar
graphs indicate normalized changes in probability for the succeeding elements to be a left
press (2" L), a right press (37 R), and a right press (4" R) subsequently, following
optogenetic inhibition on the first left (A) or the second left press (B) (A: n=5, 2nd L: paired
t-test, t4=5.285, p=0.0062. B: n=5, 3rd R: paired t-test, t4=8.794, p=0.0009).

(C and D) Chemogenetic inhibition of the auditory cortex—OFC terminals during auditory
feedback-assisted task. AAV-hSyn hMD4(Gi)-mCherry or control AAV (which carries only
fluorescent proteins) was injected into the auditory cortex and OFC was implanted with a
cannula for drug delivery; the procedures were done bilaterally.

(C) Behavioral efficiency of trained mice injected with inhibitory Gi DREADDs on the day
infused with CNO versus on the day infused with vehicle into OFC 30 minutes prior to the
session (n=5, paired t-test, t4=1.432, p=0.2278).

(D) Behavioral efficiency of trained mice injected with control AAV on the day infused with
CNO versus on the day infused with vehicle into OFC 30 minutes prior to the session (n=5,
paired t-test, t4=0.9270, p=0.4223).

Error bars denote SEM.
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Figure S5. Chemogenetic silencing of M1 to Cg/M2 projection attenuates auditory
feedback-assisted sequence performance

Chemogenetic inhibition of the M1-Cg/M2 terminals during auditory feedback-assisted task.
AAV-hSyn hMD4(Gi)-mCherry was injected into M1 and Cg/M2 was implanted with a
cannula for drug delivery; the procedures were done bilaterally. Behavioral efficiency of
trained mice injected with inhibitory Gi DREADDs on the day infused with CNO and on the
day infused with vehicle into M1, 30 minutes prior to the session of auditory feedback-
assisted task (n=5, paired t-test, t4=3.567, p=0.0234). Error bars denote SEM.
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Figure S6. M1 cortical inputs differentially excite dSPNs vs. iSPNs in DLS

(A) Diagram of slice electrophysiological recording of dSPNs/iSPNs in DLS when activating
M1 terminals. AAV9 hSyn-ChR2-eYFP was injected into M1 of D2-EGFP mice and recorded
SPNs were all located in DLS.

(B) Example of optogenetic evoked EPSCs in a pair of neighboring dSPN and iSPN.

(C) Statistics of evoked EPSCs in pairs of dSPNs and iSPNs when activating M1 terminals
(EPSCs of dSPNs: 192.5 +34.5 pA, EPSCs of iSPNs: 142.8 + 32.89 pA, n= 11 pairs; paired
t-test: p=0.029).
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Chapter 5: Discussion and conclusion

Our everyday behavior is composed of diversified action sequences. Rapid integration
of real-time sensory feedback generated by one’s action enables rather swift, effortless
execution of learned action sequences. To investigate how the sensory feedback and motor
signals are integrated in the brain, we trained mice to learn a heterogeneous action sequence
(LLRR) under the guidance of discriminative auditory feedback. This particular experimental
design allows us to manipulate the auditory feedback on selected sequence positions and
observe the change in online action selection. Transitioning from one type of action to another
at an optimal moment is fundamental to human and animal behavior. Here we uncovered a
circuit mechanism through which sensorimotor feedback is utilized to assist moment-to-
moment action selection and guide behavioral switches. Our study reveals that the anterior
cingulate cortex/secondary motor cortex (Cg/M2) region is accountable for integrating
sensorimotor feedback signals and mediating subsequence switches in the motor program via

its projection to the dorsomedial striatum (DMS).

In the current study, we provided artificial sensory feedback using auditory tones to
denote different actions (L- or R-lever pressing). Previous studies have suggested that
auditory stimuli are tightly coupled to temporal information of action (Burr, Banks, &
Morrone, 2009; Cook et al., 2022; Kubovy, 1988; Repp & Penel, 2002) and thus an ideal
feedback type for studying online action control in our task, as opposed to visual stimuli.

Mice can readily discriminate a 3kHz from an 8kHz pure tone as shown in a two-category
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auditory GO/NO-GO task (Fig. S1). Based on models of sensorimotor integration (Shadmehr
& Krakauer, 2008; Wolpert, Ghahramani, & Jordan, 1995; Wolpert & Kawato, 1998), when
motor commands are generated, our brains also make feedforward predictions about the
sensory consequences. The actual sensory feedback will be compared with the predicted
sensory feedback; a mismatch between these two can elicit rapid corrective signals to the
motor controllers for updating motor commands. In the current study, we observed that
manipulation of auditory feedback modulates online action selection and these effects art
highly sequence state dependent. Omitting the expected auditory feedback on either the first
or second position of the four-press sequence (the first subsequence) renders the animals to
more likely repeat the same action and thus prevents subsequence switching, while
introducing ‘future auditory feedback’ promotes switching. (Figures 2A—D). By contrast,
perturbing the auditory feedback of the third position does not influence action selection. This
can be explained by a default high probability of choosing R on the final position. These
results suggest a dynamic weighting of auditory feedback relative to motor planning for action
control based on sequence positions. Regarding our auditory feedback-assisted action
sequence task, one might wonder whether it is purely perceptual learning such that mice
merely learn the association between tones and reward, not the action sequence itself. If this is
the case, one can expect that if the animals hear two 3 kHz (L) tones right before initiating the
action sequence, they will choose to press the right lever to produce an 8kHz (R) tone. To test
this possibility, we performed a control experiment, in which two consecutive 3kHz (L) tones
were played when the animals approached the left lever, and this manipulation did not change

their action selection. (Figures S2). This result suggests that mice did learn the action
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sequence itself and performing this task requires integration of both sensory and motor

information.

After auditory inputs reach cortical levels, the auditory cortex is the first hub that
processes and relays the information. The primary auditory cortex encodes sound frequency
tonotopically and has been shown to undergo tonotopic remapping following learning
behaviorally relevant tones (Maor et al., 2019; Recanzone, Schreiner, & Merzenich, 1993;
Rutkowski & Weinberger, 2005; Schreiner & Polley, 2014). Global inactivation of the
auditory cortex during the task impairs execution of the learned sequence (Figure 3B), and
optogenetically inhibition faithfully recapitulates the behavioral effects of omitting auditory
feedback naturally (Figures 3C and D). Our antegrade tracing result reveals that the auditory
cortex relays sensory inputs to multiple high-order association cortices, consistent with recent
anatomical tracing data (Zingg et al., 2014). The auditory cortex also projects directly to the
posterior tail of the dorsal striatum and this corticostriatal pathway has been shown to drive
motor decisions in an auditory discrimination task (Xiong, Znamenskiy, & Zador, 2015). In
the current study, however, chemogenetic inhibition of this pathway does not impair task
performance (Figure S3). This result refutes the possibility that the posterior striatum is the
principal site for integrating motor and sensory feedback representation. In addition, although
the posterior striatum receives abundant auditory inputs, it lacks motor cortical inputs and has
few 1SPN (Gangarossa et al., 2013), which are critical for driving behavior switching in the
task (Geddes, Li, & Jin, 2018). The posterior striatum is therefore less likely the integration
region we searched for. In our screening with optogenetics, inhibition of orbitofrontal cortex

(OFC) demonstrated comparable behavioral effects as Cg/M2. However, chemogenetic
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inhibition of the auditory cortex—OFC does not affect sequence execution (Figure S4). This
result indicates that OFC contributes to action control in our task in a manner independent of
its auditory inputs. The mechanisms through which OFC regulates action sequence execution

warrants further studies.

The ability to flexibly shift from one behavior to another is crucial for adapting to the
constantly changing environment. Compelling evidence suggests that the anterior cingulate
cortex plays an important role in adaptive switching between task or behavioral strategies
through computing relevant parameters. (Economides, Guitart-Masip, Kurth-Nelson, &
Dolan, 2014; Karlsson, Tervo, & Karpova, 2012; Kolling, Behrens, Mars, & Rushworth,
2012; Powell & Redish, 2016; Premereur, Janssen, & Vanduffel, 2018; Tervo et al., 2021)
DMS and its inputs from the medial prefrontal cortex, including ACC, has also been
implicated in flexible switching of behaviors (Bissonette & Roesch, 2017; Okada, Nishizawa,
Setogawa, Hashimoto, & Kobayashi, 2018). The findings in the present study extend the
current understanding by showing that Cg/M2 integrates moment-to-moment sensorimotor
feedback to dictate behavioral switching at the subsequence level through the projection to
DMS. The striatal indirect pathway has previously been shown to inhibit ongoing actions and
mediates subsequence switch (Geddes et al., 2018). Slice electrophysiology revealed that
Cg/M2 preferentially innervates the indirect pathway projection neurons (iSPN) (Figure 8),
suggesting a possible mechanism that Cg/M2-DMS triggers subsequence switch through
selectively activating the indirect pathway. In vivo electrophysiological recording of Cg/M2
further supports its role in behavioral switching by identifying a portion of switch-related

neurons (Figures 7A and B), similar to the pattern previously found in iSPN (Geddes et al.,
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2018). We also identified Cg/M2 neurons can encode unexpected auditory feedback. (Figures
7F and G). A wealth of evidence from studies in human, non-human primates and rodents
strongly supports the role of the anterior cingulate cortex (ACC) in online performance
monitoring and behavioral error detecting (Alexander & Brown, 2019; Carter et al., 1998;
Eder & Dignath, 2019; Kiehl, Liddle, & Hopfinger, 2000; Rushworth & Behrens, 2008).
EEG and fMRI studies report the presence of prediction error (PEs) signals in ACC (Debener
et al., 2005; Holroyd et al., 2004; Miltner, Braun, & Coles, 1997) and SMA

(human homolog of rodent M2) (Jahn, Nee, Alexander, & Brown, 2016). In vivo neuronal
recordings further reveal that ACC neurons can represent both positive and negative PEs
(Emeric et al., 2008; Ito, Stuphorn, Brown, & Schall, 2003; Kennerley, Behrens, & Wallis,
2011; reviewed in Shenhav, Botvinick, & Cohen, 2013). Our findings are consistent with
recent models that suggest ACC computes a broad range of unpredicted events (Alexander &
Brown, 2019), and further lend support to the proposed role of ACC in predictive coding, a
critical component of sensorimotor integration. In addition, we also identified Cg/M2 neurons
that faithfully respond to auditory tones (Figures 7D and E). Cg/M2 receives innervations
from the auditory cortex and has been shown to displays neural responses to both behaviorally
relevant and non-relevant auditory stimuli (Ebbesen et al., 2018; Fritz, David, Radtke-
Schuller, Yin, & Shamma, 2010; Gallero-Salas et al., 2021; Khani et al., 2019; Rodgers &
DeWeese, 2014). Yet there are no previously reported Cg/M2 neurons demonstrating such
narrow widths, resembling that of the auditory cortical responses. This result suggests Cg/M2
might flexibly be entrained to represent auditory feedback, an essential factor needed for
deciding when to switch. However, to confirm whether the observed neuronal responses are

entrained by the task or default response, further studies are warranted.
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It has been proposed that the dopamine system exerts a bimodal effect on the ACC
network, which corresponds to the evaluation and execution phase of decision-making
(reviewed in Assadi, Yucel, & Pantelis, 2009). This hypothesis is based on the previous
observation that prefrontal activity can be modulated by the dopaminergic (DA) system
(Seamans, Gorelova, Durstewitz, & Yang, 2001; Trantham-Davidson, Neely, Lavin, &
Seamans, 2004; Lapish, Kroener, Durstewitz, Lavin, & Seamans, 2007). This model proposes
that phasic, high concentrations of DA induce transient, predominantly D2 receptor
activation, resulting in reduced net network inhibition. This change allows multiple inputs to
present simultaneously in the prefrontal networks. By contrast, tonic, low concentrations of
DA induce primarily D1 activation, resulting in increased net inhibition. At this long-lasting
D1 state, only strong inputs have access to the network. The D2 state allows the concurrent
multiple representations critical for the evaluation process, and then the D1 state stabilizes
only the representation for the selected goal. Regarding this notion, it is possible that during
action sequencing, the D2 state in Cg/M2 enables the integration of sensory feedback and
motor representation, and the D1 state coincides with the execution of behavioral switching.
To elucidate the mechanism underlying the transition between the “integration” and “switch”
phase in Cg/M2, it will be worthwhile to investigate the dynamics of DA in Cg/M2 and its

influence on different neuronal populations.

In the present study, we identified two parallel corticostriatal pathways working
coordinately during performing a heterogeneous action sequence: the M1-DLS pathway
facilitates ongoing actions, while the Cg/M2-DMS pathway guides behavioral switching. Our

findings are consistent with past studies showing that DLS is required for the execution of
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sequences comprising the same type of action (Yin, 2010), and DLS striatal neurons
demonstrate start-related activity and continuous activity during sequence execution (Jin &
Costa, 2010; Jin, Tecuapetla, & Costa, 2014; Jog, Kubota, Connolly, Hillegaart, & Graybiel,
1999). M1 and its DLS projections have been shown to be critical for motor skills and action
sequence acquisition (Lemke, Ramanathan, Guo, Won, & Ganguly, 2019; Santos, Oliveira,
Jin, & Costa, 2015), and M1 encodes individual elements of the sequence (Yokoi &
Diedrichsen, 2019). Moreover, our findings also extend the current understanding of
corticostriatal circuitry. The associative corticostriatal circuits (PFC-DMS) are implicated in
goal-directed behaviors and sensorimotor corticostriatal circuits (sensorimotor cortices—DLS)
are implicated in habitual behaviors. A prevailing view of skill learning is that the control of
action is shifted from the prefrontal-DMS pathways to the sensorimotor cortices—DLS
pathways (Floyer-Lea & Matthews, 2005; Lehericy et al., 2005; Miyachi, Hikosaka, & Lu,
2002). Here we showed that to execute action sequences that require behavioral switching,
both pathways are engaged and work coordinately. A recent study also reported the
involvement of both pathways during skill performance (Kupferschmidt, Juczewski, Cui,
Johnson, & Lovinger, 2017). In our proposed model, Cg/M2 integrates actual sensory
feedback and motor representation as a predictive signal of sensory feedback. Chemogenetic
inhibition of M1 terminals in Cg/M2 interfered with the execution of action sequence (Figure
S5). This result suggests Cg/M2 may receive the representation of motor signal directly from
M1. However, it does not rule out the possibility that other sources also transmit the motor
representation from M1-DLS pathways to Cg/M2. The cerebellum has been proposed to
contain feedforward models and generate the feedforward predictive signal for sensory

outcomes (Blakemore, Frith, & Wolpert, 2001; Wolpert, Miall, & Kawato, 1998). The
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cerebellum and the anterior cingulate cortex (ACC) similarly display decreased activity
associated with self-generated tactile stimulation compared to when it is generated externally
(Blakemore, Wolpert, & Frith, 1998). Anatomically, M1 sends projections to pontine nucleus
which generates mossy fibers to the cerebellar cortex, and the cerebellar nucleus sends
projections to the thalamus which can further connect Cg/M2 (Munoz-Castaneda et al., 2021).
What role the cerebellum plays in sensorimotor integration that supports action sequencing

requires further studies.

Implications

The present study identified the role of Cg/M2 in sensorimotor integration and action
sequencing, and our findings potentially provide a comprehensive perspective of how Cg/M2
dysfunction contributes to both psychotic symptoms and cognitive deficits in schizophrenia.
Failing to properly integrate sensory feedback and motor representation is thought to underlie
the pathophysiology of agency-related psychotic symptoms such as auditory hallucination
(AH), thought insertion or delusion of being controlled in patients with schizophrenia
(Feinberg, 1978). Experimental data on various sensorimotor domains, including speech,
touch and oculomotor movement, further support the hypothesized integration failure in SCZ
patients. (Ford, Gray, Faustman, Roach, & Mathalon, 2007; Ford et al., 2001; Shergill,
Samson, Bays, Frith, & Wolpert, 2005; Thakkar & Rolfs, 2019). Past studies implicated ACC
dysfunction in schizophrenia (Adams & David, 2007). The activity of ACC is associated with
processing inner speech (Medalla & Barbas, 2014; Perrone-Bertolotti, Rapin, Lachaux, Baciu,

& Loevenbruck, 2014; Simons et al., 2010). Patients with AH showed impaired connectivity
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between ACC and speech perception region left superior temporal lobe when evaluating their
own speech (Mechelli et al., 2007). In a conditioning induced hallucination paradigm, ACC
was shown to be engaged during conditioned AH. During correct rejections, patients with AH
displayed much lower activity in ACC compared to normal subjects (Powers, Mathys, &
Corlett, 2017). In addition, patients with schizophrenia also have deficits in prediction error
(PE) processing (Waltz et al., 2018; Yaple, Tolomeo, & Yu, 2021), and mid-frontal
stimulation improved PE processing in SCZ patients (Reinhart, Zhu, Park, & Woodman,
2015). Findings from an early study hinted that ACC could be involved in corollary discharge
mechanisms (Blakemore et al., 1998) and the present work supports this possibility. Our
findings clearly support that ACC dysfunction could cause psychotic symptoms due to
aberrant sensorimotor integration. We further reveal the Cg/M2-DMS pathways specifically
controls behavioral switching during action sequencing. SCZ patients are well-known to
demonstrate set-shifting deficits (Ceaser et al., 2008; Jazbec et al., 2007; Leeson et al., 2009;
Pantelis et al., 1999) that they have profound difficulties in inhibiting their responses to the
current dimension and shifting to a different dimension. Studies also reported reduced
functional and structural connectivity between the prefrontal cortex and striatum in SCZ
patients (Fornito et al., 2013; Levitt et al., 2017). Our data further suggest that dysfunction of
Cg/M2 and its DMS projection sabotages the organization of action sequences, which might
also lead to disturbance in hierarchical programming of thought process and result in formal

thought disorders in SCZ patients.

The current treatment of schizophrenia centers around dopaminergic (DA) D2 receptor

antagonism (Kambeitz, Abi-Dargham, Kapur, & Howes, 2014). Several studies suggest that
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antipsychotic action works primarily through extrastriatal D2 receptors (Joyce & Meador-
Woodruff, 1997; Lidow, Williams, & Goldman-Rakic, 1998; Winterer & Weinberger, 2004;
reviewed in Takahashi, Higuchi, & Suhara, 2006) and recent evidence highlights the role of
cortical dopaminergic D2 receptors in SCZ pathophysiology (Takahashi, Higuchi, & Suhara,
2006). Particularly, decreased D2 receptor binding in ACC was noted in SCZ patients (Suhara
et al., 2002; Yasuno et al., 2005) and there was a negative correlation between D2 binding and
positive symptoms (Suhara et al., 2002). Postmortem studies also revelated dysregulated DA
innervations in ACC, particularly in layer II (Benes, 2000) which receives intracortical
information flow. As previously discussed in this chapter, D2 activation in ACC might
facilitate presentation of multiple sensorimotor information. Disrupted D2 binding in ACC
could thus interfere with sensorimotor integration and further impair mental action

sequencing, leading to psychotic symptoms and cognitive deficits in SCZ patients.

Conclusion and future directions

In the present study, we successfully established a mouse model to study auditory-
motor integration in action sequencing. Our data indicate that Cg/M2 integrates sensory
feedback and motor signals for making the crucial decision of subsequence switch, which is
mediated by Cg/M2-DMS projection. We further demonstrate that the M1-DLS pathway and
the Cg/M2-DMS pathway coordinately in action sequencing. The M1-Cg/M2 projection
serves as one route through which the motor representation is transmitted. Overall, our

findings reveal an essential neural mechanism of sensorimotor feedback in action sequencing
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and provide important insights into understanding the pathophysiology of schizophrenia.
Some future directions for studying include (1) the role of the cerebellum— a region
implicated in corollary discharge signaling, (2) the role of dopamine signaling in Cg/M2 for
sensorimotor integration, and (3) cellular mechanisms and local circuits within Cg/M2 for

computing and decision making.

Part of chapter 5 is currently being prepared for submission for publication of the
material. (Huang, Hsiang-Hsuan; Yan, Xunyi; Zhang, Baibing; Jin, Xin.) The dissertation

author was the primary researcher and author of this material.
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Appendix: Methods

Subjects

All experimental procedures were reviewed and approved by the Institutional Animal
Care and Use Committee at the Salk Institute and followed the National Institute
of Health’s Guide for the Care and Use of Laboratory Animals. Experiments were performed
with both male and female mice at least two months old, which were maintained on a 12-hour
light/dark cycle with regular chow and water ad libitum. Wild-type mice with a C57BL/6
background (Envigo/Harlan) were used for most experiments if not else mentioned. Vgat-
Ai32 mice were obtained by crossing Vgat-Cre (Jackson Laboratory: 028862) with Ai32 mice
(Jackson Laboratory: 024109) and used for optogenetic cortical inhibition in the cortex. D1-
eGFP (MMRRC: MMRRC 000297-MU; GENSAT: X60) and D2-eGFP (MMRRC:

MMRRC 000230-UNC; GENSAT: S118) were used for slice electrophysiology.

Behavioral Training

Behavioral training was done in standard operant chambers (Med Associates) as
described previously (Geddes et al 2018). The operant chamber contained two retractable
levers on the left and right side of the front wall, separated by a central food magazine. A
house light and a speaker connected to a programmable audio generator were positioned in

the back of the chamber. Training protocols were written using MED-PC programming
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language and behavioral data was analyzed offline using scripts written in Matlab. Mice were
food-restricted for 24 hours prior to training and were maintained at 80-85% of the baseline
body weight (before food deprivation). Sucrose pellets were used as rewards in all the
behavioral tasks. Mice were first trained with continuous reinforcement (CRF), in which each
lever press led to one reward, for a maximum of 10 rewards per session. Mice were trained on
this schedule for at least three days and until all 10 rewards were received within 10 minutes.
Following CRF, mice were trained with the auditory feedback-assisted action sequence task, a
fixed-ratio four schedule. Sessions started with the house light on and extension of both the
left and right levers. Following each left lever press, a 100-ms 3kHz pure tone was delivered
after a 50ms delay, while following each right lever press, a 100-ms 8kHz pure tone was
delivered after a 50ms delay. After every four presses, levers retracted to indicate the end of
the trial. Only the four-press sequence composed of left-left-right-right led to the delivery of a
reward. The inter-trial interval (ITI) was 5s. Daily sessions ended until 40 reinforcers were
acquired, or the session time of three hours was run out. In optogenetic experiments, the
reinforcers number was set at 60; in tone deprivation experiments, the number of reinforcers
was 20. The efficiency was defined by the percentage of correct sequences (LLRR) in a
behavioral session, which was calculated by dividing the number of correct sequences by the
total number of four-press sequences. In auditory feedback manipulation experiments, the
reinforcers number was set at 60, and 10-30% of trials were randomly selected as the probe
trials for tone manipulation. Within one session, manipulation was only done once per
sequence for one selected position (for the session) in the probe trials. Sessions were repeated

across multiple days to ensure enough trials for analysis.
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Stereotaxic surgery

Mice were anesthetized with isoflurane (4% induction; 1%—2% sustained) anesthesia
and then placed in a stereotaxic frame (Kopf). For muscimol and DREADDs experiments, 26-
gauge guide cannulas (P1 Technologies) were implanted using the following coordinates—
Cg/M2: +0.8~1.2 mm AP, £ 0.35 mm ML, —0.5 mm DV; AuD: -2.5 mm AP, = 4.1 mm ML,
—0.8 mm DV; OFC: -2.5 mm AP, £+ 1~1.5 mm ML, —1.5 mm DV, the posterior striatum: —1
mm AP, £ 3 mm ML, —2.3 mm DV. Cannulas were cemented in place with Tetric EvoFlow
dental cement. Dummy cannulas compatible with the length of the guide cannulas were inserted
after surgery. Viral injection was done with a manual syringe (Hamilton) using the following
coordinates— Cg/M2: +0.8~1.2 mm AP, + 0.35 mm ML, -1.2~ -0.8 mm DV; AuD: -2.5 mm
AP,+4.1 mm ML, —-0.9 mm DV; M1: +1.1 mm AP, + 1.6 mm ML, —0.9 mm DV; OFC: +2.5
mm AP, + 1~1.5 mm ML, —1.9 mm DV; DMS: +0.5 mm AP, + 1.4 mm ML, 2.4 mm DV;
DLS: 0~+0.3 mm AP, + 2.5 mm ML, 2.4 mm DV. Optogenetic fiber implants were
performed with the following coordinates—Cg/M2: +0.8~1.2 mm AP, £+ 0.35~0.4 mm ML, —
0.7 mm DV; AuD: 2.5 mm AP, £ 4.1 mm ML, 0.8 mm DV; M1: +1.1 mm AP, £ 1.6 mm
ML, -0.9 mm DV; PPC: -2 mm AP, = 1.5 mm ML, -0.2 mm DV; M2: +1.2 mm AP, £ 0.6
mm ML, -0.15 mm DV; DMS: +0.5 mm AP, + 1.4 mm ML, -2.3 mm DV; DLS: 0~+0.3 mm
AP, £2.5mm ML, -2.3 mm DV; PL:+2 mm AP, + 0.6 mm ML, -1.3 mm DV with a 15-

degree angle.

Muscimol and DREADDs experiments
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Following learning, mice were implanted with cannulas and re-trained until they
achieved at least 35% behavioral efficiency. The mice then received a three-day infusion
protocol as previously described (Geddes et al 2018): dayl—vehicle as pre-test control, day2—
muscimol (or CNO in DREADDs experiments), and day 3—vehicle as post-test control. CNO
(Sigma-Aldrich) was dissolved in a vehicle (saline with DMSO). Muscimol (Sigma-Aldrich)
was dissolved in saline. Before infusion, mice were anesthetized with isoflurane, and injection
cannulas (projecting 0.2 or 0.5 mm over the guide cannulas) connected to an infusion pump
via 28-gauge polyethylene tubing were inserted into the guide cannulas delivery solution.
Bilaterally infusion with drugs (vehicle or muscimol/CNO) was done followed by a five-
minute waiting time. Mice were placed back in the home cages and started the behavioral task

30 minutes after drug delivery.

Optogenetic experiments

Following learning, mice were implanted with custom-made optrodes consisting of a
ceramic ferrule and optic fiber. After recovery for a few days, mice were then re-trained in
operant chambers tethered to fiber-optic cables. Optogenetic stimulation sessions began once
mice reached 35-40% behavioral efficiency. Optogenetic stimulation was delivered with a
473 nm laser (LaserGlow Technologies), controlled by a programmed TTL output. Within an
optogenetic session, stimulation only occurred once per sequence for one selected position
(for that session) in randomly selected 10-30% of trials. Stimulation sessions were repeated

across multiple days to ensure enough trials for analysis.
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In vivo neuronal recording

After learning, mice were implanted with electrode arrays (Innovative
Neurophysiology, NC) of 2 x 8 tungsten contacts with each contact 35 um in diameter and
spaced 150 um apart in the same row, and 200 um apart between two rows. After recovery for
one week, mice were retrained in operant chambers tethered to a recording cable until
reaching 35-40% efficiency. In vivo recording procedures were performed as previously
described (Cook et al., 2022). In recording sessions, neural activity was recorded using the
MAP system (Plexon). Spike activity was first sorted online with a sorting algorithm and only
spikes with typical waveforms and a high signal-to-noise ratio were saved for analysis. The
saved spike activities were further offline sorted to identify single units using the sorting
software (Plexon). Single units had a clear refractory period in the inter-spike interval
histogram, with no spikes during the refractory period. All the timestamps of the behavioral
events generated by a Med Associates interface board were sent to and recorded in the MAP
recording system. The timestamps for spikes and behavioral events were further analyzed

using custom scripts written in Matlab.

Immunohistochemistry

Mice were transcardially perfused with 0.9% saline or 0.01M PBS, followed by 4%
paraformaldehyde. Brains were post-fixed in 4% paraformaldehyde overnight at 4 C and
transferred to 30% sucrose. Brains were then sectioned with a microtome coronally into 40—
55-um uM sections. For staining, free-floating sections were blocked (3% normal horse serum

and 0.25% Triton X-100 in TBS) for one hour and incubated with primary antibody overnight
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at 4 C. Slices were then washed three times with TBS, incubated with secondary antibody for
one hour at room temperature, and washed again before being mounted with mounting media
containing DAPI. The following primary antibodies are used: goat anti-cFoS (1:500; sc-52-
G), chicken anti-GFP (1:1000; Aves Labs, GFP-1020) and mouse anti-mCherry (1:500;

Clontech, 632543). Slices were imaged by confocal microscopy.

Slice electrophysiology

14-20 days following AAV-hSyn-mCherry-ChR2 injection in Cg-M2 of D1 or D2-
eGPF mice, we deeply anesthetized them with ketamine/ xylazine mixture and transcardially
perfused them with ice cold NMDG cutting solution, saturated with 95% 02/5% COa,
containing (in mM): NMDG 105, HCI 105, KC1 2.5, NaH,PO4 1.2, NaHCO3 26, Glucose 25,
Sodium L-Ascorbate 5, Sodium Pyruvate 3, Thiourea 2, MgSO4 10, CaCl, 0.5 (300mOsm, pH
=7.4). We cut 300 um thick coronal brain slices on a vibratome (Leica VT1000S) through the
striatum in ice-cold, bubbling NMDG cutting solution. Slices were recovered for ~15 minutes
at 33°C in bubbling NMDG cutting solution followed by 45 min in normal ACSF containing
(in mM): NaCl 125, KCl 2.5, NaH,PO4 1.25, NaHCO; 25, D-Glucose 12.5, MgCl, 1, CaCl, 2
(295 mOsm, pH = 7.4), at 27°C. After at least one hour of recovery, slices were transferred to
a recording chamber perfused with ACSF at ~2 mL/min and bubbled with 95% O/ 5% CO:
at 30°C. The regions of interest were confirmed by mCherry expression. Whole cell
recordings were performed on neurons expressing eGFP and neighboring eGPF-negative

neurons, < 50 um in distance, under 40X objective lens. 5~7 MQ Glass pipettes were pulled
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on a Sutter P-97 puller. Pipettes were filled with internal solution containing (in mM):
CsMeSO3 120, NaCl 5, TEA-CI 10, HEPES 10, QX-314 (Br- salt) 5, EGTA 1.1, MgATP 4,
Na-GTP 0.3 (285 mOsm, pH = 7.3 adjusted with CsOH). After a break, cells were held at -
70mV to record AMPA receptor-mediated excitatory currents. Paired pulse light stimulation
(473nm, 5~65 mW/mm?, 2.5ms, 100ms ISI) generated by a 473nm blue DPSS laser system
(Laserglow Technologies) were delivered through a 200 um diameter optic fiber (Thor Labs)
positioned close to the patched cell (~50-150pum) at 0.05Hz to induce EPSC. Access or series
resistance was ranged from 14-25 MQ and was monitored online. Any changes greater than
20% were omitted from the analysis. Voltage-clamp recordings were performed using an
Axopatch 200B amplifier (Axon Instruments), filtered at 3kHz and digitized at 10kHz. Paired

pulse ratio was calculated as the ratio of 2™ to 1%t amplitude.

Graphing

Diagrams in the figures were mainly created with BioRender.com.
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