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ABSTRACT

Loss of dopamine neurons causes motor deterioration in Parkinson's disease patients.
We have previously reported that in addition to acute motor impairment, the impaired
motor behavior is encoded into long-term memory in an experience-dependent and

task-specific manner, a phenomenon we refer to as aberrant inhibitory motor learning.

Although normal motor learning and aberrant inhibitory learning oppose each other and
this is manifested in apparent motor performance, in the present study, we found that
memory of normal motor learning acquired prior to aberrant inhibitory learning remains
preserved in the brain, suggesting the existence of independent storage. To investigate
the neuronal circuits underlying these two opposing memories, we took advantage of
the RNA-binding protein YTHDF1, an m8A RNA methylation reader involved in the
regulation of protein synthesis and learning/memory. Conditional deletion of Ythdfl in
either D1 or D2 receptor-expressing neurons revealed that memory of normal learning
is stored in the D1 (direct) pathway of the basal ganglia, while inhibitory memory is
stored in the D2 (indirect) pathway. Furthermore, fiber photometry recordings of GCaMP
signals from striatal D1 (dSPN) and D2 (iISPN) receptor-expressing neurons support the
preservation of memory in normal learning in the direct pathway after aberrant inhibitory
learning, with activities of dSPN predictive of motor performance. We also built a
computational model based on activities of motor cortical neurons, dSPN and iSPN
neurons, and their interactions through the basal ganglia loops that successfully

explained various experimental observations.
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Building on the computational model, we investigated the neuronal population
underlying normal and aberrant inhibitory learning via cFos expression, and studied the
role of intracellular cAMP pathway in aberrant inhibitory learning using chemogenetic
approaches. Finally, we explored potential approaches for rescuing and reversing
aberrant inhibitory learning, and we found that D1 agonist treatment or prolonged

normal learning could rescue aberrant inhibitory learning in mice.

Together, these findings have important implications for novel approaches in treating
Parkinson’s disease by reactivating preserved memory of normal learning, and in
treating hyperkinetic movement disorders such as chorea or tics by erasing aberrant

motor memories.
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CHAPTER 1 INTRODUCTION

1.1 Basal ganglia anatomy

The basal ganglia, a subcortical structure in the brain, plays a crucial role in many
functions, including motor control, cognition, and the regulation of emotions.
Dysfunctions within this region are linked to various neurological disorders, such as
Parkinson’s disease, Huntington’s disease, and substance use disorders. The basal
ganglia includes striatum, pallidum, subthalamic nucleus, and substantia nigra, and it
receives cortical inputs and projects to the thalamus, forming the cortico-striatal-
thalamic loop. The development of advanced imaging and tracing technologies in recent
years has shed light on the detailed anatomy of this loop, enhancing our understanding

of its complex mechanisms.

The cortico-striatal-thalamic loop includes two pathways: the direct pathway, mediated
by medium spiny neurons (MSNSs) expressing dopamine D1 receptors, and the indirect
pathway, characterized by MSNs expressing dopamine D2 receptors. The direct
pathway facilitates inputs from the cortex and thalamus directly to the basal ganglia's
output nuclei—the substantia nigra pars reticulata (SNr) and the internal segment of the
globus pallidus (GPi). Conversely, the indirect pathway projects to globus pallidus
externus (GPe), which then projects to the SNr and GPi. Research has shown that
activation of D1-expressing MSNs in the direct pathway results in the excitation of

cortical areas, whereas activation of D2-expressing MSNSs in the indirect pathway
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inhibits cortical activity!. These opposite effects establish a dynamic balance within the
cortico-striatal-thalamic loop, with the D1 pathway contributing to a positive feedback
loop and the D2 pathway creating a negative feedback loop. Such an arrangement

ensures balanced regulation of motor and cognitive functions.

Given the large area of cortex and striatum, the relationship between different cortical
regions and their corresponding basal ganglia projections have been heavily
investigated. Garrett E. Alexander’s seminal proposal of five parallel loops through the
striatum and thalamus laid the foundation for us to understand these intricate
connections?. Subsequent research has confirmed the existence of these parallel loops,
indicating a conserved anatomical relationship that persists throughout the basal
ganglia network®. The direct and indirect pathways split their routes when they project
out from the striatum, but the indirect pathway eventually reconverges with the direct
pathway in SNr/GPi by sending projection from the GPe to SNr/GPi. With detailed
tracing and mapping, we now know that direct and indirect pathways originating from
the same sub-striatal domain ultimately re-converge onto the same postsynaptic SNr

neurons, further strengthening the parallel loop model*®.

Moreover, the interactions between these loops are facilitated by distinct mechanisms,
as evidenced by early primate studies showing striato-nigral-striatal and thalamo-
cortical-thalamic crosstalks®. Recent findings by the Jin Group extend our
understanding by uncovering a unidirectional influence of the limbic system over motor
functions mediated through a circuit linking the ventral striatum, substantia nigra (SNr),
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and motor thalamus’. This discovery provides new evidence on how emotional and

motivational states can affect motor outputs.

In addition to crosstalk at the circuit level, another form of crosstalk between D1 and D2
pathways could happen at the synaptic level. Electron microscopy studies reveal that
individual cortical or thalamic terminals can simultaneously form synapses with both
direct and indirect pathway MSNSs, suggesting a potential site for cross-pathway
communication®. Despite the need for further research to quantify the prevalence of
cortical inputs innervating both direct and indirect pathways, existing evidence points to
a significant overlap in their innervation. This is further illustrated by in vivo calcium
imaging data showing coactivity among dSPNs and iSPNs within the striatum, as long

as the neuronal population are spatially close®.

Together, past research on basal ganglia anatomy highlights the complex connections
between direct and indirect pathways and loops in different subregions. We next

examine the research effort to understand the function of basal ganglia.

1.2 Functional studies of basal ganglia

The advent of optogenetic techniques, together with the development of BAC transgenic
mice models expressing Cre recombinase specifically in D1-expressing medium spiny
neurons (D1 Cre) or D2-expressing MSNs (A2a Cre), has advanced our understanding
of the basal ganglia's role in motor control. Optogenetic manipulation of these pathways

has provided direct evidence of their differential influence on behavior: activation of the
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D1 pathway facilitates movement, whereas stimulation of D2 MSNs results in movement
inhibition®. This dichotomy is further supported by studies showing that D1/D2
activation respectively augments or diminishes cortical activity, offering direct insight

into the basal ganglia circuitry's influence on motor behaviors*1*,

In addition to activating a large population of dSPNs or iSPNs, activation within specific
striatal subregions has been shown to elicit distinct motor functions. For instance,
stimulation of the dorsomedial striatum (DMS) and ventromedial striatum (VMS) can
induce contralateral turning, while targeted activation of the ventrolateral striatum (VLS)
leads to contralateral licking!. Such findings underscore the striatum's complex role in
coordinating diverse motor responses, suggesting that different striatal regions
modulate specific aspects of motor function based on their unique projection targets

outside the basal ganglia®.

Building on the past results, recent investigations in rats have further shown the
striatum’s critical contribution to motor memory storage. Contrary to the idea that cortical
regions are responsible for storing learned memories, it has been demonstrated that the
striatum is essential for retaining learned motor patterns?. Lesions within the striatum,
but not the cortex, effectively erased previously acquired motor skills, highlighting the

striatum's role in motor memory consolidation.

Together, these functional studies not only affirm the basal ganglia's central role in
motor control and learning but also reveal the complex interplay between different
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neuronal pathways and subregions within this brain structure. To understand how these
pathways facilitate movement and motor learning in vivo, we next discuss findings from

in vivo recording in the basal ganglia.

1.3 in vivo recording of basal ganglia activity

The development of in vivo recording techniques capable of monitoring the activity of
D1 and D2 neurons in freely moving animals has significantly advanced our
understanding of basal ganglia function. Early experiments in the striatum revealed that
both D1 and D2 neurons increase their activity at the onset of operant learning and just
before movement initiation, while showing reduced activity during periods of
immobility!3. This evidence challenged the traditional rate model, which proposed that
D1 and D2 neurons have opposing roles in movement, with D1 increasing and D2

decreasing during movement.

Supported by early optogenetic studies??, the rate model suggested that selective
activation of D2 neurons could induce freezing and diminish movement initiation,
whereas D1 neuron activation could decrease freezing and enhance locomotor
activities. This model was challenged with research using more sophisticated task
designs and temporal optogenetic manipulations, showing that both D1 and D2
pathways are crucial for a balanced action initiation and execution sequence!4. These
results support the selection-suppression model, where the D1 pathway aids in

choosing and initiating actions, and the D2 pathway plays a more permissive role in
5



inhibiting undesired actions within the same context. Interestingly, as learning
progresses, striatal activity patterns evolve, as evidenced by fiber photometry studies
showing a decline in striatal activity with improved performance on tasks like the

accelerating rotarod?®.

The introduction of GRIN lens microscopes has enabled the observation of D1 and D2
neuronal activity within the same animal at a cellular resolution®. A study found that
dSPNs and iSPNs showed high co-activity during the course of movement as long as
they are spatially close within the striatum. This led to the emergence of a
spatiotemporal selection model, where D1 and D2 neurons coordinate to select
motor programs, showing greater similarity and proximity when encoding for the same
type of movement compared to different movements®. However, the study is limited by
not involving any learning component during the recording, as the experiments were
conducted in open field tests. Indeed, desynchronized activity patterns between D1 and
D2 neurons have been observed in experiments involving cocaine-induced place
preference, suggesting that their coactivity may vary under conditions involving learning

and memory?6,

Overall, while different models propose varying roles for dASPNs and iISPNs in motor
control and learning, there is a consensus that these striatal neurons encode a motor
action space, exhibiting distinct activity patterns during different actions!’. This evolving
understanding illustrates the complexity of the striatum’s role in encoding and executing

motor functions.



1.4 D2 pathway’s role in learning and memory

Both dSPNs and iSPNs are modulated by dopamine signaling, with D1 receptors posi-
tively coupled to downstream cAMP signaling while D2 receptors negatively coupled.
Because of this difference, they respond differently to change in dopamine activity in the

brain and are involved in different aspects of learning and memory*&-20,

Extensive research has shown that dopamine signaling represents a reward prediction
error (RPE) in the brain, which is the difference between received and predicted future
rewards?:22, In the reward prediction model, an increase or decrease in dopamine firing
represents positive and negative reward prediction errors, respectively. One prevalent
hypothesis is that D2 receptors are responsible for detecting negative reward prediction
errors. Supporting this hypothesis, several studies have shown that D2 receptors play a
key role in reversal learning mediated by negative RPE?3-26, Early primate studies
showed that the dopamine D2 antagonist raclopride significantly impaired reversal
learning but not new skill acquisition, while the D1/D5 receptor antagonist SCH 23390
did not significantly modulate acquisition of a novel discrimination nor reversal learn-
ing?8. Similar results were also reported in mice pharmacology studies?*. In addition to
pharmaco-genetic manipulations, several mouse genetic studies also reported that D2
receptor deficient mice showed a delay in reversal learning and were inflexible in chang-

ing their behavior when the environment changed?32°,



Another example of learning mediated by negative RPE is aversive learning. Studies
have shown that D2 receptor mediated activation of PKA is key in the formation and re-
tention of aversive memories?%?’. Additionally, recent studies also have shown direct
evidence that the D2 receptor underlies the detection of dopamine firing decrease and
the following enlargement of dendritic spines during discrimination learning?®. These
studies have shown that the D2 pathway is important in detecting negative reward pre-
diction errors and mediating the corresponding learning process, which are essential for
animal survival. On the other hand, the D2 pathway is also involved in learning and
memory underlying pathological conditions, such as Parkinson’s disease and Hunting-

ton’s disease.

1.5 Parkinson’s Disease and Aberrant Inhibitory Learning

Neurodegeneration of dopamine neurons causes Parkinson’s disease in human
patients. The main symptoms involved in PD are unintended or uncontrollable

movements, such as shaking, stiffness, and difficulty with balance and coordination.

The canonical explanation for PD symptoms is the hyperactive D2 pathway caused by
dopamine loss. According to the classic model of basal ganglia function210:2%.30 activity
in the D1 receptor-expressing, direct ‘Go’ pathway increases excitation of cortical
activity and facilitates movement. By contrast, activity in the D2 receptor-expressing,
indirect ‘No-Go’ pathway, inhibits cortical activity and movement. At the cellular level,
activation of dopamine receptors on striatal neurons modulates the gating of ion
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channels and, therefore, acutely alters the intrinsic excitability of these neurons3!-33,
Thus, neurodegeneration of dopamine neurons will cause a hypoactive D1 pathway and
hyperactive D2 pathway, which leads to the inhibition of movement and motor

coordination.

However, in addition to the modulation of intrinsic excitability, dopamine also modulates
corticostriatal plasticity in both the direct and indirect pathways34-38. With this second

mechanism, dopamine, or the lack of dopamine is able to produce cumulative and long-
lasting changes in corticostriatal synapses. These synaptic changes ensure a persistent

impairment of motor function3%-41,

The contribution of aberrant corticostriatal synaptic plasticity to PD motor symptoms has
been highlighted by multiple studies in recent years3":3%41-46_This is distinct from the
traditional view that denervation of dopamine neurons causes an imbalance between
the direct and indirect pathways and impairs motor performance acutely?®3°. We have
shown in animal models that the combination of dopamine deficiency and motor
experience leads to aberrant corticostriatal LTP in the indirect pathway. As a
consequence, there develops an experience-dependent and task-specific gradual
increase in motor inhibition and a deterioration of motor performance, a “use it and lose
it” phenomenon343-46, This framework fits with the cellular level functions of dopamine
in modulating corticostriatal plasticity34-38. At a behavioral level, responses that are
reinforced by dopamine will be selected more in the future whereas responses that are
not reinforced by dopamine will be inhibited in the future347, Task specificity

9



corresponds to the fact that corticostriatal plasticity in specific synapses is dependent on

specific cortical glutamatergic inputs at that time.

Mechanistically, both the dopamine D1 and D2 receptors are strongly coupled to the
cAMP pathway*84°. Dopamine primarily stimulates cAMP production in D1 receptor
expressing neurons and inhibits cCAMP production in D2 receptor expressing neurons.
The striatum is unique in the expression of the calcium/calmodulin (CaCaM)-insensitive
adenylyl cyclase type 5 (AC5)°°-52, This is distinct from other brain regions such as the
hippocampus and cortex that express predominantly the CaCaM-activated cyclase,
AC1535, There is little or no AC1 expression in the adult striatum®°-52, Therefore, CAMP
production in adult striatum is highly modulated by G-protein coupled receptors rather
than by calcium, and this may explain why dopamine signaling plays such a dominant
role in the induction and directionality of corticostriatal plasticity36-3856. Studies,
including ours, suggest that the direction and magnitude of plasticity in D2 neurons are
regulated by both the afferent activity and D2 neuron intracellular cAMP. High
concentrations of dopamine reduce cAMP via D2 receptor activation and facilitate LTD
in the indirect pathway®¢-%8. In contrast, low dopamine levels increase intracellular
cAMP, favoring LTP in the indirect pathway3”:%8. In mice lacking D2 receptors, high-
frequency stimulation protocol (HFS) that would normally induce LTD instead induced
LTP>S. In 6-OHDA lesioned mice, a model of PD, HFS induced corticostriatal LTD in the
indirect pathway was impaired*2. Therefore, when dopamine levels decrease as PD
progresses, it favors corticostriatal LTP induction in the indirect “NoGo” pathway and
facilitates the gradual development of motor inhibition.

10



1.5 Overview

As this thesis delves into the phenomenon of aberrant inhibitory learning, we aim to
address several questions across the following chapters. Chapter 2 explores the
relationship between normal motor learning and aberrant inhibitory learning. Through a
combination of behavior, pharmacology, genetic modifications, and in vivo recording
techniques, we aim to investigate the underlying mechanisms of these learning
processes. Additionally, we have constructed a computational model that seeks to
explain the observed behavioral phenotypes through dopamine’s role in modulating

CAMP-dependent signaling pathways.

In Chapter 3, we focus on identifying the specific neuronal populations that underlying
the normal and aberrant inhibitory learning, and further investigate the role of cCAMP
signaling in these learning paradigms, using both chemogenetic and genetic
methodologies. Through these approaches, we try to understand the neural circuits and
signaling mechanisms that underlies normal and aberrant inhibitory motor learning,
providing insights that extend beyond Parkinson’s disease to a broader neurobiological

principle.

In essence, this thesis aims to bridge gaps in our understanding of motor learning,
utilizing various techniques to uncover the complex interplay between normal and
aberrant inhibitory learning. We anticipate uncovering novel insights that will not only

11



enrich our understanding of the basal ganglia's role in learning and memory but also
inform future research directions and therapeutic strategies for addressing neurological

disorders such as PD.
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CHAPTER 2 OPPOSING MOTOR MEMORIES IN THE DIRECT AND INDIRECT

PATHWAYS OF THE BASAL GANGLIA

2.1 Abstract

Loss of dopamine neurons causes motor deterioration in Parkinson's disease patients.
We have previously reported that in addition to acute motor impairment, the impaired
motor behavior is encoded into long-term memory in an experience-dependent and
task-specific manner, a phenomenon we refer to as aberrant inhibitory motor learning.
Although normal motor learning and aberrant inhibitory learning oppose each other and
this is manifested in apparent motor performance, in the present study, we found that
memory of normal learning acquired prior to aberrant inhibitory learning remains
preserved in the brain, suggesting the existence of independent storage. To investigate
the neuronal circuits underlying these two opposing memories, we took advantage of
the RNA-binding protein YTHDF1, an m8A RNA methylation reader involved in the
regulation of protein synthesis and learning/memory. Conditional deletion of Ythdfl in
either D1 or D2 receptor-expressing neurons revealed that memory of normal learning
is stored in the D1 (direct) pathway of the basal ganglia, while inhibitory memory is
stored in the D2 (indirect) pathway. Furthermore, fiber photometry recordings of GCaMP
signals from striatal D1 (dSPN) and D2 (iISPN) receptor-expressing neurons support the
preservation of memory in normal learning in the direct pathway after aberrant inhibitory
learning, with activities of dSPN predictive of motor performance. Finally, a

computational model based on activities of motor cortical neurons, dSPN and iSPN
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neurons, and their interactions through the basal ganglia loops supports the above
observations. These findings have important implications for novel approaches in
treating Parkinson’s disease by reactivating preserved memory of normal learning, and
in treating hyperkinetic movement disorders such as chorea or tics by erasing aberrant

motor memories.

2.2 Introduction

The dopamine system and the basal ganglia play unique roles in motor control and
motor learning.8%¢! The D1 and D2 dopamine receptors are expressed in two distinct
pathways: the D1 (direct) and D2 (indirect) pathways.3352 Despite their well-recognized
roles in facilitating and inhibiting movement,1%.6364 how each of these pathways
contributes to learning processes and how they are involved in memory storage,

particularly under pathological conditions, remain largely underexplored.

In Parkinson's disease (PD), degeneration of dopamine neurons in the substantia nigra
leads to significant disruptions in the balance between the D1 (direct) and D2 (indirect)
pathways.%%5 We have previously reported that in addition to acute motor impairment
caused by dopamine loss or dopamine receptor blockade, the impaired motor behavior
is contributed largely by motor experience-dependent gradual deterioration of motor
performance in the absence of dopamine receptor activation, a “use it and lose it”

phenomenon we refer to as aberrant inhibitory motor learning.4344.46
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Aberrant Inhibitory learning reminds us of the concept of extinction learning; both
processes are experience dependent and task specific, and lead to a decline in
previously acquired responses. In extinction learning, the formation of extinction
memory doesn't necessarily erase the original memory; rather, it superimposes a new
memory that opposes the behavioral level expression of the initial memory (For review,
see %6:67), The similarities between extinction learning and aberrant inhibitory learning
prompted us to ask: does aberrant inhibitory learning erase memory of normal learning?
In other words, are memory of normal learning and aberrant inhibitory memory stored

independently or even in separate anatomical pathways?

Our earlier studies suggest that aberrant inhibitory learning is mediated by the D2
(indirect) pathway.*® We therefore examined if memory of normal learning and aberrant
inhibitory memory are stored independently in the D1 (direct) and D2 (indirect)
pathways respectively. We used behavioral designs to specifically probe normal motor
learning versus aberrant inhibitory motor learning, and recorded GCaMP signals from
D1 and D2 receptor-expressing dSPNs and iSPNSs. In order to use manipulations to
selectively impair, therefore dissociate, normal learning and aberrant inhibitory learning,
we used a genetic approach by deleting the Ythdfl gene in dSPNs or iISPNs. Many
studies have shown that new protein synthesis is required for long-term memory
formation. YTHDF1 is an m8A RNA methylation reader protein, a specific RNA-binding
protein that recognizes and binds to mfA modified MRNAs and facilitates their
translation.®® It has been shown that it works with FMRP and plays a significant role in
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synaptic plasticity, learning and memory.5%70 Collectively, our behavioral, GCaMP
recording and genetic data all support our hypothesis that memory of normal learning
and aberrant inhibitory memory are stored independently in the D1 (direct) and D2
(indirect) pathways respectively. Finally, we built a computational model based on
activities of motor cortical neurons, D1 and D2 receptor-expressing neurons, and their

interactions through the basal ganglia loops and validated the above hypothesis.

2.3 Results

2.3.1 Memory of normal learning is preserved after aberrant inhibitory learning

We used our previously established approach to study the relationship between
aberrant inhibitory learning and normal motor learning in wild type (WT) mice and Pitx3
mutant mice using an accelerating rotarod task (Figure 2.1A). Consistent with our
previous report, WT mice trained on rotarod under dopamine antagonists treatment
showed impaired behavior even after the washout of the drug (Figure 2.1B, two-way
ANOVA on day 8-9, group effect, F (1, 13) = 13.25, p = 0.0030; group x time interaction
F (1, 13) =7.829, p = 0.0151). In the experiment, the mice (red group) during aberrant
inhibitory learning showed stereotyped immobile behavior on the rotarod. This immobile
behavior persisted when we re-exposed them to the rotarod task even after the

dopamine antagonists were washed out (probe phase).
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Fig 2.1. Memory of normal learning was preserved after aberrant inhibitory
learning, whereas inhibitory memory was reversed by normal learning.

(A) Experimental designs for normal motor learning (WT mice without drug treatment or
Pitx3 mutant mice treated with L-DOPA) and inhibitory motor learning (WT mice treated
with dopamine antagonists or Pitx3 mutant mice without L-DOPA treatment).
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Fig. 2.1 cont.

(B) Dopamine antagonist cocktail (SCH22390 and Eticlopride) treatment induced long-
term impairment even after drug washout. Two-way ANOVA on day 8-9, group effect, F
(1, 13) = 13.25, p = 0.0030; group x time interaction F (1, 13) = 7.829, p =0.0151,n =8
for each group.

(C) In WT mice (red group) with previous normal learning experience showed
significantly better performance in probe phase compared to the control (black) group. t
test on day 15, p=0.0006, n = 7 for black group, n = 8 for red group. (antag., antagonist)

(D) In Pitx3 mutant mice (red group) with previous normal learning experience showed
significantly better performance in probe phase than the control (black) group, indicating
preserved memory of normal learning. t test on day 15, p=0.0251, n = 6 for each group.

(E) In Pitx3 mutant mice, memory of normal learning was equally preserved after 5, 10
or 15 days of inhibitory learning. One-way ANOVA of rotarod performance on L-DOPA
treated days between 13 (blue), 18 (red) and 23 (green) day, F (2, 17) = 0.255, p =
0.778. n = 6 for the blue group with 5 days of inhibitory learning; n = 7 for the red group
with 10 days of inhibitory learning; n = 7 for the green group with 15 days of inhibitory
learning.

(F) Pitx3 mutant mice showed sustained improvement from aberrant inhibitory learning
after normal learning experience, indicating inhibitory memory was reversed. One-way
ANOVA between day 5, 12, and 15, day effect F (2, 21) = 4.124, p = 0.0308. Post-hoc
Tukey HSD test, Day 15 vs Day 5, p = 0.031, day 15 vs day12, p = 0.794, n= 8.

All data represents mean + SEM. *, p<0.05; **, p<0.01; ***, p<0.001. n.s., not significant.

To investigate whether inhibitory motor learning erases memory of normal learning, we
designed a three-phase motor learning paradigm involving motor skill learning on an
accelerating rotarod using WT mice (Figure 2.1C, top). In the normal learning phase,
only one group was trained on rotarod to acquire memory of normal learning, while the
other group received no training. In the aberrant inhibitory learning phase, both groups
were treated with dopamine D1 (SCH22390) and D2 (Eticlopride) antagonist cocktails
and trained on the rotarod. This procedure induced aberrant inhibitory learning in both

groups and they both showed a performance deficit as expected. In the probe phase,
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both groups were tested under no drug condition on rotarod. This three-phase
experiment allowed us to test if memory of normal learning is preserved after inhibitory
learning. To our surprise, we found that during the probe phase, the group with previous
normal learning experience showed significantly better performance than the control
group (Figure 2.1C and S2.1A-C; 2.1C, t test on day 15, P=0.0006). These data suggest
that memory of normal learning acquired before inhibitory learning is still preserved after

inhibitory learning.

Next, we tested the same hypothesis using the Pitx3 deficient mutant mice that lack the
nigrostriatal dopaminergic pathway throughout development.” The experiment was
similarly designed with three-phases (Figure 2.1D, top). One group of Pitx3 deficit mice
went through normal learning (L-DOPA treatment), aberrant inhibitory learning (no L-
DOPA) and probe phase (L-DOPA treatment). The second group of Pitx3 deficit mice
went through only aberrant inhibitory learning and the probe phase. In normal learning
phase, consistent with what we reported before,** L-DOPA treated Pitx3 deficit mice
successfully acquired the rotarod motor skill (Figure 2.1D). When both groups of mice
were trained without L-DOPA during the aberrant inhibitory learning phase, the mice
with normal learning experience showed a gradual decline of the motor performance,
and the control mice showed low performance. Both groups reached the same level of
low performance at the end of the aberrant inhibitory learning phase. In the probe
phase, both groups were tested on rotarod again under L-DOPA condition. Remarkably,
the group with previous normal learning experience showed significantly better
performance than the control group (Figure 2.1D and S2.1D-F; 2.1D, t test on day 15,

P=0.0251). These data indicate that the memory of normal learning is still preserved in
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the Pitx3 deficit mice even after aberrant inhibitory learning.

To rigorously assess the durability of the preserved memory of normal learning in Pitx3
deficit mice, we used the three-phase behavior design with different lengths of aberrant
inhibitory learning (Figure 2.1E, top). All three groups of Pitx3 mutant mice were trained
with L-DOPA in the normal learning phase to form the memory of normal learning, and
then they went through 5, 10, or 15 days of rotarod training without L-DOPA (aberrant
inhibitory learning phase). Next, they were tested under L-DOPA condition to determine
the extent to which memory of normal learning had been retained (probe phase).
Surprisingly, we found that all three groups showed similar levels of recovery in probe
phase (Figure 2.1E and S2.1G-H; 2.1E, one-way ANOVA on probe phase, F (2, 17) =
0.255, P = 0.778). This observation suggests that the preserved memory of normal
learning in these models is resilient to extended periods of dopaminergic deficiency and

aberrant inhibitory learning.

Since memory of normal learning is preserved after the aberrant inhibitory learning
process, is the inhibitory memory also resistant to normal learning process? To test that,
we designed another three-phase experiment using Pitx3 deficit mice. Mice were
trained on an ‘aberrant inhibitory learning - normal learning - probe’ schedule (Figure
2.1F, top). The first two phases were intended to induce aberrant inhibitory memory and
memory of normal learning respectively. As expected, mice performance improved over
days during the normal learning phase. Then mice were tested without L-DOPA on the
probe phase. If the aberrant inhibitory memory was not reversed by the normal learning

experience, we expected to see a similar performance between the aberrant inhibitory
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learning phase and the probe phase. To our surprise, the rotarod performance during
probe phase did not show a sharp drop to the performance level of aberrant inhibitory
learning (Figure 2.1F and S2.11-J; One-way ANOVA between day 5,12, and 15, day
effect p= F (2, 21) = 4.124, P = 0.0308; post-hoc Tukey HSD test, Day 15vs Day 5, p =
0.031). On the contrary, the rotarod performance without L-DOPA treatment (probe
phase) was maintained at a similar level as the end of normal learning phase (Figure
2.1F and S2.11-J; post-hoc Tukey HSD test, day 15 vs dayl12, p = 0.794). These data

suggest that inhibitory memory can be reversed by normal learning.

2.3.2 dSPN and iSPN striatal neuron activities during normal and aberrant

inhibitory learning

To examine if the preserved memory of normal learning after aberrant inhibitory learning
is reflected in activities of direct (dSPN) or indirect (iISPN) spiny projection neuron in the
dorsal striatum, and to further characterize the neuronal activities during normal and
aberrant inhibitory learning, we performed in vivo fiber photometry recording of Ca2+
activities during our rotarod motor learning paradigm. Previous studies had shown that
dorsal striatum is important for rotarod motor learning.'>7?-"* We injected a Cre-
dependent GCaMP6m AAV9 into the dorsal striatum in either D1-Cre mice or A2a-Cre
mice (Figure 2.2A, B) to express the calcium activity sensor in either the dSPN or iSPN

respectively. We used the three-phase design described above (Figure 2.2C).
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Fig 2.2. Fiber photometry recording of dSPNs and iSPNs in dorsal striatum during
normal motor learning.

(A) Experimental design for fiber photometry recording of Ca?* activity in dorsal striatum
during rotarod motor learning task. AAV-mediated dSPNs and iSPNs expression of
GCaMP6m was achieved after local injection of Cre recombinase-dependent AAV into
the dorsal striatum of D1-Cre and A2a-Cre transgenic mice respectively.

(B) Top, schematic of injection site and optical fiber placement (black bar) for the
GCaMP6m Ca?* sensor. Bottom, fluorescence image showing GCaMP6m (green).
White dashed line, border of striatum. Fiber placed between the tissue gap of dashed
lines. Fiber placement position (AP +0.7, ML +2.25, depth 2.6mm).

(C) The three-phase experimental design used for fiber photometry recordings.
(D-G) Fiber photometry recordings during normal motor learning.

(D) Representative traces of Ca?* signal in dSPNs during rotarod test. Each trace is a
single trial, with green dash line indicating the beginning of a trial.
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Fig. 2.2 cont.

(E) Mean Ca?* activity in dSPNs throughout the rotarod motor skill acquisition phase, n
= 4. One-phase exponential decay in mean Ca2+ signal following rotarod training, fitted
using the equation Y=(10.39 - 5.35)*exp(-0.169*X) + 5.35, half-life = 4.1, time constant
=5.92, R2=0.28. Mean + SEM.

(F) Representative traces of Ca?* signal in iSPNs during rotarod test.

(G) Mean Ca?* activity in D2 striatal neurons throughout the rotarod motor skill
acquisition phase, n = 3. One-phase exponential decay in mean Ca2+ signal following
rotarod training, fitted using the equation Y=(26.85 - 13.61)*exp(-0.13*X) + 13.61, half-
life = 5.25, time constant =7.58, R2 =0.24. Mean + SEM.

During the normal motor learning phase, we found that both dSPN and iSPN calcium
signals showed an increase at the beginning of the rotarod trial and stayed elevated
throughout the trial (Figure 2.2D, F). Interestingly, as the mice learned the rotarod over
several days, the average amplitude of the Ca2+ signal in both dSPN and iSPN
gradually decreased (Figure 2.2E, G; 2.2E, One-phase exponential decay, Y=(10.39 -
5.35)*exp(-0.169*X) + 5.35, half-life = 4.1, time constant = 5.92, R?2 = 0.28; 2.2G, One-
phase exponential decay, Y=(26.85 - 13.61)*exp(-0.13*X) + 13.61, half-life = 5.25, time
constant =7.58, R? =0.24). This seems to suggest both the direct and indirect pathways
are involved in normal motor learning. However, it is important to keep in mind that both
direct and indirect pathways could change during motor learning, but they are not

necessarily the mechanisms underlying motor learning.

We next studied the neuronal activities during aberrant inhibitory learning phase (Figure
2.3B, and 2.3C-J), where we treated mice with a dopamine antagonist cocktail

(SCH22390 and Eticlopride). The mice under dopamine antagonists treatment had
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stereotyped immobile behavior on the rotarod, and this behavior persisted when the
mice were re-exposed to the rotarod context even after the dopamine antagonists were
washed out. To understand the neuronal activity underlying the immobile behavior
(aberrant inhibitory learning), we divided the trials into short (<5s, mostly immobile
behavior) and long (>10s) trials. When we examined the distribution of trial length in the
two groups, we found that the group with previous normal learning experience had
fewer short trials compared with the group not previously trained (Figure 2.3C, G). This
is true for the later probe phase as well (see below and Figure 2.3K, O). In studying
fiber photometry signals during the aberrant inhibitory learning phase, we aligned the
start of the trial between long and short trials to understand the neuronal activity that
contributed to the short trials. We found that there is no difference between short and
long trials in the dSPN signal, in either group (Figure 2.3D, E). This observation is
further confirmed when we compared the mean Ca2+ signal of the first 2 seconds of the
trials. Neither trial length nor group factor is significant in a mixed effects model (Figure
2.3F. Mixed effect model, trial length factor, p = 0.50; group factor, p=0.92). Next, we
looked at fiber photometry signals in the indirect pathway during the aberrant inhibitory
learning phase. There is no difference between short and long trials in the group with
previous normal learning experience (Figure 2.3H). However, we found that in the short
trials of the control group, iISPN signal sharply increased after the beginning of the trial
(Figure 2.31). When comparing the mean signal of the first 2s of the trial, the iSPN signal
in the short trial of the control group showed a trend of higher value comparing with the
rest of the group, though not statistically significant (Figure 2.3J. Mixed effect model,
trial length factor, p=0.39; group factor, p = 0.47). However, the group with normal
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learning experience earlier seemed more protected from such an effect. These data

suggest that higher iSPN signal is associated with poor performance during aberrant
inhibitory learning, which is consistent with the idea of a hyperactive indirect pathway
during aberrant inhibitory learning, although it is conceivable that normal activities of

iISPN and appropriate level of inhibition are necessary for normal learning as well.

25



- AAV Syn Flex GCaMP6m
X 1 month

N\

A2a or D1 Cre

C

Aberrant Inhibitory Learning
Behzvior [01-Cre)

E = 2 =

-

Rel ative fraquency (%)

)

Aberrant Inhibitory Learning
Beh=vior [AZ3-Cre)

o
=

Rizlztive frequency [%)
ra . o

L I
Rotarodperformanee (=]

Frobe Phase Behavior [01-Cre)

@ =
= =

o
=

Relative Taquency (%)

B Normal Aberrant Probe
Learning Inhibitory Learning

H ( > - )

[ | No Training ( J>{ )

Aberrant Inhibitory Learning Phase

D

dSPNs Activity in Inhibitory Learning

dSPNs Activity in Inhibitory Learning

iSPNs Activity in Inhibitory Learning I

iSPNs Activity in Inhibitory Learning

0 4 8
Time from Trial Start (s)

0 4 8
Time from Trial Start (s)

Probe Phase

dSPNs Activity in Probe Phase

dSPNs Activity in Probe Phase
12

@)

Porbe Phase Beh=vior [A2a-Cre)

&0
&0
40
]

0

L R -

Fio farod perform ance (1

Reladwe fraquaney (%)

iSPNs Activity in Probe Phase

20
’
‘
'
'
'
10 4
'
'
'
/ i i G 5
OF~u- P 4 >10s
0 4 8 0 4 8

Time from Trial Start (s)

Time from Trial Start (s)

F Initisl dF/F of Inhibitory
Learning [d 5P M=)

n.=.
i, e—
£
u
o
Tz
c
G
il
-
[
m
i}
Eu .

=
o

J Initial dF/F of hhibitory
Le=rming (i SP M=)

B
=

=,

j’

o

Meand FF ot iret 2s (%)

=

=108 =1
Riotarod performrance

Initizl dF/F of
Frobe Phase (d SPNs)

7 ———
£
u
Lt ]
Ta
E
=]
L
[Tol]
o
=
m
)
=
=108 =54
R nitisl dF/F of
Probe Phas=[iSFPHNs)
15 ns.
—_ 13
£ . |
b
(]
T
i
]
L
L §
]
C
m
a
=
ERLT S
Rotarod performance

Fig 2.3. Preserved memory of normal learning after aberrant inhibitory learning
was reflected in the activities of dSPNs
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Fig 2.3. cont.
(A) Fiber photometry recording setup.

(B) Experimental design for fiber photometry recording of Ca?* activity in dorsal striatum
during aberrant inhibitory learning and probe phase (Normal learning phase is shown in
figure 2). Red group was trained in normal learning phase while black group did not
receive normal motor learning.

(C-J) Fiber photometry recordings during aberrant inhibitory learning phase.

(C) Histogram of rotarod behavior during the aberrant inhibitory learning phase of mice
used in dSPNs recordings.

(D) Mean dSPNs Ca?* signal of the red group (with previous normal learning
experience) during aberrant inhibitory learning. Dashed line, < 5s trials; solid line, > 10s
trials. Mean + SEM.

(E) Same as (D) but for the black group with no previous normal learning experience.

(F) Comparing mean dSPNs Ca?* signal of the first 2s of the aberrant inhibitory learning
phase between red and black groups (with or without previous normal learning
experience). There was a total of 43 trials from 3 red group mice and 53 trials from 3
black group mice. Mixed effect model, trial length factor, p = 0.50; group factor, p=0.92.
Mean + SEM.

(G-J) Same as (C-F) but for iISPNs recordings.

() In the black group without previous normal learning, higher iISPNs activities predict
shorter trials. Mean + SEM.

(J) Comparing mean iSPNs Ca?* signal of the first 2s between red and black groups.
There was a total of 57 trials from 3 red group mice and 52 trials from 3 black group
mice. Mixed effect model, trial length factor, p=0.39; group factor, p = 0.47.

(K-R) Same as (C-J) but for the probe phase of the fiber photometry experiment.

(L) In the red group with previous normal learning experience, lower dSPNs activities
predict shorter trials. Mean £ SEM.

(M) In black group with no previous normal learning experience, lower dSPNs activities
also predict shorter trials. Mean = SEM.

(N) Comparing mean dSPNs Ca?* signal of the first 2s between red and black groups
(with or without previous normal learning experience). There was a total of 43 trials from
3 red group mice and 43 trials from 3 black group mice. Mixed effect model, trial length
factor, p = 0.0019; group factor, p=0.92. Mean + SEM.
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(R) Comparing mean iSPNs Ca?* signal of the first 2s between red and black group.
There was a total of 42 trials from 3 red group mice and 45 trials from 3 black group
mice. Mixed effect model, trial length factor, p=0.43; group factor, p = 0.65. Mean *
SEM.

* p<0.05; **, p<0.01. n.s., not significant.

After dopamine antagonist induced aberrant inhibitory learning, all the groups are tested
under the drug-free condition (Figure 2.3B and 2.3K-R, probe phase). Again, when we
examined the distribution of trial length in different groups, we found that trials in the
group with previous normal learning showed less distribution in the short trials
compared with the control group, consistent with our behavior studies (Figure 2.3K,
2.30 and S2.1C). Similar to the above analysis in the aberrant inhibitory learning phase,
we divided the trials into long (>10s) and short (<5s) trials. In the fiber photometry
signal, we found that the dSPN signal in short trials showed a slower ramp compared
with the long trials (Figure 2.3L, M). This observation was consistent in both groups with
or without previous normal learning experience, and was further confirmed by the
significantly higher average signal of the first 2 seconds of the long trials (Figure 2.3N.
Mixed effect model, trial length factor, p = 0.0019; group factor, p=0.92). The fiber
photometry signals in the indirect pathway showed a similar trend of difference between
long and short trials but were not statistically significant (Figure 2.3R. Mixed effect
model, trial length factor, p=0.43; group factor, p = 0.65). These data suggest that a
faster activity ramp in the D1 pathway is associated with better performance. Given that
the group with previous normal learning has more long trials with a faster activity ramp

in the D1 pathway compared with the control group, we conclude that previous normal
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training experience before aberrant inhibitory learning induced higher dSPN activity
during the drug-free probe phase, potentially an underlying mechanism for their better

performance in the probe phase.

To examine whether there are similarities in fiber photometry signals between the
normal learning phase and the probe phase, we performed principal component
analysis (PCA) (Figure S2.2) using several features extracted from each individual trial
in the two phases (when performance was not under drug influence). The photometry
signal features we used in PCA include: signal peak rate, trial signal mean, trial
standard deviation, signal mean during trial beginning, and signal mean during trial end.
In analysis of the dSPN fiber photometry data, principal components 1 and 2
successfully explained 82.0% and 12.5% of the total variance respectively. When we
plotted all the trials together using principal component 1 and 2, we observed a
clustering pattern in which there is a clear separation between the normal learning
phase and the probe phase data from the group without previous normal learning
(Figure S2.2B). However, the probe phase data from the group with previous normal
learning (recall of normal learning) overlaps with normal learning phase and with probe
phase data from the group without previous normal learning, potentially suggesting that
the group with previous normal learning showed features of both the memory of normal
learning and aberrant inhibitory memory during the probe phase. Similarly, we
performed such PCA analysis on iSPN fiber photometry data, principal component 1
and 2 explained 84.0% and 10.9% of the variance respectively. However, when we
plotted all the trials using PC1 and PC2, the iSPN data from the normal learning phase

and the probe phase were mixed and did not show a clear clustering pattern (Figure
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S2.2C).

2.3.3 Dissociation of D1 pathway-dependent normal learning and D2 pathway-

dependent inhibitory learning

Our earlier studies suggest that inhibitory motor learning is mediated by the D2 (indirect)
pathway.*® The present fiber photometry data suggest that activities in the D1 (direct)
pathway is more important for normal motor learning, which is in agreement with
previously reported optogenetic inhibition studies.”® To further investigate the roles of
D1 and D2 pathways in normal and aberrant inhibitory motor memory , we designed a
double dissociation experiment utilizing conditional Ythdfl gene deletion. Previous
studies showed that Ythdf1l gene deletion impaired new protein synthesis, synaptic
plasticity in the hippocampus and hippocampus-dependent learning.”® To confirm the
role of YTHDF1 in regulating new protein synthesis in the striatum, we measured the
new protein synthesis rate using click chemistry technology in primary striatal neuronal
culture.”> "7 Specifically, we incubated the striatal neuronal culture with a methionine
analog HPG in a methionine free medium to label the newly synthesized protein, and
later tagged the HPG with fluorophore using click chemistry reaction for visualization.
We found that the fluorescence intensity was much higher in the baseline group
compared with a negative control group, where we treated cells with cycloheximide
(CHX), a protein translation inhibitor (Figure 2.4A, B and S2.3A. One-way ANOVA,
F(2,99)=97.7, P<0.0001; post hoc Tukey HSD test, ‘CHX’ vs ‘Baseline’, Q statistic =
5.54, P=0.001). After validation of the method, we treated cells with forskolin to activate

adenylyl cyclase and its downstream signaling as an approach to activate intracellular
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protein synthesis. We saw that forskolin treatment significantly increased HPG signal,
which indicated higher protein synthesis rate (Figure 2.4A, B and S2.3A. Post hoc
Tukey HSD test ‘Baseline’ vs ‘Forskolin’, Q statistic = 12.88, P=0.001). Surprisingly,
when we performed the same procedure in the striatal neurons derived from Ythdfl
knockout, they did not show such an increased protein translation when cells are
treated with forskolin (Figure 2.4A, C and S2.3B. T-test ‘Baseline’ vs ‘Forskolin’,
p<0.0001). On the contrary, striatal neurons from the Ythdf1l knockout showed a much
higher baseline protein translation rate than the neurons in WT. This result suggests
that Ythdfl KO striatal neurons are impaired in activating protein translation in response
to extracellular stimuli. While it is conceivable that cells that do not respond to elevated
activities by elevating protein synthesis rate need to have a higher baseline protein
translation rate in order to sustain normal cellular functions with sufficient protein
translation activities, the consequences of elevated baseline protein translation rate are

worth investigating in the future. Of note, the higher protein synthesis rate caused by
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stimulation is far lower than the maximum limit of our assay, ruling out a ceiling effect.

CHX Baseline Forskolin

- - - :: o e i s "
2 o
Vird¥! KO
15000
10000
J*. Nvu ".Q\‘
4 .

DAPI HPG

WT

HF G Sigral J Cell

Ythdf1 KO

HPG Slgﬂal # Cell

D E Normal Aberrant
Learning Inhibitory Learning

150 -
& ©F ViRafs D1-Cre (- ¢ > >

W ViRkdfs, DI-Cre (+) 1007 B AZaCre fi- Vihaf
—_— &  AZa-Cre fif Vihdf!

Probe

0
= 100 g 8
s E
[=] i
_;' * { e G0 i * + *
S 50l @ " Fry 40-+ {
- =
@O
& I £
1 + 3 20+ . ‘
§epo
0= . "TH313e sasag SoDa
N 92 N » Day S A Ry
Mo antag onist 01,2 antagonist Moantag.

Fig 2.4. Ythdfl gene deletion experiments showed double dissociation and
suggested that normal learning and inhibitory learning are mediated mainly by
the D1 and D2 pathways respectively.

(A) Representative merged images of click chemistry experiment measuring protein
synthesis rate in WT and Ythdfl KO mice. Blue, DAPI staining; green, HPG tagged
newly synthesized protein. Scale bar, 20 um. CHX, Cycloheximide.

(B) Quantification of newly synthesized protein during CHX, baseline and forskolin
treatment in WT striatal neurons. One-way ANOVA, F(2,99)=97.7, P<0.0001; post hoc
Tukey HSD test, ‘CHX’ vs ‘Baseline’, Q statistic = 5.54, p=0.001; ‘Baseline’ vs
‘Forskolin’, Q statistic = 12.88, p=0.001.

(C) Quantification of newly synthesized protein during CHX, baseline and forskolin
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Fig 2.4. cont.

treatment in Ythdfl KO striatal neurons. Student t-test ‘Baseline’ vs ‘Forskolin’,
p=0.6927. n= 36 for CHX, and Forskolin group, n= 30 for HPG group. Each group
contains 3 replicates.

(D) Conditional gene deletion of Ythdfl in D1-Cre mice led to an impairment in the
normal motor learning paradigm. Two-way ANOVA, group effect F(1, 12) =11.23, p=
0.0058. Group x time interaction F(3, 36) = 0.2895, p=0.8327. n= 7 for each group.

(E) Conditional gene deletion of Ythdfl in A2a-Cre mice led to similar normal motor
learning but more protection against aberrant inhibitory motor learning compared to the
control group. Two-way ANOVA on day 1-5, group effect F(1, 9) =0.2586, p=0.6233.
Group x time interaction F(4, 36) = 0.8894, p=0.4802. t-test on day 15, p=0.0398. n(A2a
Cre x f/f Ythdfl) = 5. n(A2a Cre x f/- Ythdfl) = 6.

All data represent mean = SEM. *, p<0.05; **, p<0.01; ***, p<0.001. n.s., not significant.

After validating the role of YTHDF1 in regulating protein synthesis in the striatum. We
deleted Ythdfl in the D1 or D2 pathway. We hypothesize that impaired new protein
synthesis in dSPN or iISPN should impair D1 or D2 pathway dependent learning
respectively. We first tested whether the D1 pathway is important for normal motor
learning using D1 neuron specific Ythdfl gene deletion (D1-Cre x floxed-Ythdfl) and
control mice of 6 months. We found that rotarod performance during normal learning
was significantly impaired in mutant mice compared to controls (Figure 2.4D. Two-way
ANOVA, group effect F(1, 12) =11.23, P= 0.0058; group x time interaction F(3, 36) =
0.2895, P=0.8327). Because the normal learning was already impaired in D1-Cre x
floxed-Ythdfl mice, this prevented us from further testing if they were impaired in

inhibitory learning.

Next, we investigated the involvement of the D2 pathway of the basal ganglia in normal
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and inhibitory learning. Using A2a-Cre mouse line crossed with floxed-Ythdfl, we
generated mice with conditional deletion of Ythdfl in D2 dopamine receptor-expressing
cells. We found that 6-month-old mutant mice showed no difference during normal
learning compared with the controls (Figure 2.4E. Two-way ANOVA on day 1-5, group
effect F(1, 9) =0.2586, P=0.6233; group x time interaction F(4, 36) = 0.8894, P=0.4802),
suggesting that new protein synthesis in the D2 pathway is not directly involved in
normal motor learning. To investigate whether the aberrant inhibitory learning is
affected, we trained mice on rotarod under dopamine D1 & D2 antagonist cocktails, and
then tested both groups without drug injection (Figure 2.4E, top). We found that
conditional knockout of Ythdfl in the D2 pathway showed significantly better
performance (less inhibitory learning) during the probe phase (Figure 2.4E, S2.3C.
2.4E, unpaired t-test on day 15, P=0.0398), suggesting that inhibitory learning is
mediated through the basal ganglia D2 pathway. Because YTHDFL1 regulates protein
synthesis rate, this result suggested that manipulating protein synthesis rate in the D2
pathway may prevent the formation of aberrant inhibitory learning under dopamine

deficient conditions.

2.3.4 Computational Model supports preserved memory of normal learning in

direct pathway after inhibitory learning

To recapitulate and understand how dopamine regulates the acquisition, impairment,
and recovery of motor skill, we established a computational model based on the
classical “cortico-basal ganglia-cortical loop” architecture (see Supplemental Information

for the model description). In the model, the activity of motor cortex that controls the

34



rotarod task is modulated by a positive feedback loop via striatal D1 neurons (i.e. the
direct pathway), as well as a negative feedback loop via D2 neurons (i.e. the indirect
pathway) (Figure 2.5A). The core hypothesis underlying the model is the “cAMP-protein
synthesis-memory consolidation” process (Figure 2.5B). We hypothesized that by
regulating protein synthesis through dopamine receptor coupled cAMP pathway,
consolidation of memory/plasticity is affected accordingly.”®® In the model, increased
levels of dopamine activate both D1 and D2 dopamine receptors, which induces LTP
and LTD in the equivalent connection weights of the positive and negative feedback
pathways, respectively. Consequently, this facilitates the formation of memory in normal
learning but diminishes inhibitory memory.3” Further, the level of dopamine regulation is
proposed to be proportional to the behavioral prediction error of the animal, which is

anticorrelated to the task performance.8°
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Fig 2.5. Modeling dopamine effects on mice rotarod performance under various
experimental conditions.
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Fig 2.5. cont.

(A) Schematic of the “cortico-basal ganglia-cortical loop” model containing direct and
indirect feedback pathways. “Cx” reprsents the motor cortex.

(B) Schematic of the "cAMP-protein synthesis-memory consolidation™ model of
dopamine regulation on long-term plasticity of memories.

(C) Observed rotarod performance data in "normal learning — aberrant inhibitory
learning — probe" (red) and “aberrant inhibitory learning — probe" (black) experimental
design.

(D) Predicted rotarod performance by the model.

(E - F) The weights of memory of normal learning and aberrant inhibitory memory in the
model.

(G = J) Similar to (C - F) but in Pitx3 mutant mice.

(K = M) Similar to (C - E) but in Pitx3 mutant mice using the “aberrant inhibitory learning
- normal learning - probe" design.

We next tested if our computational model can recapitulate our behavior data. We found
that the behavioral performance of WT mice in the experiments (Figure 2.5C) and
model (Figure 2.5D) were well matched. Notably, during the aberrant inhibitory learning
phase of the experiment, the application of dopamine antagonists blocks dopamine
receptors, leading to an immediate drop of motor cortex activity and performance
(Figure 2.5D). As training continues, the receptor blockade halts normal memory
learning, but promotes the aberrant inhibitory memory learning (Figure 2.5E). During the
probe phase where antagonists are removed, the normal memory is well preserved for
the group with previous normal learning, but much weaker in the group without previous
normal learning (Figure 2.5E vs 2.5F). This difference in the level of memory of normal
learning explains the dramatic performance difference in the two groups right after drug
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removal when the probe phase begins (Figure 2.5D). The recovery of memory of normal
learning may not be 100% in WT or in Pitx3 mutant mice treated with L-DOPA (see
below); it is affected by synaptic strength changes in both the direct and indirect
pathways. We expect that many factors (e.g., dopamine receptor sensitivity, age,

genetic background etc.) could contribute to the variation in the recovery strength.

Our model also recapitulates our behavior findings using Pitx3 mutant mice (Figure
2.5G, 2.5H). In the Pitx3 mutant mice, memory of normal learning is preserved while
aberrant inhibitory learning is boosted during the “No L-DOPA” phase where the
animals lack both endogenous and external dopamine (Figure 2.5I, 2.5J). One
difference between the Pitx3 mutant mice and WT mice treated with antagonist is the
smooth decay of motor cortical activity and performance over time during the aberrant
inhibitory learning phase in Pitx3 mutant mice, rather than an instantaneous fall in WT
mice treated with antagonist (Figure 2.5D vs 2.5H). One possible underlying mechanism
is the adaptation of D1, D2 receptor activity to low dopamine level in the Pitx3 mutant

mice (details in supplemental information).

Additionally, the model also captures the reversal of aberrant inhibitory memory in the
‘aberrant inhibitory learning-normal learning-probe’ schedule (Figure 2.5L, 2.5M). In the
model, L-DOPA drives LTP and LTD of D1 and D2 pathways, respectively, leading to a
boost of the memory of normal learning and decay of the aberrant inhibitory memory
(Figure 2.5M, “L-DOPA” phase). The changes in the relative strength of memory of
normal learning and aberrant inhibitory memory lead to improved performance level

(Figure 2.5L, 2.5M), which would maintain even after the removal of L-DOPA before any
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updates by additional learning (Figure 2.5L, the second “No drug” phase).

2.4 Discussion

Motor impairments in PD are often attributed to the lack of dopamine. However, our
previously published studies*3444¢ as well as the present data indicate that the impaired
motor behavior is contributed largely by motor experience-dependent gradual
deterioration of motor performance in the absence of dopamine or dopamine receptor
activation, a mechanism that we refer to as aberrant inhibitory motor learning. Although
the opposing consequences of normal motor learning and aberrant inhibitory learning
are manifested in apparent motor performance, at the circuit level, memory of normal
learning and aberrant inhibitory memory are stored in separate circuits, the former in the
D1 (direct) pathway and the latter in the D2 (indirect) pathway. This is supported by our
behavior results, fiber photometry recordings of GCaMP signals from dSPN and iSPN in
the dorsal striatum, and genetic double dissociation of D1 pathway-dependent normal
learning and D2 pathway-dependent aberrant inhibitory learning. It is also supported by
a computational model based on activities of motor cortical neurons, D1 and D2

receptor-expressing neurons, and their interactions through the basal ganglia loops.

PD causes deteriorated motor control.8-82 In animal models, our behavior results here
showed that even though the impaired motor behavior was encoded into long term
memory, the memory of normal learning learned under normal dopamine condition prior

to the aberrant inhibitory learning is still preserved in the brain. These findings suggest

38



that reactivating preserved memory of normal learning could be therapeutic in PD.
Indeed, in dopamine replacement therapy for PD, there are phenomena parallel to our
findings in animal models. Long duration response is often observed in addition to the
acute short duration response of the therapeutic effect.®®82 The long duration response
is a gradual buildup of the therapeutic effect through many days until it reaches the
maximum strength, which is similar to the reversal of aberrant inhibitory learning by
normal learning in our data (Figure 2.1F). On the other hand, the gradual decay of long
duration response, which typically lasts many days after cessation of dopamine
replacement therapy, is similar to the aberrant inhibitory learning process in our data
(second phase in Figure 2.1D), i.e., the experience-dependent gradual deterioration of
motor performance in the absence of dopamine signaling. Surprisingly, even after
complete decay of long duration response, the first dose of L-DOPA or dopamine
agonist in PD patients can often cause a complete rebound to the maximum therapeutic
effect, without going through the gradual reversal of aberrant inhibitory learning by
normal learning, similar to immediate reactivation of memory of normal learning in our

data (Figure 2.1D).

Our fiber photometry studies give additional insights into the distinct roles played by D1
and D2 pathways in motor memory. A key observation is that high D1 pathway activities
predict long rotarod trials whereas low D1 pathway activities predict short rotarod trials
after aberrant inhibitory learning. This suggests that memory of normal learning stored
in the D1 (direct) pathway remains largely intact and can be potentially reactivated,
despite the progression of motor impairments in PD. Of note, due to the technical

limitation of fiber photometry, we could not attain calcium dynamics at cellular
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resolution. Future studies with more advanced imaging techniques will help understand
the dynamics of normal and inhibitory memory engram during learning. Imaging
technique with cellular resolution will also help us understand whether the changes we
observe is due to somatic or non-somatic calcium activities, since a recent study

showed that fiber photometry in striatum mostly reflect non-somatic changes.8

Both dopamine D1 and D2 receptors are coupled to Adenylyl cyclase 5 (AC5) and
therefore the cCAMP pathway. However, they have opposite effects on AC5 and protein
kinase A (PKA) activity upstream of YTHDF1 and protein synthesis, with the D1
receptor activating while the D2 receptor inhibiting the cCAMP pathway. It has been
demonstrated that PKA activity in spiny projection neurons is dynamically influenced by
dopamine differently in D1 versus D2 striatal neurons.®>8¢ With increased dopamine,
PKA is activated in D1 neurons. In contrast, PKA is activated in D2 neurons in
dopamine-deficient states. Elevated cAMP and activated PKA can affect downstream
signaling including the expression of immediate early genes, CREB, and new protein
synthesis, all implicated in memory consolidation.”®87.88 These mechanisms emphasize
the essential role of elevated but not reduced cAMP that leads to new protein synthesis
in memory consolidation, and may explain why the D1 pathway mediates normal motor
learning and memory under normal dopamine whereas the D2 pathway mediates
aberrant inhibitory motor learning and memory under dopamine deficiency. An
alternative hypothesis to explain the distinct roles of the D1 versus D2 pathway in
normal versus aberrant inhibitory learning/memory respectively is the receptor affinity

hypothesis.?? D1 receptors have low affinity for dopamine, therefore they are not
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activated at the baseline condition, and they are more sensitive to increased dopamine
release. In contrast, D2 receptors have high affinity for dopamine, therefore they are
already activated at the baseline condition, and they are only sensitive to decreased
dopamine release. This alternative hypothesis does not rely on the cAMP-new protein
synthesis hypothesis. However, recent data challenges the D1 low affinity and D2 high
affinity hypothesis.®®-%* Our computational model effectively corroborates our empirical
results, lending further support to the cAMP-memory consolidation hypothesis. This
computational approach also provides a powerful tool for predicting and understanding
the complex dynamics of memory consolidation in the basal ganglia under varying

conditions, and potentially guiding the development of targeted therapeutic strategies.

Our study highlights the integral role of protein synthesis in memory consolidation within
the basal ganglia in addition to its well characterized role in the hippocampus.®-°7 The
contrasting effects of Ythdfl knockout in the D1 versus D2 pathways suggest potential
therapeutic targets for PD and other disorders. Most importantly, our result shows that
conditional knocking out of Ythdfl in the D2 pathway did not affect normal learning
process, but only mitigated the aberrant inhibitory learning, providing substantial
therapeutic potential. Given that YTHDF1 targets the overall population of m8A modified
RNA, identifying the downstream targets of Ythdfl for manipulating memory
consolidation will be valuable for therapeutic development. By altering/modulating new
protein synthesis pathways, it may be possible to enhance memory of normal learning
and mitigate the consolidation of aberrant inhibitory memories. This approach could

lead to novel treatments that focus not only on symptomatic relief but also on the
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underlying synaptic neurobiological mechanisms of the disease which can potentially

achieve long-lasting therapeutic effects.

Our findings also suggest compelling similarities between the aberrant inhibitory motor
learning and the phenomenon of extinction learning. For example, in fear conditioning,
current theories propose that extinction involves the formation of a new associative
memory that inhibits the expression of the pre-existing memory, rather than erasing
it.7:98 This newly formed 'extinction memory" affects the manifestation of the antecedent
memory trace. Similarly, we have demonstrated that aberrant inhibitory motor learning,
induced by dopaminergic deficits and motor experience, does not erase pre-existing
normal motor memories. Despite the similarities, there are also distinct features in our
data: 1) there is clear anatomical segregation of pathways underlying memory of normal
learning (D1 pathway) and aberrant inhibitory motor memory (D2 pathway). In extinction
learning, no clear anatomical segregation has been reported; 2) aberrant inhibitory
learning can be latent. When wild-type mice were treated with dopamine antagonists
and trained on the rotarod, they apparently were not “learning” anything. However, their
aberrant inhibitory learning was only revealed when they were trained again under no
drug condition (Figure 2.1B). Even though latent extinction has been reported in the
literature, it usually involves prevention of responses, and the mechanism is believed to
be different from extinction learning.®® In addition to the similarities to extinction learning,
the concept of aberrant inhibitory learning can potentially be applied to other D2
pathway dependent learning under normal physiology conditions, such as reversal

learning and discrimination.?3:28
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In conclusion, we have demonstrated that memory of normal learning is mostly stored in
the D1 (direct) pathway whereas aberrant inhibitory motor memory is mostly stored in
the D2 (indirect) pathway. The reactivation of either or both memories determines the
apparent motor performance. These findings have important implications for novel
therapeutic approaches in treating Parkinson’s disease by reactivating preserved
memory of normal learning, and in treating hyperkinetic movement disorders such as
chorea or tics by erasing aberrant motor memories. The cAMP pathway and RNA
binding proteins that facilitate new protein synthesis are important molecular targets to

consider.

2.5 Method

2.5.1 Transgenic mice

2.5.1.1 Pitx3-mutant

Pitx3 (ak) mutant mice (Jackson Strain #:000942) exhibit an almost total loss of tyrosine
hydroxylase-positive cells in the substantia nigra pars compacta, with a 90% decrease
in dorsal striatal dopamine neuron at PO. The Pitx3 mutant mice are blind, yet this
condition does not markedly influence their performance in the rotarod task used in the

study.

2.5.1.2 Floxed Ythdfl, D1-Cre, A2a-Cre

Mice carrying a conditional removable Ythdf1 allele (Ythdf1") were crossed to a D1-Cre
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transgenic line (RRID: MMRRC-030989-UCD) or A2a-Cre transgenics line (RRID:
MMRRC_036158-UCD) to selectively delete Ythdfl in D1 or D2 dopamine receptor
expressing cells. All experiments were performed in both double transgenic mice (D1-

Cre;Ythdf1" A2A-Cre;Ythdf1"), and the respective control littermates.

2.5.2 Mouse Rotarod Behavior

Mice in the task are 8-12 weeks old unless otherwise stated. A computer-controlled
rotarod apparatus (Rotamex-5, Columbus Instruments, Columbus, OH) with a rat rod
(7cm diameter) was set to accelerate from 4 to 40 revolutions per minute over 300
seconds, and recorded time to fall. Mice received 5 consecutive trials per session, 1

session per day. Rest between trials was approximately 30 seconds.

2.5.3 Drug Administration

All drug injections were intraperitoneal at 0.01ml/gram of body weight. L-DOPA (3,4-
dihydroxy-L-phenylalanine 25 mg/kg with 12.5mg/kg benserazide) was administered 1
hour prior to the start of each session. SCH 23390 at 0.1mg/kg and eticlopride at

0.16mg/kg were administered 30 minutes prior to experiments.

2.5.4 Stereotaxic Surgery

All surgical procedures were performed using mice aged 12-16 weeks under sterile
conditions. Mice were anesthetized using 2% isoflurane and placed in a stereotaxic
frame. Skull was exposed and bregma - lambda was identified, hole was drilled above
dorsal striatum (AP +0.7, ML +2.25), a guide needle was lowered 2.7mm DV, 400nL of

AAV virus (Addgene Catalog # 100838, AAV9.Syn.Flex. GCaMP6m.WPRE.SV40) was
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delivered at a speed of 100nL/min, and allows for 7min to diffuse post injection before
needle retraction. An optic cannula (MFC_400/430-0.66_5mm_MF1.25 FLT, Doric) was

inserted into the injection site, 100um above the viral delivery site. The cannula was

then secured using surgical glue and dental cement.

2.5.5 Fiber photometry

TDT-Doric system was used for fiber photometry studies, TDT RZ5P for signal driving
and demodulation. This system was adept at delivering light at wavelengths of 405 nm
and 465 nm, while monitoring at 525 nm through a specialized Doric minicube
(FMC5_IE(400- 410) E(460-490) F(500-540) O(580-680) S, Doric). The received light
was processed by a femtowatt photodetector (Newport Model 2151), which then
channeled the signals to the RZ5P. We used distinct modulation frequencies to monitor
signals based on calcium dependence. The 465 nm excitation light was calcium-
responsive and modulated at 331Hz, while the 405 nm, an isosbestic calcium-
independent control, was modulated at 211 Hz using LEDs and LED driver (Doric). Mice
were tethered to a patch cord (0.48NA, 400 ym core diameter, Doric) with freely rotary
joint and gimbal holder (Doric) for maximum freedom during movement. The TDT
Synapse software was employed to interact with the RZ5P system, facilitating data
logging, event timestamping via TTL loggers, and LED control.

All data were analyzed in MATLAB with custom script, detailed code could be made
available upon reasonable request. Briefly, first 5s recording was removed for opto-
electro artifacts that might significantly affect the fitting parameters in the subsequent

step. A smoothed 405nm signal was fitted to the 465nm signal using linear regression to
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obtain fitting coefficients during a-3s baseline period before every rotarod trial. Using the
coefficients, we calculated the fitted 405nm and calculated normalized AF/F for the

calcium fluorescence.

2.5.6 Neuronal culture

Primary striatum neurons were cultured in 8-chambered coverglass systems (Cellvis
C8-1.5H-N). Dissection was performed under a stereoscope utilized ice-cold 1x PBS,
involving pia membrane removal and dorsal cortex dissection to expose the striatum.
The dissected striatum tissues underwent enzymatic digestion with prewarmed Papain
solution. After gentle chopping and incubation, the digested tissue was centrifuged, and
cells were plated at a density of 0.04 million cells per well. Plating media transitioned to
Neuromaintaining media after two hours. Medium maintenance involved replacing half
the medium on day four and adding AraC to suppress gliogenesis. Subsequently, half
the medium was regularly replaced every three days. Plating media included DMEM
medium with 1% L-Glutamine, 1% penicillin—streptomycin, 0.8% Glucose, and 10% fetal
bovine serum. Neuromaintaining media comprised Neurobasal medium with 1x B-27

supplement, 1x N2 supplement, 1% L-Glutamine, and 1% penicillin—streptomycin.

2.5.7 Click chemistry

Methionine-free DMEM was prepared by adding 4mM glutamine 0.4mM cysteine
(thermo scientific #J60573.14, #J63745.14) into customized DMEM (thermo fisher
#21013024) and stored at 4C. HPG Alexa Fluor™ 488 kit was purchased from Thermo
Fisher (#C10428). Cultured cells were gently washed with PBS and changed into
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methionine-free DMEM for 1-hour to decrease the intracellular methionine

concentration. 5 ug/ml CHX and 10 uM Forskolin were added 10 minutes before adding
HPG. Cells were added with a final concentration of 100 uM, HPG and incubated for 2

hours. Cells are washed with PBS and followed up with HPG labeling process described
in protocol from thermo fisher. Cells are washed with PBS and incubated with MAP2
antibody (Sigma-Aldrich, Cat# M4403) for 2 hours at room temperature before the DNA

staining step.

2.5.8 Quantification and statistical analysis

Data are reported as mean £ SEM, and n represents the number of mice used per
experiment unless otherwise stated. Statistical analyses were conducted in Graphpad.
Statistical significance was assessed using a student’s t test or repeated-measures
ANOVA for experiments that tracked behavior over time or repeated training, as well as
fiber photometry experiments that compare different trials from different mouse groups.
For significant findings after ANOVA, post-hoc Tukey’s HSD tests were used to identify

specific group differences. The level of significance was set at p < 0.05.

2.5.9 Computational model

Details are available online9,
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Fig S2.1. Individual trial data for different rotarod experiments.
(A, D, G, 1) Behavior paradigms used in each experiment and different phases of normal
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Fig S2.1. cont.

learning and aberrant inhibitory learning.

(A-C) Preserved memory of normal learning after aberrant inhibitory learning in WT
mice.

(B) Individual trial data from figure 1C on day 15, two-way ANOVA, group effect F (1,
13) = 20.35, p = 0.0006; group x time interaction, F (4, 52) = 1.239, p = 0.3058.

(C) Histogram of rotarod performance on probe phase.

(D-F) Preserved memory of normal learning after aberrant inhibitory learning in Pitx3
mutant mice.

(E) Individual trial data from day 15 in figure 1D, two-way ANOVA, group effect F (1, 11)
= 8.317, p = 0.0149, group x time interaction, F (4, 44) = 1.587, p = 0.1945.

(F) Histogram of rotarod performance on probe phase.

(G-H) Preserved memory of normal learning after various days of aberrant inhibitory
learning in Pitx3 mutant mice.

(H) Individual trial data from probe phase after various days of aberrant inhibitory
learning from figure 1E. Two-way ANOVA between three groups with different length of
inhibitory learning, group effect F (2, 17) = 0.255, p = 0.778; group x time interaction F
(8, 68) =0.372, p = 0.932.

(I-J) Inhibitory memory was reversed by normal learning experience in Pitx3 mutant.

(I) Experimental design with red, green and blue symbols showing different time points
for comparison.

(J) Individual trial data on day 5, 12, 15 from figure 1F. Two-way ANOVA with repeated
measures between day 5 and day15, day effect F (1, 7) = 11.80, p = 0.022. Two-way
ANOVA with repeated measures between day 12 and day15, day effect F (1, 7) =
3.650, p = 0.195. P values are adjusted using Bonferroni correction.

All data represents mean + SEM. *, p<0.05; **, p<0.01; ***, p<0.001. n.s., not significant.
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Fig S2.2. PCA analysis of fiber photometry signal

(A) Behavior experiment design and color code for data points from different phases.
The red, blue and green section shows where the data were collected in fig S2B-C.

(B) Plotting dSPNs fiber photometry data using principal component 1 and 2 from PCA
analysis. Red, normal learning data; blue, probe phase data from the group trained in
normal learning phase; green, probe data from the group not trained in normal learning
phase.

(C) Plotting iISPNs fiber photometry data using principal component 1 and 2 from PCA
analysis. Color codes are the same as figure S2A.
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Fig S2.3. Measuring new protein synthesis in Ythdfl KO using Click chemistry.
(A) Newly synthesized protein in WT control. Left-right: DAPI, HPG signal, MAP2,

merged; top-bottom: CHX treated, baseline and forskolin treated group. Scale bar,
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Fig S2.3. cont.

20um.

(B) Newly synthesized protein in ythdfl KO. Left-right: DAPI, HPG signal, MAP2,
merged; top-bottom: CHX treated, baseline and forskolin treated group. Scale bar,
20um.

(C) Individual trials of rotarod performance from probe phase (day 15 in Figure 4E).
Two-way ANOVA, Group effect, F(1, 9) =5.764, p=0.0398. Group x time interaction F(4,
36) = 0.5931, p=0.6698. n(A2a Cre x f/f Ythdfl) = 5. n(A2a Cre x f/- Ythdfl) = 6.
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Fig S2.4. Computational model describing rotarod motor learning and
performance in mice with conditional Ythdfl gene deletion in A2a Cre mice.

(A) Behavior of WT mice predicted by the model in a "normal learning - aberrant
inhibitory learning - probe" design.

(B) The weights of memory of normal learning and aberrant inhibitory memory in the
model.

(C - D) Similar as (A — B) but in mice with A2a-Cre mediated conditional Ythdfl gene
deletion where the inhibitory learning rate becomes 10% of the normal rate.
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CHAPTER 3 NEURAL PATHWAYS AND MOLECULAR MECHANISMS IN NORMAL

AND ABERRANT INHIBITORY LEARNING

3.1 Abstract

Dopamine loss or blockade causes aberrant inhibitory learning in Parkinson’s disease in
addition to the acute motor inhibition. While we showed that memory of normal learning
can be preserved after aberrant inhibitory learning, the neuronal population for storing
normal and aberrant inhibitory memory is not yet discovered. We here used cFos as a
neuronal activity marker and identified the M2 cortex as a region enriched in neuronal
population underlying normal and aberrant inhibitory. Furthermore, how aberrant
inhibitory learning is consolidated through the intracellular pathway is not fully
understood. We utilized a chemogenetic approach to manipulate cAMP signaling in
various conditions to investigate intracellular signaling underlying normal and aberrant
inhibitory learning. In the end, we took advantage of our findings and explored
strategies to rescue or reverse aberrant inhibitory learning underlying Parkinson’s

disease.

3.2 Introduction

In Chapter 3, we extend our investigation into the complex interaction between aberrant
inhibitory motor memory and normal motor learning. One key question is: where are
normal and aberrant inhibitory memories located in the brain? To address this, we took

advantage of immediate early genes, such as cFos, as markers of neuronal activity.
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Their expression patterns may not only label the neuronal population underlying both

types of learning but also unveil the specific neuronal circuits implicated in PD.

Our computational model (chapter 2) focused on the ‘cAMP-CREB-memory
consolidation’ process in consolidating both normal and aberrant inhibitory memory.

In pursuit of understanding and potentially regulating the aberrant inhibitory learning
process, we take advantage of the Designer Receptors Exclusively Activated by
Designer Drugs (DREADDSs) technology®*. This chemogenetic method allows for the
manipulation of CAMP levels and neuronal activity in selective pathways. By employing
engineered receptors that can be selectively activated by synthetic ligands, DREADDs
facilitate the targeted investigation of neuronal circuits and their roles in various

behaviors and pathologies, including Parkinson's disease.

In addition to cAMP pathways, the B-arrestin pathway, distinct from traditional G protein-
mediated signaling, plays an important role in cellular responses to external signals°2.
Within the context of PD, the B-arrestin pathway emerges as a critical modulator of
dopamine receptor function and the subsequent cascade of signaling events, which are
vital for motor control and the learning process. We aim to investigate how B-arrestin is

involved in aberrant inhibitory learning mediated by dopamine loss.

Through exploring these mechanisms, this chapter aims to investigate how the neuronal
population and intracellular signaling are involved in aberrant and normal motor
learning, and how targeted manipulation of these pathways could provide novel
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therapeutic targets to treat the motor decline associated with neurodegenerative

diseases.

3.3 Results

3.3.1 Exploring cFos Expression in Normal and Inhibitory Learning (WT)

To study the neuronal population involved in normal and aberrant inhibitory learning, we
use cFos as a neuronal activity marker and examine their expression in mice under
different training experience'®. Mice are divided into three groups (Figure 3.1A): the
‘normal learning’ group are trained for one week on rotarod; the ‘aberrant inhibitory
learning’ group are trained for one week with the treatment of dopamine D1 and D2
antagonists cocktail; the ‘home cage’ group are kept in the mouse cage as negative
control. Normal and inhibitory learning groups are given a probe training session in the
second week. Following a probe training session in the second week, we collected brain
sections from all groups to analyze cFos expression in key areas associated with motor
learning: the dorsal medial striatum (DMS), M1, and M2 motor cortex (Figure 3.1C). As
expected, the normal learning group showed a significant better performance than the
inhibitory learning group during the probe phase (Figure 3.1B, Two-way ANOVA, group
effect, F (1, 14) = 37.76, p < 0.0001; group x time interaction F (4, 56) = 0.2122, p =

0.93086).
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Fig 3.1. Neuronal activity in normal and aberrant inhibitory motor learning (WT
mice)

(A) Experimental designs for normal motor learning (blue) and aberrant inhibitory motor
learning (green) and home cage control group. Mice were trained according to the
protocol and brain tissues were collected 1 hour after training for immunostaining.
(B) Normal learning group performed significantly better than the aberrant inhibitory
learning group during the probe phase. Two-way ANOVA, group effect, F (1, 14) =
37.76, p < 0.0001; group x time interaction F (4, 56) = 0.2122, p = 0.9306, n = 8 for
each group.

(C) Representative images of cFos immunostaining in the dorsal str, M1, M2 areas in
the three groups of mice.

(D) cFos expression level in the dorsal str, M1, M2 areas in the three groups of mice.
(E) cFos expression level in M2 cortex in the three groups of mice. One way ANOVA,
group effect, F(2,21) =8.02, p = 0.0026, n = 8 for each group.
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Fig 3.1. cont.

(F) Mean rotarod performance on the test day for the three groups of mice. unpaired T-
test between normal learning group and aberrant inhibitory learning group, p <0.0001, n
= 8 for each group.

(G) Linear correlation between cFos expression level and rotarod performance using
the normal learning and inhibitory learning groups. Each dot represents one mice.
Fitting equation Y = 0.034*X + 37.3, R = 0.37.

All data represents mean + SEM. *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.
n.s., not significant.

As a negative control, cFos expression was minimal in the home cage control group
across all examined brain regions, aligning with expectations for non-trained mice
(Figure 3.1D). A comparative analysis of cFos expression in the DMS, M1, and M2
across the experimental and control groups revealed notably higher cFos levels in the
M2 motor cortex than in the M1 and DMS regions (Figure 3.1D). Although cFos
expression in the DMS remained low across all groups, a slight increase was observed
in the normal learning group. Given these expression patterns, we focused on the M2

motor cortex in the following analysis, where the differential expression of cFos was

most evident.

We observed a significant difference in M2 cFos expression among the normal learning,
aberrant inhibitory learning, and home cage groups (Figure 3.1E, One way ANOVA,
group effect, F(2,21) = 8.02, p = 0.0026), with the normal learning group exhibiting
elevated cFos expression compared to the aberrant inhibitory learning group. This
difference aligns with their respective motor performances on the rotarod, where the
normal learning group performed better than the aberrant learning group (Figure 3.1F,

unpaired T-test, p < 0.0001), suggesting that cFos expression is a potential indicator of
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performance duration. A correlation analysis further supported this, demonstrating a
positive relationship between rotarod performance and cFos expression levels (Figure
3.1G, Y = 0.034*X + 37.3, R? = 0.37). This result suggests that M2 cFos expression
reflects the extent of motor activity, with greater activity correlating with higher cFos
expression. Interestingly, a similar pattern was observed in the M1 cortex, though with a

less overall cFos expression level (Figure 3.1D).

3.3.2 Exploring cFos Expression in Normal and Inhibitory Learning (Pitx3 mutant)

We next assessed neuronal activity in Pitx3 mutant mice using a similar strategy. These
mice were divided into three groups (Figure 3.2A): a ‘home cage' control group, which
remained untrained; a 'normal learning' group, which received L-DOPA injections and
were trained on rotarod for one week; and an 'aberrant inhibitory learning’ group, which
underwent rotarod training without L-DOPA for a week to induce inhibitory learning.
Following the training, both the normal and aberrant inhibitory learning groups
underwent a one-day rotarod session without L-DOPA during the probe phase to
evaluate the recall of motor memory. Subsequent brain tissue collection from all mice
allowed for cFos immunostaining analysis. Consistent with our earlier findings, the
normal learning group performed better than the aberrant inhibitory learning group in the
probe phase (Figure 3.2B, Two-way ANOVA, group effect, F(1, 9) = 9.55, p = 0.013;

group x time interaction F(4, 36) = 1.027, p = 0.407).
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Fig 3.2. Neuronal activity in normal and aberrant inhibitory motor learning (Pitx3 -
/- mice)

(A) Experimental designs for normal motor learning (blue) and aberrant inhibitory motor
learning (green) and home cage control group (red) using Pitx3 (-/-) mice. Mice were
trained according to the protocol and brain tissues were collected 1 hour after training
for immunostaining.

(B) Normal learning group performed significantly better than the aberrant inhibitory
learning group during the probe phase. Two-way ANOVA, group effect, F (1, 9) = 9.55,
p = 0.013; group x time interaction F (4, 36) = 1.027, p = 0.407; n (normal learning) = 8,
n(inhibitory learning) = 4.

(C) cFos expression level in M1 cortex in the three groups of mice. One way ANOVA,
group effect, F(2,17) =1.975, p = 0.1693, n = 8 for normal and inhibitory learning
groups, n = 4 for home cage group.

(D) cFos expression level in M2 cortex in the three groups of mice. One way ANOVA,
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Fig 3.2. cont.

group effect, F(2,17) = 2.547, p = 0.1078, n = 8 for normal and inhibitory learning
groups, n = 4 for home cage group.

All data represents mean + SEM. *, p<0.05. n.s., not significant.

Similar to observations in WT mice, cFos expression within the striatum of Pitx3 mutant
mice remained notably low. Thus, we focus towards the M1 and M2 motor cortex where
cFos expression was predominantly observed. In the M1 motor cortex, a marginal
increase in cFos expression was observed in the inhibitory learning group when
compared to both the home cage and normal learning groups. However, this trend did
not reach statistical significance (Figure 3.2C, One way ANOVA, group effect, F(2,17) =
1.975, p = 0.1693), indicating that the variations in cFos levels might represent baseline
neural activity rather than being directly attributable to rotarod training. This result
indicates that, in the M1 cortex, cFos expression levels between the normal motor

learning and home cage groups are similar, suggesting cFos is representing a baseline

activity rather than a specific response to motor training.

Conversely, the M2 motor cortex presented a more pronounced difference in cFos
expression among the three groups, with the home cage mice displaying the lowest
level of cFos. Notably, the inhibitory learning group exhibited a trend towards increased
cFos expression relative to the normal learning group, although this did not reach
statistical significance (Figure 3.2D, One way ANOVA, group effect, F(2,17) = 2.547, p =
0.1078). Given that the inhibitory learning group experienced substantially less rotarod
activity compared to their normal learning counterparts (Figure 3.2B), the elevated cFos

expression in the M2 cortex for the inhibitory group intriguingly suggests its potential
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role in encoding inhibitory learning memories in Pitx3 mutant mice. Further research is
needed to understand the specific contributions of the M2 cortex to the aberrant motor

learning process.

3.3.3 Investigating the cAMP pathway via DREADDSs in normal and inhibitory

learning

After studying the neuronal population of normal and aberrant inhibitory learning, we
next investigate how intracellular signaling contribute to these learning phenomenon. In
the previous chapter, both our computational models and experimental findings
highlighted the crucial role of the dopamine receptor-mediated ‘cCAMP-CREB-protein
synthesis’ pathway in facilitating both normal and inhibitory learning processes. To
further investigate this, we utilized a variety of chemogenetic strategies targeting the D1

and D2 pathways, aiming to assess their impact on these distinct learning behaviors.

We first investigated whether activating Gas signaling in the D2 pathway is sufficient to
induce aberrant inhibitory learning. In the open field test, administering 0.01mg/kg of
DCZ to A2a-Gas DREADDs mice resulted in a marked reduction of motor activity
(Figure 3.3B, Two-way ANOVA, group effect, F(1, 12) = 4.91, p = 0.047; group x time
interaction F(10, 120) = 0.938, p = 0.501), in contrast to saline-treated mice, which
showed no significant behavioral changes when compared to controls (Figure 3.3A).
This finding aligns with earlier reports highlighting the selective modulation of cAMP
production by Gas DREADD in striatopallidal neurons®. We next treated A2a-Gas
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DREADDs mice with 0.01 mg/kg DCZ and trained them on rotarod. However, during
one week of DCZ treatment and also the probe phase in the second week, we found no
difference between the control group and the A2a-Gas DREADDs mice (Figure 3.3C,
Two-way ANOVA, group effect, F (1, 12) = 0.438, p = 0.52; group x time interaction F
(34, 408) = 0.888, p = 0.652). To avoid the possibility that the lack of behavior
phenotype is caused by low dose of DCZ, we even tested a dose 10 time higher
(0.1mg/kg DCZ), which resulted in similar observation (Figure 3.3D, Two-way ANOVA,
group effect, F (1, 11) = 0.153, p = 0.703; group x time interaction F (34, 374) = 1.145, p
= 0.269). These results indicate that Gas signaling activation within iISPNs alone is not
sufficient to impair motor function in the rotarod task, suggesting the involvement of

additional factors or pathways.
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Fig 3.3. Chemogenetic studies on normal and aberrant inhibitory learning

(A) Open field experiment immediate after saline treatment for A2a-Gas DREADDs and
control mice. Two-way ANOVA for 30-40 min, group effect, F (1, 12) = 0.267, p = 0.615;
group x time interaction F (10, 120) = 1.161, p = 0.324; n = 7 for each group.

(B) Open field experiment immediate after 0.01 mg/kg DCZ treatment for A2a-Gas
DREADDs and control mice. Two-way ANOVA for 30-40 min, group effect, F (1, 12) =
4.91, p = 0.047; group x time interaction F (10, 120) = 0.938, p = 0.501; n = 7 for each



Fig 3.3. cont.

group.

(C) Rotarod performance 35min after 0.01 mg/kg DCZ treatment for A2a-Gas
DREADDs and control mice. Mice were treated with DCZ for 1-5 days. Two-way
ANOVA, group effect, F (1, 12) = 0.438, p = 0.52; group X time interaction F (34, 408) =
0.888, p = 0.652; n =7 for each group.

(D) Rotarod performance 35min after 0.1 mg/kg DCZ treatment for A2a-Gas DREADDs
and control mice. Mice were treated with DCZ for 1-5 days. Two-way ANOVA, group
effect, F (1, 11) = 0.153, p = 0.703; group x time interaction F (34, 374) = 1.145,p =
0.269; n = 7 for each group.

(E) Rotarod performance 35min after 0.1 mg/kg DCZ and 0.1 mg/kg SCH 23390
treatment for A2a-Gas DREADDs and control mice. Mice were treated with DCZ and
SCH 23390 for 1-5 days. Two-way ANOVA, group effect, F (1, 10) = 0.065, p = 0.80;
group x time interaction F (39, 390) = 0.85, p = 0.71; n = 6 for each group.

(F) Rotarod performance 35min after 0.01 mg/kg DCZ and 0.16 mg/kg Eticlopride
treatment for A2a-Cre x Gi DREADDSs and control mice. Mice were treated with DCZ
and Eticlopride for 1-5 days. Two-way ANOVA, group effect, F (1, 5) = 0.08, p = 0.79;
group X time interaction F (39, 195) = 0.96, p = 0.55; n (A2a-Cre x Gi DREADDs) =4, n
(control) = 3.

All data represents mean £+ SEM. *, p<0.05. n.s., not significant.

We next test if activating Gas signaling in the D2 pathway is sufficient to consolidate a
impaired behavior into long-term memory. Our previous findings showed that impaired
behavior induced by D1 antagonists was temporary and failed to consolidate into long-
term memory*3. We hypothesized that this temporary impairment might be due to
reduced cAMP levels in dSPNs, thereby preventing the memory consolidation process.
To examine whether artificially elevating CAMP levels in iISPNs (the indirect pathway)
could lead to the consolidation of such impaired behavior into long-term memory, we
administered D1 antagonists and 0.01 mg/kg DCZ to both A2a-Gas DREADDs mice
and a control group during a week of rotarod training. Throughout this phase, both
groups exhibited comparable levels of impaired behavior (Figure 3.3E). Subsequent
testing on the rotarod without drug treatment aimed to determine if increased cAMP in

iISPNs could solidify this behavior into lasting memory. Contrary to our expectations, no
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significant performance difference was observed between the two groups (Figure 3.3E,
Two-way ANOVA, group effect, F (1, 10) = 0.065, p = 0.80; group x time interaction F
(39, 390) = 0.85, p = 0.71), suggesting that merely boosting CAMP levels in iISPNs, even
amidst impaired behavior, does not facilitate the conversion of this behavior into
persistent memory in the indirect pathway. This outcome showed the complexity of the
memory consolidation process, suggesting that the impaired behavior induced by D1
antagonists—primarily affecting the D1 pathway—cannot be effectively consolidated
into long-term memory through manipulations of the D2 pathway via increasing cAMP

signaling pathway.

After testing the sufficiency of cCAMP pathway in aberrant inhibitory learning, we want to
address whether change in CAMP level is required for aberrant inhibitory learning. Our
previous observations showed caffeine treatment can mitigate aberrant inhibitory
learning (unpublished), and given that one of the main function of caffeine is an A2a
antagonist reducing cAMP levels in iISPNs, we proceeded to test whether diminishing
cAMP via Gi DREADDs in the indirect pathway could similarly prevent the consolidation
of aberrant inhibitory learning. To explore this, we used mice engineered to express Gi
DREADDs specifically in iISPNs— by breeding Cre-dependent Gi DREADDSs mice with
A2a-Cre mice. These mice were then treated with a D2 antagonist to trigger aberrant
inhibitory learning and DCZ to lower cAMP levels in iISPNs, before being trained on the
rotarod for a week. A subsequent rotarod probe phase post-training, without any
pharmacological intervention, also failed to demonstrate significant differences between
the groups (Figure 3.3F, Two-way ANOVA, group effect, F(1, 5) = 0.08, p = 0.79; group
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x time interaction F(39, 195) = 0.96, p = 0.55). This finding contrasts with our caffeine
results, suggesting that a simple reduction in cAMP within iISPNs may not suffice to
prevent the consolidation of aberrant learning. This discrepancy underscores the need
for further research to identify the optimal conditions—potentially through modifications
in the training protocol or adjustments in DCZ dosage—that could effectively mitigate

aberrant inhibitory learning by modulating cAMP levels in iISPNs.

3.3.4 B-arrestin is not required for inhibitory learning

Our findings suggest that beyond cAMP signaling, additional pathways may contribute
to aberrant inhibitory learning. One possibility is the non-canonical B-arrestin pathway.
Prior studies have indicated that 3-arrestin's engagement with the dopamine D2
receptor influences locomotion without affecting incentive motivation. To test whether
B-arrestin signaling plays a role in aberrant inhibitory learning, we treated B-arrestin KO
mice with a cocktail of D1 and D2 antagonists and trained them on rotarod training for a
week, followed by a recovery phase without drug treatment. The performance during the
training and recovery phases showed minimal performance disparities between the -
arrestin KO and the control group (Figure 3.4A, Two-way ANOVA, group effect, F (1,
13) = 0.08, p = 0.78; group x time interaction F(39, 507) = 0.363, p = 0.99). This result
suggests that B-arrestin does not play a crucial role in the development of aberrant

inhibitory learning.
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Fig 3.4. Signaling pathways in normal and aberrant inhibitory learning

(A) Rotarod performance 30min after 0.1 mg/kg SCH 23390 and 0.16 mg/kg Eticlopride
treatment for B-arrestin KO and control mice. Mice were treated with dopamine
antagonists cocktail for 1-4 days. Two-way ANOVA, group effect, F (1, 13) =0.08, p =
0.78; group x time interaction F (39, 507) = 0.363, p = 0.99; n(B-arrestin) = 8, n(control)
=17.

(B) Rotarod performance for D2 Kd and control mice. Two-way ANOVA, group effect, F
(1, 10) = 58.86, p < 0.0001; group x time interaction F (24, 240) =1.124,p=0.32;,n =6
for each group.

All data represents mean + SEM. **** p<0.0001. n.s., not significant.

3.3.5 D2 receptor is required for normal learning process

After characterizing the signaling pathway involved in aberrant inhibitory learning, we
also studied the signaling pathway required for memory of normal learning. The roles of
both D1 and D2 pathways in motor control and learning are well-documented?°®,
Interestingly, our experiments with conditional YTHDF1 knockout in the D2 pathway
revealed that regulation of protein synthesis—and consequently, normal rotarod
learning—is dependent on the D1 pathway rather than the D2 pathway (chapter 2). This

suggests that the D1 pathway plays a key role in the consolidation of normal rotarod
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memory. Nonetheless, this finding does not dismiss the significance of D2 receptors in
the learning process. To explore this, we assessed the motor performance of D2
dopamine receptor knockdown (D2 Kd) mice?’ on standard rotarod learning tasks. We
found that the D2 Kd mice displayed significant learning deficits compared to their
control counterparts (Figure 3.4B, Two-way ANOVA, group effect, F(1, 10) = 58.86, p <
0.0001; group x time interaction F(24, 240) = 1.124, p = 0.32). This outcome
underscores the requirement of D2 receptor activity in motor learning and movement
regulation, indicating its essential contribution alongside the D1 pathway to normal
learning processes. Additionally, D2 receptor on the axonal terminal of dopaminergic

neuron and cortical neurons may also contribute to the phenotype in the D2 Kd mice.

3.3.6 Rescue of aberrant inhibitory learning by D1 agonist

With the understanding of neuronal population and signaling pathway underlying normal
and aberrant inhibitory learning, we explored potential ways to improve motor
performance after aberrant inhibitory learning. Our fiberphotometry in vivo recording
showed that reduced dSPN activity is associated with poorer rotarod performance,
especially during trials where the mice performance lasts less than 5 seconds during the
probe phase (chapter 2). We next test whether increasing dSPN activity could
counteract aberrant inhibitory learning. To this end, we designed a three-phase
experiment involving three groups of mice (illustrated in Figure 3.5A, top). Initially,
during the normal learning phase, only one group underwent rotarod training to develop
the memory of normal learning. Subsequently, to induce aberrant inhibitory learning, all
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groups received a cocktail of D1 and D2 antagonists and were trained on rotarod. The
probe phase introduced varied treatments: the group with prior normal learning
experience received saline to reflect the preserved memory of normal learning; the
remaining groups were administered either a D1 agonist or no treatment to evaluate the

potential of D1 agonist in rescuing rotarod performance from aberrant inhibitory

learning.
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Fig 3.5. Rescue of aberrant inhibitory learning by D1 agonist and prolonged
normal learning process.

(A) top, three phase experimental designs for three different groups of mice. Blue group
went through normal learning, aberrant inhibitory learning and saline treated probe
phase; red group went through aberrant inhibitory learning and D1 agonist SKF treated
probe phase; green group went through aberrant inhibitory learning and no drug treated
probe phase. bottom, rotarod performance for three different groups. Two-way ANOVA
between red and green groups during probe phase, group effect, F (1, 17) = 16.85, p =
0.0007, group x time interaction F (4, 68) = 1.28, p = 0.29; Two-way ANOVA between
blue and red groups during probe phase, group effect, F (1, 18) = 2.34, p = 0.14, group
X time interaction F (4, 72) = 0.53, p = 0.72; n(blue group) = 8, n(red) = 12, n(green) =7.
(B) top, three phase experimental designs for two groups of mice. Blue group went
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Fig 3.5 cont.

through Eticlopride treated aberrant inhibitory learning, normal learning and Eticlopride
treated probe phase; red group went through normal learning and Eticlopride treated
probe phase; bottom, rotarod performance for the two groups of mice. Two-way ANOVA
for normal learning phase (day 8-25), group effect, F (1, 14) = 6.36, p =0.024; group X
time interaction F (13, 182) = 1.969, p = 0.026; Two-way ANOVA for probe phase (day
28-31), group effect, F (1, 14) = 1.48, p =0.243; group X time interaction F (3, 42) =
0.638, p = 0.595; n = 8 for each group.

All data represents mean + SEM. *, p<0.05; **, p<0.01. n.s., not significant.
Performance during the probe phase showed a significant improvement in rotarod
performance in mice treated with the D1 agonist compared to those untreated (Figure
3.5A bottom, Two-way ANOVA between red and green groups during the probe phase,
group effect, F(1, 17) = 16.85, p = 0.0007; group x time interaction F(4, 68) = 1.28, p =
0.29). Crucially, the performance of the D1 agonist-treated group is similar to the group
with prior normal learning experience (Figure 3.5A bottom, Two-way ANOVA between
blue and red groups during the probe phase, group effect, F(1, 18) = 2.34, p = 0.14;
group x time interaction F(4, 72) = 0.53, p = 0.72). This suggests that activation of

dSPNs through D1 agonist treatment effectively counteracts the performance deficits

resulting from aberrant inhibitory learning.

3.3.7 Erasing aberrant inhibitory learning through normal learning process (WT

mice)

With D1 agonist treatment successfully improve the performance after aberrant
inhibitory learning, we next test if there are other ways to improve it. In the previous

chapter, we demonstrated that aberrant inhibitory learning could be reversed by normal
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learning processes in Pitx3 mutant mice. To explore if this reversal is a general
phenomenon, we conducted a similar experiment with WT mice. A challenge with WT
mice is the acute impairment in rotarod performance following treatment with a cocktail
of D1 and D2 antagonists, which prevent us from assessing the reversal of aberrant
inhibitory learning post-normal learning. Because of this, we opted to induce aberrant
inhibitory learning using solely a D2 antagonist, as reported by our previous results*3,
The experiment divided mice into two groups (Figure 3.5B, top). In the aberrant
inhibitory learning phase, one group underwent rotarod training post-D2 antagonist
treatment, while the other group, also treated, remained untrained in their cages.
Subsequently, both groups received rotarod training without any drug interference
during the normal learning phase. The final probe phase involved re-treating both

groups with the D2 antagonist to evaluate the reversal of aberrant inhibitory memory.

Consistent with our earlier findings, there was a significant differences between the two
groups during the normal learning phase (Figure 3.5B, Two-way ANOVA for normal
learning phase (day 8-25), group effect, F(1, 14) = 6.36, p = 0.024; group x time
interaction F(13, 182) = 1.969, p = 0.026), indicating that D2 antagonist treatment led to
lasting aberrant inhibitory memory in the trained mice. Should this aberrant memory be
reversible through normal learning, both groups would exhibit comparable performance
during the probe phase post-D2 antagonist re-exposure. As predicted, performance
between the two groups after extended normal learning mirrored each other, gradually
declining over several days (Figure 3.5B, Two-way ANOVA for probe phase (day 28-
31), group effect, F(1, 14) = 1.48, p = 0.243; group X time interaction F(3, 42) = 0.638, p
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= 0.595). This supports our hypothesis that normal learning processes can indeed

reverse aberrant inhibitory memory.

3.4 Discussion

In our study, we observed distinct cFos expression patterns in the M1 and M2 motor
cortex between normal and aberrant inhibitory learning, with minimal expression in the
striatum. This differential expression correlates with rotarod performance, suggesting
cFos as a potential marker for encoding both types of motor memories. This finding
aligns with previous research that the immediate early gene Arc in the M2 cortex plays a
crucial role in consolidating motor memory engrams, with its expression stabilizing after
repeated training sessions8. Considering our analysis focused on cFos expression
post-memory formation, it would be interesting to map out the cFos expression pattern

during the course of motor learning.

While our observations highlight limited cFos activity within the striatum, this does not
preclude the striatum's involvement in motor memory storage. Findings from other
studies suggest the striatum's important role in motor memory expression'?, indicating a
complex interplay between cortical and striatal regions in memory consolidation and
retrieval. Given these considerations, future research could benefit from exploring
additional immediate early genes, like Arc, to identify the neural networks underlying
normal and aberrant motor learning in the striatum, or trying to measure cFos

expression at early stage of the learning process. An alternative approach could be
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focusing on the projection of cFos positive cells from M1, M2 cortex to the striatum.
Such investigations could help us better understand the striatum's contributions
alongside cortical regions, offering a more comprehensive understanding of the neural

substrates of motor memory.

In our exploration of neuronal populations involved in normal and aberrant inhibitory
learning within Pitx3 mutant mice, we found an intriguing trend: the aberrant inhibitory
learning group exhibited increased cFos expression in the M2 cortex compared to their
normal learning counterparts. This observation suggests a distinct neuronal activation
pattern associated with aberrant learning processes. To better understand of these
mechanisms, it is important to conduct further research aimed at quantifying the specific
cell types—such as excitatory and inhibitory neurons—among the cFos-positive cells.
Such analysis will be important for understanding the precise neuronal ensembles that
underlie aberrant inhibitory learning. Identifying the cell types of the aberrant motor
memory could potentially provide novel targets for therapeutic interventions aimed at

mitigating motor deficits in PD.

Dopamine receptors' interaction with Adenylyl cyclase plays a crucial role in regulating
intracellular cCAMP levels, a key player in neuronal signaling and synaptic plasticity. Our
experiments utilized DREADDs to manipulate these cAMP levels, and we found that
merely increasing CAMP is insufficient for triggering aberrant inhibitory learning or for
consolidating impaired behavior induced by D1 antagonists into long-term memory.
These findings point to the involvement of additional mechanisms beyond cAMP-
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mediated protein synthesis in the processes underlying aberrant inhibitory learning. It
raises the possibility that the role of CAMP-mediated downstream protein synthesis
might be to consolidate synaptic changes initiated by dopamine antagonists and
behavior learning experience. Future research could explore how cAMP influences the
long-term maintenance of corticostriatal synaptic plasticity. Such studies could provide
insights into the molecular and synaptic mechanism of learning and memory, offering

new perspectives on how synaptic plasticity is maintained over time.

Additionally, some outcomes of our chemogenetic experiments were less definitive than
anticipated. Future studies may benefit from localized manipulations: (1) performing
local infusion of DREADDSs activators to more precisely modulate neuronal activity in the
striatum, and (2) using Arc-Cre transgenic mouse lines for the specific labeling of
memory engrams associated with both normal and aberrant learning. This approach
would enable the expression of chemogenetic proteins directly within these engram
cells, allowing for targeted manipulation of the neuronal ensembles across various

learning contexts.

In terms of potential treatment for aberrant inhibitory learning, activating the D1 pathway
emerges as a promising strategy for mitigating aberrant inhibitory memory, consistent
with our fiber photometry findings that link low dSPN activity to impaired rotarod
performance. However, it is possible that D1 agonist only acutely activated D1 pathway
to mitigate the aberrant inhibitory memory in D2 pathway, and whether this approach
induces long-term benefit needs further exploration. Alternatively, our experiments
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demonstrate that aberrant inhibitory learning can be effectively reversed by standard
rotarod training under conditions of sufficient dopamine level. This aligns with the
clinical observations in Parkinson’s disease (PD) patients. When under L-DOPA
treatment, PD patients showed gradual improvements in motor function. After a period
of treatment, they even showed a persistent improvement under no L-DOPA condition,
suggesting the reversal of aberrant inhibitory memory. Investigating the mechanisms
through which aberrant inhibitory memory is overturned, particularly examining the
reversal of D2 receptor-mediated long-term potentiation (LTP), could yield valuable

insights for PD treatment strategies.

3.5 Method

3.5.1 Transgenic mice

Several mouse lines used in the experiment were purchased from JAX:

A2a-Gas DREADDs (Jax Strain #:017863), Cre-Gi DREADDs (Jax Strain #026219), B-
arrestin 2(Jax Strain #023852), Pitx3 mutant mice (Jax Strain #:000942). A2a-Cre mice
were purchased from MMRRC (RRID: MMRRC_036158-UCD). Dopamine D2 receptor

knockdown (D2 Kd) mice were previously generated in the lab07.

3.5.2 Rotarod

Mice in the task are 8-12 weeks old unless otherwise stated. A computer-controlled

rotarod apparatus (Rotamex-5, Columbus Instruments, Columbus, OH) with a rat rod
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(7cm diameter) was set to accelerate from 4 to 40 revolutions per minute over 300
seconds, and recorded time to fall. Mice received 5 consecutive trials per session, 1

session per day. Rest between trials was approximately 30 seconds.

3.5.3 Open field

Open field chambers were 40 x 40 cm (Med Associates, St. Albans, VT, USA) with
lighting at 21 lux. Each chamber was surrounded by black drop cloth obscuring views
beyond the chamber. Infrared beams recorded the animals’ locomotor activity. Data was
collected in 1 min bins during each session. All drugs were administered immediately

prior to mice being placed in the open field.

3.5.4 Drug Administration

All drug injections were intraperitoneal at 0.01ml/gram of body weight. L-DOPA (3,4-
dihydroxy-L-phenylalanine 25 mg/kg with 12.5mg/kg benserazide) was administered 1
hour prior to the start of each session. SCH 23390 at 0.1mg/kg and eticlopride at
0.16mg/kg were administered 30 minutes prior to experiments. Deschloroclozapine

(DCZ) at indicated dose were injected 35 min before the rotarod experiment.

3.5.5 Immunostaining

Brain tissues were fixed with 4% formaldehyde at 1 hour after the rotarod training.
Brains were transferred into 30% sucrose for 24 hr, and then 20 um coronal serial brain

sections were made using a cryostat (Leica Instruments). Sections were blocked in TBS
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containing 5% normal donkey serum and 0.3% Triton X-100 for 1 h at room
temperature, transferred to cFos primary antibody (Cell Signaling, cFos Rabbit #2250)
containing 0.3% Triton X-100 with 1% BSA, and incubated at 4°C overnight. Secondary
antibodies (Life Technology Invitrogen) were diluted in 5% normal serum at 1:500 for 1

hr at room temperature.

3.5.6 Quantification and statistical analysis

Data are reported as mean £ SEM, and n represents the number of mice used per
experiment unless otherwise stated. Statistical analyses were conducted in Graphpad.
Statistical significance was assessed using a student’s t test or repeated-measures
ANOVA for experiments that tracked behavior over time or repeated training. For
significant findings after ANOVA, post-hoc Tukey’s HSD tests were used to identify

specific group differences. The level of significance was set at p < 0.05.
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CHAPTER 4 DISCUSSION

4.1 Tag and capture in the basal ganglia: A hypothesis

The interplay between normal and aberrant inhibitory learning and the signaling
mechanisms that underlie these processes can be simplified through a computational
model centered around the 'tag and capture' hypothesis®. This hypothesis suggests
that the synthesis of new proteins is essential for transforming early long-term plasticity
into late long-term plasticity. By integrating this idea with the distinct signaling pathways
of D1 and D2 dopamine receptors, our computational model provides insights into the
preservation of memory in normal learning after aberrant inhibitory learning and the

reversibility of aberrant learning through normal learning processes.

Originally conceptualized in the field of hippocampal research®110, the 'tag and
capture' hypothesis outlines a two-step mechanism crucial for establishing late long-
term synaptic plasticity. Initially, synaptic activity triggers early long-term plasticity (e-
LTP) marked by synaptic protein changes that occur independently of new protein
synthesis. This e-LTP is transient, gradually reverting to baseline. However, sufficiently
potent stimuli activate downstream signaling, prompting the synthesis of proteins like
Arc and cFos. These proteins are then transported to or synthesized locally at synapses
marked by e-LTP, inducing sustained synaptic structural alterations that underlie late
long-term plasticity (I-LTP). Central to this process are the synaptic tags that label the
synapses for long-term plasticity, and the mechanisms by which newly synthesized

80



proteins are 'captured’ by these tags. While significant strides have been made in
deciphering these molecular processes within the hippocampus, their relevance and

application to other brain regions, such as the basal ganglia, remain less understood.

In this final chapter of the thesis, we here propose a framework of ‘tag and capture’ in
the basal ganglia, with an addition of the dopamine signaling. We focus on the synaptic
plasticity at the corticostriatal synapse, where early long-term plasticity (e-LTP) will be
induced by the combination of pre- and post- synaptic activity and dopamine signal*!-
113 In addition to the initial synaptic plasticity, dopamine signal will induce intracellular
CAMP-PKA-CREB-protein synthesis pathway to synthesize new protein and will be
captured by the synapse undergoing e-LTP. Supported by our behavioral experiments,
in vivo fiber photometry recordings, chemogenetic interventions, and pharmacological
manipulations, this framework elucidates the critical roles of D1 and D2 pathways in
normal motor learning and aberrant inhibitory learning, respectively. It posits that
dopamine blockade leads to diminished cAMP and protein synthesis in dSPNs,
preventing early-LTP consolidation and thereby preserving a prior memory of normal
learning. Conversely, heightened cAMP and protein synthesis in iISPNs under dopamine
blockade conditions solidify aberrant plasticity into late-LTP, leading to prolonged

impairment on motor performance.

Future investigations should aim to investigate the molecular nature of aberrant
plasticity. Questions such as the mechanism of D2 LTP in vivo, the identity of the
synaptic tag within corticostriatal synapses, the molecular signals integrating dopamine
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with synaptic activity, and the identity of newly synthesized proteins pivotal for
corticostriatal synaptic plasticity, require further exploration. Addressing these questions
will not only deepen our understanding of synaptic plasticity but also potentially unveil
novel targets for therapeutic intervention in disorders characterized by dysregulated

learning and memory processes.

4.2 Direct and indirect pathways mediate positive and negative reward prediction

error

Dopaminergic neurons are reported to encode reward prediction error in the brain, with
phasic firing increase and decrease encode positive and negative reward prediction
error, respectively??>114, Given the opposite role of direct and indirect pathways, and the
fact that they express different dopamine receptors, these two pathways have long been
speculated to respond to positive and negative reward prediction error, respectively.

Many studies had been carried out to test the hypothesis.

One popular explanation is that D1 and D2 dopamine receptors have different affinity to
dopamine, with D2 showing higher affinity®°. In this framework, D1 receptor is less
occupied at tonic dopaminergic firing condition while D2 receptor is saturated. Thus,
when dopamine level increases, the D1 receptor is able to transduce dopamine change
into intracellular changes. On the other hand, the D2 receptor responds less because
it's saturated at baseline. When there is tonic decrease in dopaminergic neuron firing,

D1 receptor response less because it’s already less occupied at baseline, while D2
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receptor response more and convert the activity to intracellular cAMP change. Recent
evidence by the Sabatini group measuring downstream cAMP and PKA activity

supported this model®®.

In addition to the difference in dopamine receptor affinity, we propose that the
downstream ‘cAMP-CREB-protein synthesis’ signaling could also be an important
support for the differential role of D1 and D2 pathway in responding to positive and
negative PRE. One important reason is that D1 and D2 dopamine receptors are coupled
to Gas and Gi respectively, so that D1 receptor is positively coupled to Adenylyal
cyclase while D2 receptor is negatively coupled®. This leads to a complete opposite
effect of D1 and D2 receptor signaling. In considering the downstream new protein
synthesis important for memory consolidation and potentially for consolidating the
synaptic plasticity, we could reason that positive RPE mediated synaptic plasticity will
be consolidated into D1 pathway, while negative RPE will be consolidated into D2
pathway. Future research testing on these hypotheses will help us better understand

the function of the basal ganglia circuits.

4.3 Increased iSPN activity at movement initiation

One interesting observation during the in vivo recording is that iISPNs also showed
increased calcium activity at the beginning of the rotarod trials, and iISPNs activity is
generally at higher magnitude than dSPNSs. This is contrary to the classical rate model
and fits with the selection-suppression model (see chapter 1). Given the evidence
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showing that the same cortical input neuron can innervate both dSPN and iSPN at the
same time, one explanation is that the same cortical input will drive the activity of both
dSPN and iSPN at the same time, causing elevated iISPN activity at the movement
onset. Because direct and indirect pathways form positive and negative feedback loops
through the cortico-striatal-thalamic loop, activating both pathways at the same time will
ensure balanced activity of the direct pathway. Otherwise, the direct pathway will quickly

lose control through the positive feedback loop.

4.4 Aberrant inhibitory learning vs. extinction learning

Aberrant inhibitory learning is induced under the pathological condition of dopamine
loss*3115, Our observation that pre-existing memory of normal learning is preserved af-
ter the aberrant inhibitory learning process suggested a substantial similarity between

aberrant inhibitory learning and extinction learning.

Extinction learning has long been shown to not simply erase previous acquired
memory%6:116 |nstead, the extinct behavior showed a rapid renewal during re-exposure
to the reinforcer or the original context. To date, extensive research have studied the
phenomena of extinction learning in both Pavlovian learning and instrumental learning®®.
Many studies in the extinction of instrumental learning are focused on drug addiction,
probably because of the therapeutic potential'l’. One of the influential frameworks for
instrumental extinction learning postulates that the Prelimbic cortex - Accumbens core-

Ventral pallidum pathway is obligatory for reinstatement whereas an Infralimbic cortex-
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Accumbens shell pathway is obligatory for extinction!'”18, Similar to instrumental ex-
tinction learning, in our cFos immunostaining experiments, we showed that primary and
secondary motor cortex are involved in normal and aberrant inhibitory motor learning.
Further characterization of sub-population involved in normal and aberrant inhibitory

learning may provide significant insights in the storage of the two memories.

Additionally, we provide evidence that dorsal striatal direct and indirect pathways are
mediating normal and aberrant inhibitory learning, respectively. This dissociation in the
neuronal pathway showed another similarity between extinction learning and aberrant
inhibitory learning. Several reports showed that D1 receptor activity is involved in re-
newal of instrumental memory after extinction'1%-122 with D1 receptor antagonist block-
ing the renewal of previous acquired memory, such as alcohol seeking. These results
showed consistency with our finding that D1 pathway activity is associated with pre-
served memory of normal learning. On the other hand, reports showed that blocking D2
receptors facilitated extinction of fearing conditioning memories*?3, resembling D2 re-
ceptor’s role in aberrant inhibitory learning. Overall, these similarities suggest exciting
potential to generalize our findings in aberrant inhibitory learning to extinction learning
under non-pathological conditions and may provide additional insights on how extinction

processes modify pre-acquired memory.

4.5 m6A, synaptic plasticity, and memory consolidation

Our results showed that manipulating m6A reader protein YTHDFL1 in either dSPN or
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iISPN could prevent the formation of normal and aberrant inhibitory motor memory,
respectively. While this manipulation showed great potential for future therapeutic
development, we do not fully understand how knocking out YTHDF1 in the dSPN and
iISPN affects synaptic plasticity and excitability of these neurons. One potential
explanation is that knocking out YTHDF1 in dSPNs affected the excitability of dSPNs
and prevented the development of D1 LTP during normal learning, leading to an overall
decrease in rotarod performance. On the other hand, knocking out YTHDF1 in iSPNs
prevented the consolidation of D2 LTP during aberrant inhibitory learning and prevented
the formation of aberrant inhibitory memory. Of note, even though we showed that
knocking out YTHDF1 in iISPNs caused no change in normal learning process, it may
not necessarily mean that D2 pathway is not involved in normal learning process (for
example, D2 LTD), as evidenced by our D2 receptor knock-down experiment in chapter
3. Nevertheless, knocking out or inhibiting YTHDF1 in iISPNs showed as a potential

therapeutic target to mitigate PD related aberrant inhibitory learning.

4.6 Conclusion

In this thesis, we explored the complex dynamics of motor memory formation and
dysfunction within the basal ganglia, with a focus on Parkinson's Disease (PD). Our
results revealed the role of the direct (D1) and indirect (D2) pathways in encoding
normal motor memories and aberrant inhibitory learning, respectively. This distinction
underscores a complex nature of PD's pathophysiology, where not only the loss of

dopaminergic neurons but also the consequent dysregulation between these pathways
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contributes to the disease's motor symptoms. Notably, our findings showed that while
loss of dopamine induces aberrant inhibitory learning that causes motor impairments,
pre-existing normal motor memories remain intact and can be reactivated, offering a
new angle for therapeutic interventions. The application of genetic manipulations and
chemogenetic approaches further highlighted the potential for selectively targeting these
pathways to modify disease outcomes. Ultimately, our study opens new avenues for
developing treatments that not only aim to prevent aberrant learning and plasticity, but

also to reactivate potential preserved memory of normal learning in PD.
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