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University
Abstract

Basal ganglia (BG) refer to a group of nuclei in the brain’s subcortical regions. They are
associated with cerebral cortex, thalamus and brainstem structures that perform many functions
including motor control, procedural learning and memory. The largest nucleus of the BG is
striatum that has two major neuronal cell types: medium spiny neurons and interneurons. This
thesis focuses on one class of interneurons containing choline acetyltransferase (ChAT), the
cholinergic interneurons (Chls). This thesis investigated the role of Chls in striatal microcircuit
dynamics by anatomical and behavior approaches. Chls participate in voluntary motor control,
associated in learning, procedural memory, action selection, planning and execution of
movement, through strong cholinergic inputs to other striatal neurons. However, the basic
anatomical properties of Chls after targeted lesion is poorly understood, though others have
studied the behavioral consequences of toxin injection. The immunotoxin ribosome
inactivating protein (saporin, sap) physically linked to choline acetyltransferase (ChAT-sap)
selectively damaged striatal Chls in toxin-treated mice monitored at 2, 4 and 6 weeks after
application of the toxin. Systematic random cell counting, reach-to-grasp behavior task and
open field test (OFT) was used to explore anatomical and behavioral differences in animals
where the Chls were destroyed in dorsolateral striatum (DLS). The thesis analyses yielded an
unexpected outcome of specific Chls lesion in DLS where vesicular acetylcholine transporter
(VAChT) positive terminal numbers increased while the numbers of neurons themselves were
reduced. The increase in VAChT positive terminals might derive from compensatory axonal
sprouting from surviving Chls, or from afferent axonal terminal fields of cholinergic

mesopontine neurons. But the source was not further investigated in this study. In addition, the
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study showed the decreased number of Chls in injection site with no recovery after 2, 4, and 6
weeks’ time in this study. The thesis also reports the effect of a selective depletion of Chls
from the DLS in a reach-to-grasp task. The mean percentage of successful grasps for the last 6
training sessions was almost half of the value for intact control, and sham operated mice. These
results indicate that striatal depletion of Chls impairs success rate, learning, motor skills in the
reach-to-grasp task was observed. These results suggest that the participation of Chls in striatal
mediated motor learning impacts the function of the whole striatal microcircuitry. The lack of
Chls also altered rearing behavior (total number and duration), travelled distance and speed of
movement in an open field. In addition, the results are consistent with an important
participation of acetylcholine in striatal mediated behaviors possibly by their significant

innervation from motor cortex.
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Chapter 1 General Introduction

1.1 Basal Ganglia

The basal ganglia (BG) are a group of highly interconnected subcortical nucleus of
varied embryonic origins, located in the forebrain region of vertebrates. The main components
of BG are striatum, substantia nigra pars reticulata (SNr), substantia nigra pars compacta (SNc),
subthalamic nucleus (STN), internal globus pallidus (GPi) and external globus pallidus (GPe)
(Albin et al., 1989; Herrero et al., 2002). These nuclei are involved in voluntary motor control,
associated learning, cognitive functions, procedural memory, action selection, planning and
execution of movement (Redgrave et al., 1999; Herrero et al., 2002; Kreitzer, 2009; Doig et
al., 2010; Stocco et al., 2010; Gerfen & Surmeier, 2011).

The main components of BG form a circuit with two main input nuclei: the striatum
and STN; an intermediate nucleus GP (GP, external segment or GPe in primates); and two
output nuclei, the entopeduncular nucleus (EP, internal segment of GP or GPi) and the SNr.
Additionally, the BG receive modulatory dopaminergic inputs from the SNc and ventral
tegmental area (VTA). The former innervates the dorsal segment of the striatum while the latter
nucleus sends projections to ventral striatum (Albin et al., 1989; Bolam et al., 2000; Herrero

et al., 2002; Wichmann & DeLong, 2003; Gerfen & Surmeier, 2011; Havekes et al., 2011).

Basically, the striatum receives glutamatergic projections from all motor, sensory and
associational cortical regions (Bolam et al., 2000; Gerfen & Surmeier, 2011). Moreover, the
thalamus provides a second major excitatory input to the striatum (Doig et al., 2010). GP and
SNr, the output gates of the BG system provide GABAergic input axons to thalamic nuclei that
project back to frontal cortical areas. The input and output nuclei balance behavior initiation
and planning of movement due to cortex and BG system working together as a loop. BG
synapses can be modified by activity through a mechanism that depends on dopamine (DA)
(Wickens et al., 1996; Arbuthnott & Wickens, 2007; Gerfen & Surmeier, 2011) as well as the
participation of other neurotransmitters (Lovinger, 2008). The connectivity within BG and
main input into striatum can be seen in a simplified connectivity schematic diagram focused

on striatum (Figure 1.1).
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A. Direct Pathway B. Indirect Pathway
Cortex| —— Cortex | g——

|PPN/|-D| 3 Striatum |— |PPN/LD|_; Striatum |-g—

SNc SNc GPe

Thalamus Thalamusl

Y
GPi/SNr

GPi/SNr

{— Glutamatergic projection Dopaminergic projection

{_GABAergic projection (— Cholinergic projection

Figure 1.1 The schematic diagram of direct and indirect pathways in basal
ganglia circuits.

A.In the direct pathway circuit, the striatum receives excitatory glutamatergic
inputs from cortex, thalamus (ventral anterior nucleus (VA)/Ventral lateral
nucleus (VL) complex) and PPN/LDT mid brain regions. Additionally, striatum
also receives modulatory dopaminergic inputs from SNc and cholinergic inputs
from PPN/LDT midbrain region. Transiently GABAergic inhibitory projections
from the striatum project to tonically active GABAergic inhibitory neurons in
the GPi and SNr. which in turn send GABAergic inhibitory projections to
thalamus (VA/VL). Finally, thalamus sends glutamatergic excitatory
projections to cortex. B. The indirect pathway includes the GPe and STN. The
GPe GABAergic inhibitory neurons projects to the STN, that also directly
receives glutamatergic excitatory input from cortex. The STN neurons sends
excitatory projections to the GPi/STN.

1.2 Striatum

The striatum is the biggest portion of subcortical BG nuclei, known as the neostriatum
or striate nucleus is the main entrance to the BG output system that play important role in

coordination of motor movement, mood, decision making, motivation cognition, memory and
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procedural learning (Albin et al., 1989; Graybiel et al., 1994; Hikosaka et al., 2000; Packard
& Knowlton, 2002; Kreitzer & Malenka, 2008).

Structurally, the striatum in primates is divided by white matter (the internal capsule)
into two large parts: caudate nucleus and putamen. A significant anatomical difference between
primates and rodents is that this kind of separation is not present in BG circuits of rodents
(Alexander et al., 1986; Percheron et al., 1987; Wickens, 1993). The inputs to the two
compartments are different, caudate nucleus receives input from prefrontal cortex, and
putamen receives input from somatosensory and motor cortex. However, even in rodent
different areas have different inputs that form different functional and anatomical connections.
For instance, DLS is the target of sensorimotor cortical areas, whereas the dorsomedial striatum
integrates information coming from association cortices. The striatum also includes ventral
striatum and the nucleus accumbens. Striatum receives two major excitatory glutamatergic
inputs from layer V and VI cortical pyramidal neurons (in rat and monkey or also layer II, III
in cat) (Jones et al., 1977; Royce, 1982; Rakic et al., 1986; McGeorge & Faull, 1989).
Additional prominent inputs (Figure 1.2) from other parts of BG system into striatum (e.g.
dopaminergic inputs from SNc, glutamatergic inputs from ventral VTA) increase complexity
and diversity of striatal functions in different motor control, reinforcement learning and drug

addictions (Usunoff et al., 1976).
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Figure 1.2 Schematic showing different cell types of striatal microcircuits

and major inputs to the striatum that contribute to local microcircuit

dynamics.
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1.3 Striatal cell types

The striatal microcircuit complexity (Figure 1.2) is increased by diversity of different
neurons, interneurons, and a rich variety of neurotransmitters such as acetylcholine (ACh), DA,
gamma-aminobutyric acid (GABA) serotonin (5-HT), substance P (SP) and glutamate (Glu)
etc (Lynch et al., 1972; Fonnum et al., 1978).

On a macro level, there are two major cell types involved in striatal circuits (Figure
1.3): spiny cells/medium sized spiny projection neurons (MSNs) constitute 90-95% of striatal
neurons and the remaining neurons are a neurochemically and morphologically distinct group
of rarer aspiny local circuit neurons called interneurons, which are constitute 5-10% of the
neuron population (Graveland & DiFiglia, 1985; Kawaguchi, 1993; Kawaguchi et al., 1995;
Kreitzer, 2009; Gerfen & Surmeier, 2011).

There are about 17 million corticostriatal neurons participate in the innervation of
striatal microcircuits in the rat, formed from some 2.8 million neurons, that are unilaterally
distributed and make GABAergic inhibitory synapses. Around half of these neurons make the
direct pathway (Figure 1.1. A) and the other half form the indirect pathway (Figure 1.1. B)
MSNS in rats (Oorschot, 1996; Zheng & Wilson, 2002; Wilson, 2013). Much of the literature
about the basal ganglia is centered upon the differences in these two pathways, however, they
are not the main focus of this thesis, nor even of the research of the unit in which these
experiments were carried out. We will concentrate instead on the interneuron types including

the Chi’s that are our major interest in this thesis.

The second major cell type, the interneurons, are sub-divided into two groups: Chls and
GABAergic interneurons (Kawaguchi, 1993; Kawaguchi et al., 1995; Silberberg & Bolam,
2015).

Interneurons (Figure 1.3) have been studied by [3H]-thymidine autoradiography,
morphology, chemical markers expression properties, genetic deletion, optogenetic control,
functional characteristics and electrophysiological properties (Steiner & Tseng, 2010). The
most recent count of the individual types of interneurons includes: Chls, tyrosine hydroxylase-
expressing interneurons (THIs), low threshold interneurons (LTSIs), parvalbumin-containing

interneurons (PVIs) or fast spiking interneurons (FSIs), neuropeptide Y (NPY), NADPH
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diaphorase, nitric oxide (NOS) and glutamate decarboxylase expressing somatostatin
interneurons (SOM), calretinin expressing interneurons (CRIs) and spontaneously active
bursty interneurons (SABIs) (Kimura et al., 1981; Bredt et al., 1991; Kawaguchi ef al., 1995;
Figueredo-Cardenas et al., 1996; Wu & Parent, 2000; Tepper & Bolam, 2004; Kreitzer, 2009;
Ibanez-Sandoval et al., 2010; Tepper et al., 2010; Assous et al., 2018). However, this list is not
static; in fact, subclasses of new interneurons types are being discovered and characterized and
BAC transgenic mice developed to aid their study (Silberberg & Bolam, 2015). The massive
external inputs, local GABAergic MSNs and interneuron circuits work together to achieve

organizational and functional physiology of striatum in different behavior tasks.

——  THs || Typel, 1L 1L IV]

PVIFSIs

—»IChoIinergic interneuronsl

—> InterneuroEl Coexpressing NPY, NGF,

LTSIs/PLTSIs SOM. NOS, NADPH.

—>|GABAergic Interneurons'— CRIs

FAls

Striatal neuron typesl SABIs

T

—>| Medium spiny neuronsl

ST

Figure 1.3 Classification of neuronal subtypes in the striatum.

1.3.1 Medium - sized spiny projection neurons

MSNs are inhibitory neurons that use GABA as their main neurotransmitter. Every
MSN has glutamic acid decarboxylase (GAD) (Calabresi et al., 2014) a synthetic enzyme for
GABA (Kita & Kitai, 1988), GADG65 is extensively expressed by MSNs (Steiner & Tseng,
2010). MSNs make up approximately 90% of all striatal neurons (the portion of MSNs in
different species varies from 90%-95%) (Kemp & Powell, 1971). The MSNs have spherical
cell bodies roughly 10-20um in diameter and up to 7 primary spiny dendrites that are 1.5-2.5um
in diameter in mammals (DiFiglia et al., 1976; Bishop et al., 1982; Graveland & DiFiglia,
1985). Their axons are arborized in a radius of 500pum and mutually inhibit other MSNs by the
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release of GABA (Wilson & Groves, 1980). MSNs are the main target of cortical inputs and
form the only output of striatum. Additionally, MSNs also receive inputs from thalamus and
amygdala (DiFiglia et al., 1976; Wilson & Groves, 1980). MSNs are subdivided into two
categories: direct pathway medium spiny neurons (dMSNs) and indirect pathway medium
spiny neurons (iMSNs) according to the types of receptors, G-protein expression and distinct

projections targets (Abbott & Nelson, 2000).

Unlike other GABAergic interneurons, glutamatergic and dopaminergic terminals,
MSNs do not exhibit large nAChRs currents (Zhou et al., 2002) leaving mAChR as main target
of cholinergic actions in striatal projection neurons. ACh evokes complex excitatory actions
by direct modulation of several ionic currents, mainly K*, Na* and Ca?* (Pineda et al., 1995;
Perez-Rosello et al., 2005; Shen et al., 2007; Carrillo-Reid et al., 2009b) and participates in
plasticity of the striatum (Wang et al., 2006).

Both dMSNs and iMSNs highly express M1 receptors (Bernard et al., 1992; Yan et al.,
2001; Goldberg et al., 2012) that are mainly found in spines on MSNs (Hersch et al., 1994;
Hersch & Levey, 1995; Alcantara et al., 2001). M1 receptors increase neuronal excitability of
both MSNs by enhancement of persistent Na* conductance and by directly or indirectly
depressing K* currents (Akins et al., 1990; Galarraga et al., 1999; Figueroa et al., 2002; Perez-
Rosello et al., 2005; Shen et al., 2005; Shen et al., 2007; Carrillo-Reid et al., 2009b; Goldberg
et al., 2012; Perez-Ramirez et al., 2015). Moreover, M1 receptors modulate Ca?*-channels
involved in neurotransmitter release and activating Ca?*-dependent K*-channels that shape
MSNEs firing pattern (Dolezal & Tucek, 1999; Galarraga et al., 1999; Perez-Rosello et al., 2005;
Perez-Burgos et al., 2008; Perez-Burgos et al., 2010). Besides its direct modulatory actions on
ionic currents, ACh also plays an important role in the regulation of synaptic transmission and
striatal plasticity through the endocannabinoid (eCB) system (Oldenburg & Ding, 2011). At
inhibitory synapses in MSNs, M1 receptors promote eCB production and retrograde activation
of CB1 receptors resulting in suppression of this inhibitory synaptic transmission (Narushima
et al., 2007). While at glutamatergic synapses, M1 receptors reduce postsynaptic Cayl.3
currents, which promote a decrease in eCB production and a decrease in activation of

presynaptic CB1 receptors (Wang et al., 2000).

On the other hand, M4 receptors are selectively expressed by dMSNs (Santiago &
Potter, 2001; Yan et al., 2001; Goldberg et al., 2012) and their activation selectively increase
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excitability of dMSNs by enhancing Cayl Ca**-channels and increase network activity
(Hernandez-Flores et al., 2015). In addition, M4 receptors play an important role in the

plasticity of glutamatergic cortistriatal synapses (Shen et al., 2015).

1.3.2 Striatal interneurons

1.3.2.1 Cholinergic interneurons

In general, anatomical studies have revealed Chls immunoreactive for choline ChAT,
with a large multipolar cell body of 23 - 50um in diameter with 3 to 6 primary dendrites that
extend in a radial pattern (Doig et al., 2014) and that arborize up to 1 mm (Kimura et al., 1981;
Bolam et al., 1984b; Wilson et al., 1990). Electron microscopy of rat striatal tissue performed
by Doig et al. 2010; 2014, indicates that Chls receive a prominent inhibitory input and that
most of excitatory input is from thalamic afferents; a single Chl receives 8450 + 694
connections of which the majority are symmetric. Moreover, there are approximately three
times more vesicular glutamate transporter type 2 (vGLUT2)-positive thalamic terminals than
vesicular glutamate transporter type 1 (vGLUT1)-positive cortical terminals in an individual
ChI (Doig et al., 2014). It is important to mention that boutons expressing vGLUT1 (cortical)
and vGLUT?2 (thalamic) are the highest in the dorsal one-third in the rat striatum (Wouterlood
et al., 2012). In addition, the density of vGLUT1 and vGLUT2 in the striatum is highly age
dependent. The expression level of vVGLUT2 terminals in posterior dorsomedial striatum
(pDMS) dramatically decreased in aged animals. By contrast, vVGLUT1 density remained
unchanged by age (Matamales ef al., 2016). However, since vGLUT?2 is also expressed in some
DA terminals in ventral striatum (Stuber et al., 2010) it is harder to isolate thalamic inputs

(Abudukeyoumu et al., 2018).

In spite of the comparative small number of Chls (Lehmann et al., 1979; Bolam et al.,
1984a; Bennett & Wilson, 1999; Bennett et al., 2000; Kreitzer, 2009; Girasole & Nelson, 2015),
their long and many branched axons, allow a widespread release of ACh (Bolam et al., 1984a;

Contant et al., 1996; Calabresi et al., 2000; Abudukeyoumu et al., 2018).

Similar to dopaminergic axon varicosities, cholinergic ones form few structurally

defined synaptic connections, therefore favoring a slow cholinergic volume transmission
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(Descarries et al., 1997; Zhou et al., 2001; Aznavour et al., 2003; Coppola et al., 2016;
Ovsepian et al., 2016; Dunant & Gisiger, 2017). The integration of a striatal cholinergic tone
established by volume and synaptic transmission is considered to act within neuronal networks
to change their balance of activity to possibly initiate neuronal ensembles with specific

functions (Carrillo-Reid et al., 2009a; Fuxe et al., 2012; Abudukeyoumu et al., 2018).

The spontaneously active firing characteristic of Chls ensures the basal cholinergic tone
(Kawaguchi et al., 1995; Lee et al., 1998; Wilson, 2005). These neurons have high input
resistance, a broad action potential duration (Wilson et al., 1990; Tubert et al., 2016), a
depolarized, and often changing, resting membrane potential that is often fixed at -60mV with
a low holding current (Threlfell ez al., 2012). These interneurons also called “tonically active
neurons or TANs” and “autonomous pacemakers”, are able to produce action potentials at 2-
10 Hz in the absence of synaptic input (Bolam et al., 1984a; Wilson ef al., 1990). Behind this
tonic or pacemaking mechanism, is an interplay of several ionic conductances (Wilson et al.,
1990; Pisani et al., 2007). Their pacemaker cycle begins with an initial tetrodotoxin-sensitive
sodium current-induced depolarization, that leads to calcium influx from Cay> channels. This
first calcium influx in turn, activates the calcium and voltage-activated big potassium currents
(BK). This potassium influx contributes to membrane repolarization and activation of the
Cav2.2 current, that in turn, activates the small-conductance calcium-activated potassium
current (SK). This second potassium current induces a medium duration after-
hyperpolarization (mAHP) of 100 - 200 ms, that defines the spike pattern and spike width
(Kawaguchi, 1992; Bennett et al., 2000; Goldberg & Wilson, 2005). A decrease in intracellular
calcium levels reduces the SK current and consequently the mAHP. The Th inward cyclic
nucleotide-gated cation current (HCN) repolarizes the membrane to about -60 mV, with a
resulting inactivation of the outward potassium A-type KV4 current. At the end of the cycle,
depolarization is slowed down, the persistent sodium current is activated, and the threshold for
an action potential is reached, beginning a new sequence (Bennett et al., 2000; Goldberg &

Wilson, 2005; Deng et al., 2007; Pisani et al., 2007; Abudukeyoumu et al., 2018).

Another feature of Chls is a long pause in the tonic firing, that follows bursts of action
potentials. Their intrinsic properties allow Chls to fire in regular, irregular and in burst fashion
interspersed with long pauses (Bennett et al., 2000; Goldberg & Wilson, 2005; Wilson, 2005)
(Sanchez et al., 2011; Aceves Buendia et al., 2017). During a burst, a subthreshold

accumulation of calcium through Cavl channels recruits an additional potassium current that
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in turn, produces a long-lasting (several seconds) hyperpolarization (sAHP) (Wilson &

Goldberg, 2006; Tubert et al., 2016; Abudukeyoumu et al., 2018).

It is considered that the delta frequency activity of these interneurons results from the
combination of synaptic inputs and intrinsic mechanisms (Beatty ef al., 2015). A muscarinic
dependent coherence between motor cortex and Chls can be established following optogenetic
stimulation at both beta and low gamma frequencies (Kondabolu et al., 2016). The reports on
striatal oscillatory activity at different frequencies and the synchronization with other brain
regions have been the topics of several recent publications (Brittain & Brown, 2014; Feingold

et al., 2015; Sharott et al., 2017; Abudukeyoumu et al., 2018).

Recordings of striatal neurons in behaving primates revealed two cellular striatal
populations (Kimura et al., 1984): phasic active neurons that show brief action potentials and
low spontaneous activity or MSNs (Wilson & Groves, 1981; Apicella, 2017) and TANs that
display a broader action potential and tonic spontaneous firing rate (<12 Hz) (Kimura et al.,
1984; Wilson et al., 1990; Aosaki et al., 1995; Apicella, 2002; Doig et al., 2014; Apicella,
2017). Following electrophysiological criteria, TANs were considered as putative Chls when
antidromic stimulation from GP was unable to activate them (Kimura et al., 1990; Kimura et
al., 1996). Moreover, in view of their morphological, electrophysiological, regional, functional
and immunoreactivity similarities, TANs were identified as Chls (Wilson ef al., 1990; Aosaki
et al., 1995; Bennett & Wilson, 1999; Reynolds et al., 2004; Inokawa et al., 2010; Goldberg &
Reynolds, 2011; Bradfield et al., 2013; Schulz & Reynolds, 2013; Atallah et al., 2014;
Abudukeyoumu et al., 2018).

The fact that the firing properties of TANSs are similar to some GABAergic interneurons
has created confusion in their proper neuronal differentiation in extracellular recordings (Berke,
2008; Beatty et al., 2012; Gonzales ef al., 2013; Gonzales & Smith, 2015; Apicella, 2017). It
would be best to identify all interneurons, including cholinergic, not only associated to their
extracellular electrophysiological characteristics but with other criteria. The systematic
approach to interneuron research being developed (Kepecs & Fishell, 2014; Wamsley & Fishell,
2017) will provide a database of properly genetically classified interneurons (e.g., mRNA-
expression profile, chemical markers expression properties). However, mRNA expression

profiles can also be variable, so a single method might not be sufficient for classification. The
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future will likely bring further determination of their individual electrophysiological

characteristics and integrative properties (Abudukeyoumu et al., 2018).

1.3.2.2 Other types of interneurons

The recent development in molecular technology and different types of transgenic mice
has contributed immensely to the discovery of different cell types, synaptic connections and
diversity of interneurons circuitry in the striatum. GABAergic interneurons are noticeably
different from Chls and GABAergic MSNs in morphology, expression of molecular markers,
functional characteristics, and action potential shape. The GABAergic interneurons identified
until now includes: FSI/PV*, THI, LTS/PLTS (NPY, NGF, SOM, NOS, NADPH), CRI, FAI
and SABI (Figure 1.3).

Fast-spiking interneurons (FSIs) make up around 2.6% of striatal GABAergic cell
population. Among the FSI, the best-characterized type is the one that express calcium-binding
protein, parvalbumin (PV), which are characterized with a dense axonal arborization of over
600um of diameter, display a high frequency action potential firing (200-300 Hz) with no spike
adaptation and electronically coupling in groups by gap junctions (Kita et al., 1990; Kawaguchi,
1993; Fukuda, 2009; Tepper et al., 2010). The duration of their action potential is short and
they are distributed more often in the dorsal striatal area. They receive a powerful cortical input
and use GABA as neurotransmitter to form local cell connections to modulate the functional

correlation between MSNs (Kubota et al., 1993; Fukuda, 2009).

Tyrosine hydroxylase-expressing interneurons (THIs) are GABAergic neurons in
striatum of different species (human, monkey, rat, and mouse) these TH* positive interneurons
also express vesicular monoamine transporter 1 (VMATI1) and DA transporter (DAT)
(Betarbet et al., 1997). THIs use GABA as the main neurotransmitters but they do not release
DA (Dubach et al., 1987; Betarbet et al., 1997; Meredith et al., 1999; Palfi et al., 2002; Lopez-
Real et al., 2003; Tande et al., 2006; Huot & Parent, 2007; Ibanez-Sandoval et al., 2010;
Ibanez-Sandoval et al., 2015). THIs comprise four subtypes (Figure 1.3): Type I, Type 11, Type
III, Type IV that constitute 60%, 13%, 6% and 21% of all striatal THIs in the striatum,
respectively. THIs are medium sized with soma ranging from 11.4 to 24pum and the shape of

soma differ such as round, ovoid and pyramidal. Aspiny and varicose dendrites are common
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for all four types of THIs. Each different type of THIs has distinct electrophysiological
properties such as input resistance, resting potential, action potential and firing rate for review
see (Ibanez-Sandoval et al., 2010; Ibanez-Sandoval et al., 2015). TH" projection neurons can
be found in SNc and VTA brain regions, which do use DA as neurotransmitter while the TH*

interneurons of striatum do not (Kita et al., 1986; Grace & Onn, 1989; Iribe et al., 1999).

Low threshold-spiking interneurons (LTSIs) or plateau low threshold spike
interneurons (PLTSIs) have tonic activity, low-threshold Ca2" spikes and a long calcium-
dependent plateau potential (Kawaguchi, 1993; Kawaguchi et al., 1995; Tepper & Bolam,
2004). They can be identified by their co-expression of NOS, NPY, the enzyme NADPH
diaphorase, and SOM (Silberberg & Bolam, 2015). Among striatal interneurons, LTSIs have
the least dense axonal arborization (Kawaguchi, 1993). SOM axons are distributed in the
matrix area. They constitute 1-2% of the striatal cell population and vary in shape from round
to triangular, with a soma of 12-33um in diameter and long dendrites. These interneurons make
symmetrical and asymmetrical synaptic contacts with other neurons. However, the
symmetrical inputs are mainly situated on dendrites and spines in rats (DiFiglia & Aronin, 1982;
Takagi et al., 1983). Somatostatin expressing neurons are characterized electrophysiologically
as having a large depolarizing plateau potential. Immunohistochemically, 20-40% of them
express strong immunoreactivity for calcium binding protein D28K, a protein that buffers

calcium inside of neurons (Kawaguchi et al., 1995; Figueredo-Cardenas et al., 1996).

Calretinin expressing interneurons (CRIs) are GABAergic interneurons that express
the calcium binding protein, calretinin. They have a small aspiny soma of 7-20um in diameter
and are mostly immunoreactive for GAD67 (Kawaguchi et al., 1995; Tepper et al., 2010). In
terms of their electrophysiological profile, little is known (Bennett & Bolam, 1993; Rymar et
al., 2004; Tepper & Bolam, 2004; Sharott et al., 2012).

Recently, three newly identified interneurons have been described the FAI, NGFI and
SABI (Ibanez-Sandoval et al., 2011; Assous et al., 2018).

Fast adapting interneurons (FAIs) are characterized by spike frequency adaptation
during repetitive action potential firing patterns and the expression of the serotonin receptor,

5-HT3 (5-HT3R) (Faust et al., 2015). Nevertheless, other interneurons also co-express SHT3R,
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like PV* neurons that have both markers and show FSI electrophysiological features (Munoz-

Manchado et al., 2016).

Neurogliaform interneurons (NGFIs), as its name indicates, share similarities with
cortical NPY-expressing neurogliaform cells and express NPY. Although they have NPY; they
are not NPY-LTSI (Ibanez-Sandoval et al., 2011; Silberberg & Bolam, 2015).

Spontaneously active bursty interneurons (SABIs) are medium sized GABAergic
interneurons (cell body perimeter: 73.94 + 15.6um), has 5-6 sparsely spiny dendrites of 50um
in length and sparse axons arborized up to 300-500um from cell body which have been
described based on morphology, intrinsic properties and highly varied burst-firing patterns
recorded from 5-HT3R-Cre transgenic mice (Assous et al., 2018). However, the connection
(Figure 1.4) between SABI and MSNss is not significant (around 4.1%) indicates that SABI is
not related to direct disinhibition process of MSNs, for more detailed description see (Assous

et al., 2018).



Figure 1.4 The synaptic connectivity probability between different

neuronal cell types within striatal circuits estimated from paired

recordings in slices from transgenic mice.

Table 1. 1 Full list of systematic articles included for synaptic connectivity

Connections | Related references

MSN-FSI Koos and Tepper (1999); Taverna et al. (2007); Chuhma et al. (2011)
MSN-THI Ibanez-Sandoval et al. (2010); Xenias et al. (2015)

MSN-PLTS Ibanez-Sandoval ef al. (2011)
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MSN-FAI Faust et al. (2015)

MSN-ChI Chuhma et al. (2011); Gonzales et al. (2013); Lim et al. (2014);
Mamaligas and Ford (2016)

MSN-BABI Assous et al. (2018)

1.4 Source of acetylcholine and cholinergic receptors in the striatum

Acetylcholine is an organic chemical and was the first neurotransmitter to be discovered
in the mid-1920s. Most ACh is stored in nerve endings/terminals in synaptic vesicles, ACh can
be an excitatory neurotransmitter or a neuromodulator (Loewi, 1921; Mellanby, 1955;

Delcastillo ef al., 1963; Del Castillo ef al., 1967). The chemical structure of ACh is as follows:

CH, o)
| |
14.1 CH,—N— CH, — CH,0 — C— CH,
|
CH,

ACh is synthesized by a single step reaction with choline acetyltransferase as a catalyst
in reaction (1.4.2), by contrast acetylcholinesterase (AChE) catalyzes the breakdown process

of ACh (1.4.3) as following chemical structure formula:

14.2 Acetylcoenzyme A + choline *—— ACh + Coenzyme A
0] 0
14. AChE +
S0 WL NIRRT )
Hc” O N(CH)), HC “coo  HOTCR, \N(CH3)3

An early study indicated that destroying possible afferent pathways to striatum “cortex,
thalamus, globus pallidus or ventrotegmental area”, did not affect the activity of choline
acetylase nor acetylcholinesterase (AChE) or the histochemical staining within the nucleus
(McGeer et al., 1971; Lynch et al., 1972). This led to the hypothesis that interneurons were the
main source of striatal ACh. We now know external sources of ACh arrive from the
pedunculopontine (PPN) and laterodorsal tegmental nuclei (LDT) (Dautan et al., 2014),

nonetheless, the main source of striatal ACh still are the local spontaneously active Chls (Kitai



35

& Surmeier, 1993; Pisani et al, 2007; English et al, 2012; Goldberg et al., 2012;
Abudukeyoumu et al., 2018).

AChE is an enzyme that breaks down acetylcholine in the brain. Markers for
cholinergic signaling such as ChAT, AChE and the vesicular acetylcholine transporter (VAChT)
are the highest in the striatum, within the brain (Zhou et al., 2002).

The earliest study conducted by Butcher and his colleague observed that the small area
of striatum (striosome/patch) that are rich for AChE in lateral part of immature striatum but
inverse in the at adult brain stage (Butcher & Hodge, 1976). In addition, opiate receptors and
SP immunostaining matches the AChE- and somatostatin- poor striosomes in adult rat striatum
(Herkenham & Pert, 1981). Furthermore, substantia nigra dopaminergic cell terminals in the
striatum appeared to be situated in patches, and the axons mesencephalic dopaminergic cell
marker cholecystokinin (CCK) was also found in patches of striatum (Hokfelt et al., 1980).
The discrepancy between immature and mature brains in different species and different
neuronal markers (AChE, CCK, DA, opiate receptors, enkephalin, SP) indicated that the
function of some neuronal structures can change as brain maturation proceeds (Butcher &

Hodge, 1976; Chesselet & Graybiel, 1986; Crittenden & Graybiel, 2011).

In the adult, the matrix is the largest compartment and stains strongly for AChE,
neurotensin receptors and calcium binding protein calbindin D28K. The thalamic
parafascicular nucleus (pf) projections target Chl dendrites are distinctly distributed in matrix
and avoid the striosomes stained for opiate receptors and poor in AChE (Herkenham & Pert,
1981). In addition, striatal Chls are enriched in the matrix but many axons cross the border

between patch and matrix (Kawaguchi, 1997; Crittenden et al., 2017).

At the cellular level, ACh exerts its actions through activation of two classes of
receptors, muscarinic (mAChR) and nicotinic (nAChR). Muscarinic mAChRs belong to the G-
protein coupled receptor family (Caulfield, 1993). These receptors are divided into group I
(M1, M3, and Ms) and group II (M» and Ms) (Figure 1.5). M receptors are coupled to Gy11
proteins via a subunits that activate protein kinase C (PKC) and phospholipase C (PLC) and
cause activation of inositol triphosphate and diacyl-glycerol that results in an increase in
intracellular calcium. M; receptors are found in striatal MSNs of both the direct and indirect

type. In MSNs, these receptors are located presynaptically, extrasynaptically and
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postsynaptically in dendritic spine necks (Hersch & Levey, 1995; Yan et al., 2001). Group 11
receptors are coupled to Gi proteins, inhibit adenyl cyclase (AC) activity and close Cay2
calcium channels while opening Ki:3 potassium channels (Caulfield, 1993; Nathanson, 2000;
Eglen, 2006; Haga, 2013). Group II receptors act as autoreceptors on Chls and are located
mostly extrasynaptically, suggesting a role in volume neurotransmission (Bernard et al., 1998).
M, receptors act as inhibitory heteroreceptors on striatal NPY-SOM expressing GABAergic
interneurons and on corticostriatal glutamatergic terminals (Hersch et al., 1994; Bernard et al.,

1998; Abudukeyoumu et al., 2018).

The high degree of similarity of the orthosteric ligand-binding site in all five types of
mAChRs (Figure 1.5), is the main reason it has been difficult to identify subtype-selective
ligands (Eglen, 2006; Dencker et al., 2012) and a reason why dissection of specific cholinergic
effects on neuronal activity and release, have been difficult to achieve. Nevertheless, new
pharmacological tools, such as the highly-specific antagonist peptide isolated from the green
mamba snake venom are now being used (Jerusalinsky et al., 2000; Karlsson et al., 2000;
Rowan & Harvey, 2011; Servent et al., 2011). Similarly, positive allosteric modulators and
allosteric agonists are becoming promising tools, even providing some therapeutic potential
for several central nervous system diseases (Digby et al, 2010; Bock et al., 2017,

Abudukeyoumu et al., 2018).

ACh release is regulated by presynaptically located hetero- and autoreceptors. mAChRs
(M2/My) (Hersch et al., 1994; Ding et al., 2006) via direct G; mediated inhibition of presynaptic
Cav2.2 and Cav2.1 calcium channel linked to exocytosis. Another presynaptic control of
release, is regulated by the My auto- and hetero- receptor activation of the barium-sensitive
potassium currents carried through K;:3 potassium channels in Chls (Yan & Surmeier, 1996;
Ding et al., 2006) and corticostriatal terminals (Calabresi et al., 1998; Abudukeyoumu et al.,
2018).

nAChRs receptors (Figure 1.5) are pentameric ligand-gated ion channels that consist
of either heteromeric subunit combinations of o subunits (02-10) and B subunits (f2-4) or
homomeric a subunits (a7) (Exley & Cragg, 2008; Gotti et al., 2009). The most common type
of nAChR in striatum is the 04p2* type (the asterisk indicates the presence of other possible
subunits in the receptor complex) (Quik & Wonnacott, 2011); this sub-composition acts as an

auto-receptor in Chls, as postsynaptic heteroreceptor in GABAergic interneurons and as
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presynaptic heteroreceptor in GABA, serotonin and DA axon terminals (Eskow Jaunarajs et
al., 2015). The reported subunit composition on GABAergic interneurons and MSNs is
proposed to have the 04p2* and ada5P2* subtypes (Eskow Jaunarajs et al., 2015;
Abudukeyoumu et al., 2018). In addition, nAChRs on dopaminergic axon terminals play a
major role in the potentiation and shaping of DA release within the dorsolateral striatum (Exley

& Cragg, 2008).

ACh receptors
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mAChRs(1)

G_I_t L] | ]
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Figure 1.5 ACh receptor subtypes distinct expression on striatal neurons

and signal transduction pathways.

Table 1. 2 Full list of systematic articles included for ACh receptor subtypes

Related references

1 | Hulme ef al. (1990)

2 Hurst et al. (2013)

3 Eglen (2006); Ishii and Kurachi (2006)
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4 Peralta et al. (1987); Hulme et al. (1990); Bernard et al. (1992); Hersch et al. (1994);
Bernard et al. (1998); Eglen (2006); Eskow Jaunarajs et al. (2015)

5 Hulme et al. (1990); Bernard et al. (1992); Bernard et al. (1998); Bernard et al.
(1999); Yan et al. (2001); Eglen (2006); Pancani et al. (2014); Eskow Jaunarajs et
al. (2015)

6 Shapiro et al. (1988); Hulme et al. (1990); Bernard et al. (1992); Hersch et al.
(1994); Alcantara et al. (2001); Yan et al. (2001); Eglen (2006); Qin et al. (2011);
Eskow Jaunarajs et al. (2015)

7 Akiba et al. (1988); Hulme et al. (1990); Hersch et al. (1994); Niittykoski et al.
(1999); Yan et al. (2001); Zhang et al. (2002); Eglen (2006); Qin et al. (2011);
Eskow Jaunarajs et al. (2015)

8 Bonner et al. (1988); Liao et al. (1989); Hulme et al. (1990); Hersch et al. (1994);
Yan et al. (2001); Eglen (2006); Qin et al. (2011); Foster et al. (2014); Eskow
Jaunarajs et al. (2015)

1.5 Striatal microcircuits

The striatum is a subcortical brain region with little visible anatomical sub-structure
(Figure 1.2). Paired recordings from different cell types made it possible to measure the
strength of connection between different cell types (Figure 1.4). Increasingly the initial
divisions into direct output pathway for GO signals and indirect pathway to stop has not been
supported by experiment (Albin et al., 1989; Cui et al., 2013). Instead we have the notion that
this internally inhibitory network works by selecting assemblies of neurons dynamically to
control animal behavior (Jaidar et al., 2019). The exact role of the Chls in this is not clear but
they are in an excellent position to control both the intensity of firing among MSNs and also,
because of the extent of their axonal arbors, to choose groups of cells to be included in

assemblies.

Early work by a pioneer in the field of striatal assemblies (Carrillo-Reid et al 2009)
suggested that the presence of ACh in striatal slices made the assemblies align in ‘sentences’
of longer sequences. The arrangement allowed for the recognition of groups of striatal neurons
in the slice to fire as dynamic assemblies and the sequences of their recruitment became more

complex in the presence of cholinergic agonists. This thesis explores some of the anatomical
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and behavioral consequences of damage to the Chls in DLS, in the expectation that the changes
in circuit dynamics would have some obvious consequences for the functions of the area. The
thesis describes the time course of the damage to the striatal cholinergic system and the

behavioral results of the damage.

1.6 Striosomes and matrix

Almost 40 years ago Graybiel and Ragsdale (1978) reported two distinct densities or
compartments in the distribution of AChE in the striatum of primates and cats. These two
topographically heterogeneous compartments are called striosomes or patches, and the matrix
that constitutes around 80% of striatum volume. Striosomes and matrix are chemically and
functionally distinct units that develop at different stages (Graybiel & Ragsdale, 1978;
Johnston et al., 1990). The patch and matrix are identified by neuro-chemicals and enzymes.
Patch and matrix have different input and output synaptic connections. An early tracing study
by injecting anterograde axonal tracer Phaseolus Vulgaris leucoagglutinin into different
cortical areas and cortical layers found that deep layer V and VI cortical neurons project to
striatal patches which are zones for enkephalin (EnK), AChE and other neuronal markers
(Gerfen, 1989). Moreover, he observed that the projection to the matrix compartment
originated from layer V, II, and III. Striosomes receive DA afferents from SNc and
glutamatergic afferents from medial prefrontal, anterior cingulate, orbitofrontal and anterior
insular cortices whereas matrix receives inputs from sensorimotor cortex (Kawaguchi et al.,

1989; Benarroch, 2016; Abudukeyoumu et al., 2018).

Patch GABAergic MSNSs project to GPi, GPe, SNr (in squirrel monkeys), DIMSNs of
striosome project to SNc (Fujiyama et al., 2011; Watabe-Uchida et al., 2012; Crittenden et al.,
2016). Similarly, matrix MSNs project to GPi, GPe and SNr (Fujiyama et al., 2011).
Interestingly, both striosome and matrix mosaic compartments include direct and indirect
pathway GABAergic neurons (Gimenez-Amaya & Graybiel, 1991; Fujiyama et al., 2011).
Furthermore, matrix GABAergic projection neuron targets are thought to be different, which
means that matrix indirectly regulates the afferent-efferent of striatal microcircuit especially
the output of striatum (Kawaguchi et al., 1990; Fujiyama et al., 2011; Watabe-Uchida et al.,
2012; Crittenden et al., 2016). To sum up, even though both patch and matrix have both types
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of MSNs (direct and indirect pathway), the neurochemical and connectional heterogeneity

suggest different functions.

Stereological analysis in humans has revealed a differential distribution of Chls with
most of them located in the periphery of the striosomes (Bernacer et al., 2007). Similarly in
rodents, Chls are found in the border of striosomes (Kubota & Kawaguchi, 1993) with extended
processes into both compartments (Kubota et al., 1993). In recent reviews, Chls and their
dendrites are described as preferentially located in the matrix, whereas their axons are abundant
in both compartments (Crittenden & Graybiel, 2011; Crittenden et al., 2017). Using new tools,
attempts to exclusively stimulate one compartment in vitro are clarifying the location of Chls.
Whole-cell patch recordings of Chls with a posterior identification of their compartment
location, revealed that GABAergic currents mediated by nAChRs are more frequently observed
in the matrix than the striosome (Inoue et al, 2016). Also, photoactivation of the matrix
compartment with a matrix specific adeno associated virus serotype 10 (AAVrh10) and patch-
clamp recordings revealed lack of direct synaptic connectivity between matrix and striosome
MSNs (Lopez-Huerta et al., 2016). The presence of Chls in the areas high in calbindin-D28K
and ChAT (Prensa et al., 1999) referred to as the “peristriosomal boundary”, reaffirm the
location of Chls between, as well as within, matrix and striosome compartments

(Brimblecombe & Cragg, 2017; Abudukeyoumu et al., 2018).

A separation between matrix and striosomes has been established in rats by their
different thalamic afferents. Unzai et al. (2017) reported that striatum and nucleus accumbens
receive afferents to the striosome compartment mostly from thalamic midline nuclei, whereas
the intralaminar nuclei innervate the matrix compartment (Fujiyama et al., 2011; Dautan et al.,
2014; Unzai et al., 2017). Moreover, whereas most terminal fields form en passant boutons,
clusters or plexus containing many boutons are observed in terminal fields of the pf. From the
functional point of view, information from these two thalamic areas support the function
previously inferred (Vertes et al., 2015): limbic (emotional) control for the striosomes and
sensorimotor associative for the matrix (White & Hiroi, 1998; Crittenden & Graybiel, 2011;
Buot & Yelnik, 2012; Abudukeyoumu et al., 2018).

1.7 Movement disorders related to cholinergic interneurons
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Impairment of striatal Chls is central in the production of movement disorders and
variable patterns of pathology (Pisani et al., 2007). Altered cholinergic signalling is seen in a
diverse class of syndromes that include Parkinson’s disease (PD) (Brichta et al., 2013; Kalia
et al., 2013; Ztaou et al., 2016), dystonia (Peterson et al., 2010; Eskow Jaunarajs et al., 2015;
Scarduzio et al., 2017), Tourette’s syndrome (Xu et al, 2015; Albin et al., 2017) and
Huntington’s disease (Di Filippo et al., 2007; Abudukeyoumu et al., 2018).

PD is a common neurological disorder characterized by a decreased DA level in the
brain. Early clinical and experimental studies suggested that PD was also characterized by
increased striatal extracellular levels of ACh (Barbeau, 1962; Cachope & Cheer, 2014). The
main symptoms of PD include: resting tremor, slowness, shuffling gait, flexed posture,
festination, falls, soft speech, dysphagia, “saliva trickling from the mouth”, disturbed sleep,
“torpid bowels” and dementia (Kempster et al., 2007). Indeed, the earliest pharmacological
treatment of PD consisted of administration of anti-cholinergic agents: diethazine (diparcol),
solanaceous plant alkaloids, ethopropazine (parsidol), antimuscarinic agents, benztropine
mesylate (cogentin), trixbexyphenidyl (artane), cycrimine (pagitane), phenothiazine
derivatives, ayurdevic herbs (e.g., weak antimuscarinic diphenylhydramine, benztropine,
orphenadrine) procyclidine (kemadrin), biperiden (akinton) (Duvoisin, 1967; Manyam, 1990;
Fahn, 2014). However, the cumulative effect of anticholinergic medication ‘anticholinergic
burden’ (peripheral side effects), and the “anticholinergic risk™ (risk of heart attack) was
associated with a decrease in the use of anticholinergic in old hospitalized patients. In a study
of databases reporting side effects of anticholinergics, Salahudeen et al. (2015) compiled a list
of those anticholinergics frequently prescribed and indicated that medicated patients suffer
more frequent falls and hip fractures, increased dyskinesias and suffer from hallucinations,
blurry vision and memory impairment more than non-medicated patients. An elevation of
cholinergic signalling in PD has been hypothetically related to alterations in Chl spiking
(Tanimura et al., 2017; Abudukeyoumu et al., 2018).

As described before, M4 autoreceptors in Chls slow firing rate and ACh release (Zhang
et al., 2002). In the rodent model of PD, DA depletion induces an upregulation of RGS4-
dependent processes that result in decreased My signalling in Chl (Ding et al., 2006). Thus,
regulators of G protein signalling (RGS) modulation of ACh release might aid future treatment
of patients. Experiments using the same animal model of PD, report that halorhodopsin

photoinhibition of Chls in mice, reduces akinesia, bradykinesia and sensory motor neglect;
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whereas in wild type mice the specific striatal blockade of M; and M4 receptors has a similar
effect (Ztaou et al., 2016). These results agree with the electrophysiological studies of
muscarinic and dopaminergic interactions described by Hernandez-Flores et al. (2015);

(Abudukeyoumu et al., 2018).

Recently Burbulla et al. (2017), using long-term cultures of human induced pluripotent
stem cell-derived DA neurons, have demonstrated a toxic cascade triggered by dysfunctional
mitochondria that can induce neuronal pathological changes and the cellular dysfunctions
observed in PD (Dagani et al., 1992; Greenamyre, 2018; Singh et al., 2019). Now research is
centered on whether the same toxic mitochondrial intracellular cascade is present in the genetic
and idiopathic forms of the disease and other hypotheses are also being tested. More work may
eventually demonstrate the primary cause of SNc¢c DA neuron death (Burbulla ef al., 2017,
Abudukeyoumu et al., 2018).

Dystonia involves intermittent or sustained abnormal involuntary muscle contractions
that produce twisting postures in the absence of other neurological signs. Repetitive movement
and uncontrolled muscle contractions can start early in childhood (Valente et al., 1998; Klein
& Fahn, 2013). Early onset of dystonia is a genetically determined mutation in the gene,
TORIA (Sciamanna ef al., 2012). As in PD, the reciprocal modulation between DA and ACh
is at the center of dystonia. For instance, high-doses of anticholinergics (trihexyphenidyl,
orphenadrine and biperiden) are used in the treatment of this disease (Burke et al., 1986).
Electrophysiological experiments in Chls of mice overexpressing mutant torsin A, show that
the sensitivity of a D, agonist-mediated inhibition of Ca,2.2 N-type current is increased.
Following D> agonists a reduction in mAHP and threshold for action potentials is expected
(Sciamanna et al., 2011). In mice with a conditional knockout of the dystonia 1 protein,
activation of thalamostriatal inputs induces a short pause and increased rebound activity in
Chls, that could result from a postsynaptic increase and a presynaptic decrease in M; and M>-

dependent currents (Sciamanna et al., 2012; Abudukeyoumu et al., 2018).

Gilles de la Tourettes syndrome, is a neurodevelopmental disorder characterized by
motor (blink eyes, head jerking, foot stamping, neck stretching, body twisting, bending, self-
harming behavior like lip or cheek biting and head banging), vocal and phonic (often clearing
throat over and over again, cough, sniff, grunt, yelp, bark or shout) tics, usually measured by

the Yale Global Tic Severity Scale (Leckman et al., 1989a). The symptoms vary a lot from
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mild to severe, tic types and in different genders. In general, vocal or phonic tics appear in the
earliest stage of TS onset and males have higher chance than females. In the last few years
several advances have been achieved towards the understanding of the neuropathology of this

syndrome (Abudukeyoumu et al., 2018).

The participation of Chls in Tourette’s syndrome is supported by post-mortem findings
of a significant 49% loss of cholinergic and 42% loss of parvalbumin-positive FS interneurons
with no significant change in DARPP-32 expression in MSNs (Kataoka et al., 2010), targeted
lesion of Chls in the DLS of adult mice show abnormal stereotypies (Xu et al., 2015). Moreover,
the radiotracer ['3F] fluoroethoxy-benzovesamicol that is successfully used to image over-
expressed VAChT marker in mice (Janickova et al., 2017), failed to detect changes in the
number of Chls in Tourette’s syndrome patients because this method does not provide enough
resolution to count cells (Albin et al., 2017), perhaps obscured by the pedunculopontine

cholinergic afferents (Abudukeyoumu et al., 2018).

Stereotypy is regarded as a predominant aspect of this syndrome. Using cocaine-
induced stereotyped behaviours to test the function of Chls, it is observed that a lesion of Chls
or blockade of mAChR (scopolamine) prolongs the time course of the stereotypy, whereas
blockade of DA D> receptors (raclopride) stops the stereotypy presumably by increasing the
extracellular ACh concentration (Aliane et al., 2011). These results suggest that a restoration
of cholinergic transmission may have important consequences in the arrest of stereotypy. This
is supported by a decrease in stereotyped behaviors in children following administration of a
cholinesterase inhibitor (donepezil) (Cubo et al., 2008; Abudukeyoumu et al., 2018). However,
mice with increased ACh release also show increased stereotypy in response to amphetamine
or cocaine, suggesting that it might be the overall balance rather than absolute levels of ACh

that predicts pose to stereotypy (Crittenden ef al., 2014; Janickova et al., 2017).

Pharmacological animal models of the syndrome have been produced following
blockade of striatal GABAAa receptors. In rats, mice and monkeys intrastriatal administration
of specific GABAx antagonists (picrotoxin or bicuculine) induce increased activity in striatum
and its outputs (i.e., STN and thalamus) and motor abnormalities similar to tics (McCairn et

al.,2009; Bronfeld et al., 2013) for review see Yael et al. (2015); (Abudukeyoumu et al., 2018).
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Huntington’s disease (HD) is a progressive late-onset neurodegeneration in the brain
characterized by variable pathological pattern which includes psychiatric episodes, motor
symptoms (rapid, irregular, and involuntary movement, chorea, dystonia at later stage) and
cognitive deficit (mood swing, depression, irritability, aggression, anxiety, obsessive behavior,
cognitive deficits). HD is caused by a CAG trinucleotide repeat expansion within the gene
coding site that was identified in 1993. The resulting mutant huntingtin accumulates forming
inclusion bodies with other proteins, initially in neurons of striatal and cortical motor and
prefrontal areas (Shepherd, 2013). In post-mortem human tissue and rodent models of the
disease, there is striatal pre- and postsynaptic loss of GABA, glutamate, and mAChRs (Penney
& Young, 1982; Dure et al., 1991) and a preferential degeneration of MSNs (Reiner et al.,
1988) with a faster loss of iMSNs (Cha et al., 1998; Deng et al., 2004; Starr et al., 2008).
Although the number of Chls is relatively normal (Ferrante et al., 1987) these interneurons
have decreased levels of VAChT and ChAT (Smith et al., 2006). The loss of various cells types
and neuronal markers contributes to the dramatic reduction of striatum volume that can be
observed at different stages of HD. The gradient of degeneration observed in human brain was
reported as follows: from tail to head direction in caudate nucleus, from caudal to rostral in
putamen, and more degeneration in dorsolateral than ventral region of striatum in coronal axis
(Vonsattel & DiFiglia, 1998). There is 21-29% neuronal loss in cerebral cortex and a 57%
neuronal loss in caudate nucleus that contributes to a total brain weight decrease to 20-30%
(from about 1350g to 1067g on average). The source of variability in symptom subtype is not
clear (de la Monte et al., 1988; Abudukeyoumu et al., 2018). However, the recent study showed
that the degeneration of neurons in striosomes of striatum significantly associated with mood

dysfunction in Huntington’s disease patients (Tippett et al., 2007).

In an animal model of the disease (Q140 Huntington-like mice), Deng and Reiner (2016)
studied the specific vGLUT2 thalamic inputs to Chls. They observed a reduction in the
extension of the Chls dendritic trees, with a subsequent loss of synapses, as also reported before
(Deng et al., 2013). The authors propose that a reduced cortical input to dMSNs could be
responsible for an initial observed hypokinesia in mice. Then deficiency of thalamic excitatory
input drive onto Chls could lead to a subsequent loss of input on iMSNs that would be predicted

to contribute to the early hyperkinesia in this animal model (Abudukeyoumu et al., 2018).
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Chapter 2 Partial lesion of cholinergic interneurons from

dorsolateral striatum and its progression

2.1 Introduction

The striatum (neostriatum) is the biggest portion and the main entrance of the BG
circuits, which form a cortico-striato-thalamo-cortical loop that modulates motor control,
motivation, learning and memory which ultimately contribute to survival of animals
(Alexander & Crutcher, 1990; Graybiel, 1995; Wichmann & DeLong, 1996; McFarland &
Haber, 2002).

Chls are the subpopulation of striatal local circuit neurons that constitute less than 1 %
of total cell number and are identified by the expression of ChAT in the cell body (Bolam et
al., 1984b; Kawaguchi, 1993; Lim et al., 2014). The sparsely distributed giant Chls are the
main source of ACh in the striatum via cholinergic innervation (McGeer et al., 1971; Lynch et
al.,1972; Zhou et al., 2002). Given the preponderance of cholinergic innervation, Chls interact
with a heterogeneously mixed group of cell types endowed with other neurotransmitter’s
various receptors (Kawaguchi, 1993; Kawaguchi et al., 1995). Chls form strong synaptic
connections to and from MSNs and other interneurons by mechanisms that modulate the
excitability of cells through cholinergic receptors (nAChRs or mAChRs) and indirectly
participating in the modulation of neurotransmitter (DA and GABA) release by volume
transmission in the striatal pool (Cachope et al., 2012; Threlfell et al., 2012; Nelson et al.,
2014).

Many human pathological conditions are associated with altered cholinergic signaling
and disorders in striatal circuits including Parkinson’s disease (Brichta et al., 2013; Kalia et al.,
2013; Ztaou et al., 2016), Huntington’s disease (Penney & Young, 1982; Smith et al., 2006),
dystonia (Burke et al., 1986; Peterson et al., 2010; Sciamanna et al., 2011; Sciamanna et al.,
2012; Eskow Jaunarajs et al., 2015; Scarduzio et al., 2017), Guilles de la Tourette's syndrome
(Leckman et al., 1989b; Taylor et al., 2002), and drug addiction (Albin et al., 1989; Koob,
1992; Chudasama & Robbins, 2006; Cepeda et al., 2007). These diseases are linked to altered
ACh balance but Chls overall functions in the pathological states are hard to study. In addition,
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quantitative measurement of how changes cholinergic in synaptic action give rise to different

diseases has not been documented at the cellular level or network level.

The death of Chls in DLS and cholinergic deficit in ventral striatum is associated with
Tourette’s syndrome and schizophrenia respectively (Holt et al., 1999; Kataoka et al., 2010;
Lennington et al., 2016). Interestingly, Chls are not homogeneously distributed in the striatum,
which may contribute to the diverse functional properties of the DLS, medial striatum and
ventral striatum (Alexander et al., 1986; Yin & Knowlton, 2006; Threlfell & Cragg, 2011).
The DLS is suggested to be responsible for stimulus-driven habits or sensorimotor habits (Yin

& Knowlton, 2006).

The earliest non-specific lesion study of striatum identified the origin of ACh in the
local circuit, morphology, and distribution of cells. However, the study did not reveal or
estimate the total number of Chls in the striatum (Lynch ef al., 1972). In addition, the previous
cell-specific lesion study showed that the saporin toxin linked to rat nerve growth factor (NGF)
receptors (192 IgG) to selectively destroy cholinergic neurons without damaging other cell
types (Wiley et al., 1991; Book et al., 1992) successfully destroyed basal forebrain cholinergic
cells. However, the NGF linked saporin toxin was ineffective for Chls in the striatum because
NGF receptors are not seen in adult Chls due to expression being dramatically decreased in
postnatal development stages. Interestingly, NGF receptors can be recovered when there is
damage in adult tissue (Gage et al., 1989). The advance in recent studies confirmed that saporin
toxin linked to choline acetyltransferase (ChAT-sap) can specifically destroy striatal Chls in
rat striatum (Stirpe et al., 1983; Laplante et al., 2011; Aoki et al., 2015). In the present study
we sought to investigate the anatomical changes and the specificity of lesion after selective
ablation of Chls induced by targeted cell-specific elimination with immunotoxin in mice. In
the present research DLS was targeted, an area associated with the motor control of the
forepaws. A better understanding and quantification of Chls number, functions and anatomy
in this subcortical brain region will provide an opportunity to comprehend the participation of

Chls in diseases and perhaps open up new possible pharmacotherapies.

2.2 Materials and methods



2.2.1 Animals and groups

Table 2. 1 The ChAT-sap toxin treated group

47

Number of brain sections studied (13 sections in each animal)

ChAT-sap toxin treated group
Survival time 2 weeks/p35 4 weeks/p49 6 weeks/p63
Animals n=10 n=11 n=10
Hemisphere Right left Right left Right left
Sections n=130 n=130 n=143 n=143 n=130 n=130
Counted Chls Chls Chls Chls Chls Chls
vAChT vAChT vAChT vAChT vAChT vAChT
Total sections analyzed for Chls n=806
Total sections analyzed for vAChT n=806
Total animals n=31

Table 2. 2 The Control group

Number of brain sections studied (13 sections in each animal)

Table 2. 3 The Sham group

Control group
Survival time 2 weeks/p35 4 weeks/p49 6 weeks/p63
Animals n=6 n=5 n=5
Hemisphere Right left Right left Right left
Sections n=78 n=78 n=65 n=65 n=65 n=65
Counted Chls Chls Chls Chls Chls Chls
vAChT vAChT vAChT vAChT vAChT vAChT
Total sections analyzed for Chls n=416
Total sections analyzed for vAChT n=416
Total animals n=16

Number of brain sections studied (13 sections in each animal)

Control group

Survival time

2 weeks/p35

4 weeks/p49

6 weeks/p63
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Animals n=4 n=4 n=5
Hemisphere Right left Right left Right left
Sections n=52 n=52 n=52 N=52 n=65 n=65
Counted Chls Chls Chls Chls Chls Chls
vAChT vAChT vAChT vAChT vAChT vAChT
Total sections analyzed for Chls n=338
Total sections analyzed for vAChT n=338
Total animals n=13

Sixty virgin, male wild-type C57BL/6J mice (21-24 days old) weighing 10-15g were
used in a series of experimental groups in the present study. These mice had been delivered
from the Japan Clea at age 21 days old. Mice were group housed in plastic cages with bedding,
and all animals were provided with food and water ad libitum and housed under standard
conditions (12 h light/dark cycle with lights on at 7 a.m, at 23°C) until stereotaxic surgery
experiments. Thereafter animals were placed back to standard conditions and group housed.
Three groups of animals were compared: intact control (7able 2. 2), sham (saline injections,
Table 2. 3), and DLS lesion with ChAT-sap toxin (Table 2. 1). In addition, three different post

treatment times were analyzed at 2, 4 and 6 weeks.

D1/D2 eGFP transgenic mice (MSNs had been labeled with green fluorescent protein)
(21-24 days old, n=10) weighing 10-15g were used in a series of experiment to determine

whether Chls lesion with ChAT-sap toxin could be specific for only Chls cells in mice striatum.

2.2.2 Stereotaxic Surgery

To selectively lesion Chls, animals were anesthetized by continuous isoflurane
inhalation, USP (IsoFlo, Abbott Laboratories, IL, 1.0%—1.5% in medical O;). The respiratory
rate, heart rate, and hindpaw withdrawal reflexes were monitored throughout the procedure to
maintain an adequate anesthetic level as stably as possible. Animals were fixed with atraumatic
ear-bars, the cornea protected with mycochlorin ointment 2% and the skin rubbed with
anesthetic gel (10% ketoprofen and lidocaine). Then animals received stereotaxic injections of
the saporin ribosome-inactivating-immunotoxin that targets choline acetyltransferase (ChAT-

sap toxin) 0.3l (at concentration of 0.5pg/pl) into the left hemisphere according to the mouse
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brain atlas (Franklin & Paxinos, 2008) (Figure 2. 1. A). The toxin targeting Chls was injected
into the DLS on left hemisphere (bregma: AP, 0.98mm; L, -1.89mm; -3.45mm) (for estimated
spread of toxin see Chapter 3.3.12). Injections were carried out at a constant flow rate of
0.1pl/min with a PHD ULTRA™ Programmable syringe pump. During surgery, the body
temperature was kept at normal physiological conditions using a disposable heating pad. After
completion of injections, the needle was left in place for additional 10 mins to allow diffusion
of the toxin before retraction and kept mice were kept warm until they came out of anesthesia
(<15 min). During the first 72 hours after surgery, post-operative care was administered to
control hypothermia, and dehydration with a can of diet gel with carprofen (e.g., MediGel CPF,
Portland, ME, USA).

For sham treated animals, 0.3ul saline was injected into the DLS on left hemisphere
(bregma: AP, 0.98mm; L, -1.89mm; -3.45mm) and other experimental procedures are same

with toxin treated group.

To selectively lesion Chls in D/D2 eGFP transgenic mice, 0.3ul ChAT-sap toxin was
injected into the DLS on left hemisphere (bregma: AP, 0.98mm; L, -1.89mm; -3.45mm) and

other experimental procedures are the same as described above.
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Figure 2. 1 A schematic diagram for tissue preparation process for

stereological systematic random sampling.

A, stereotaxic injection of ChAT-sap toxin into DLS. B, every third section was
collected for stereological sampling from a brain (in total 13 striatal sections
were used for analysis). C, a diagrammatic coronal brain sections modified from
brain atlas (Franklin & Paxinos, 2008); we kept the order of sections during the
process. D, a diagrammatic illustration showing the Chls sampling in a thick
section. This figure depicts a section view from the lateral edge of a 60um thick
section. To avoid bias, a section guard is employed at the upper and lower
surfaces of the section. E, a diagrammatic sampling frame created a 3D virtual
wall (30x150x150um for Chls, 5xX5X5um for vAChT), shown in the form of
lines, the red lines representing forbidden lines and green lines representing
including lines. Any cells or boutons superimposed over the red line are
excluded from counting, while particles totally inside the dissector volume or
superimposed over a green line are included as dissector particles.

The incision on the scalp was sutured using surgical silk. After surgery, at least two
weeks were allowed before anatomical confirmation of cell loss was performed by
immunohistochemistry. The injection procedure was followed by histology procedure as

described below.

2.2.3 Perfusion
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For stereological investigation, the mice were deeply anesthetized via isoflurane, then
transcardially perfused with phosphate buffer 0.1 M (pH 7.4) followed by phosphate buffer
containing 4 % paraformaldehyde and final concentration on 14 % saturated solution of picric
acid. The brain was removed after decapitation (Figure 2. 1. B), postfixed in the same solution
for 24hrs at 8°C and then cryoprotected in a 50/50 mixture of fixative (phosphate buffer
containing 4 % paraformaldehyde and 14 % picric acid) and 20 % sucrose in 0.1 M phosphate
buffered saline (PBS) for at least 24h or until the brain sank to the bottom of the vial.

2.2.4 Sectioning

Each brain was serially sectioned in the coronal plane, on a sliding microtome with a
freezing stage (Yamato electrofreeze, MC-802A) at an instrument setting of 60 pm. Total
sections were divided into three sets of consecutive sections A, B and C (Figure 2. 1. B). A set
(in total 13 section in which contained striatal formations) was processed for
immunocytochemistry to visualize Chls and vAChT and was used for stereological systematic
random sampling (Figure 2. 1. C). The remaining B and C sets of sections were held in reserve

and stored in an anti-freeze (ethylene glycol) cryoprotectant solution at —30°C.

2.2.5 Histology

Sections were incubated for 4h at room temperature in 10% normal donkey serum
(NDS) or 20% normal goat serum (NGS) diluted in Stochholm PBS (to one liter 1.15g
NaxHPOy4, 0.26g NaH,PO4.H>0, 8g NaCl, and 0.2g KCI added). They were then incubated in
ChAT primary antibody against Chls (Millipore, California USA, goat polyclonal antibody,
1:100 dilution) in antibody diluent (Triton0.3%, NaN3 Azide0.05%, PBS) in dark room for at
least 24h at 4°C on shaker, washed in PBS (4x5min) and then incubated with vVAChT primary
antibody (Synaptic systems, Gottingen, Germany, rabbit polyclonal, 1: 1000 dilution) washed
with PBS (4x5min). Following this procedure, sections were incubated with secondary
antibodies separately in dark room 12h at 4°C on shaker (dilution 1:200). For vAChT and Chls
double staining, the secondary antibodies used were Alexa fluor 488-donkey anti-rabbit (Life
technologies, Eugene, OR, USA; 1:200) and Alexa fluor 350-donkey anti-goat (Life
Technologies, Eugene, OR, USA; 1:200), respectively. For Chls single staining, the secondary
antibody used was Alexa fluor 488-donkey anti-goat (life technologies, Eugene, OR, USA;
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1:200). Sections were again washed in PBS (4x5min) and mounted. The subsequent
immunostained slices were visualized using a spinning disc confocal microscope (Olympus
BX-DSU) and confocal microscope (Carl Zeiss LSM780). Pictures were taken using ZEN
software or Neurolucida software and a Hamamatsu (EM-CCD C91) camera under high

magnification (40 X/0.90 or 100 X /1.40 oil immersion lens).

2.2.6 Estimation of the total number of Chls and vAChT boutons using the optical

fractionator

We counted Chls and vAChT boutons in ChAT-sap toxin injected animals 2, 4 and 6
weeks after the injection of toxin. All of the mice were injected at the same stereotaxic
parameters, toxin concentration, perfusion, fixation, sectioning, staining, and mounting
procedures as described above in order to avoid biased cell counting (West, 2012). Stereo
Investigator version 11, Neurolucida software and Hamamatsu (EM-CCD C91) camera were
used to image and count Chls stained for ChAT and boutons stained for VAChT from coronal
sections. In each of the sections sampled, the number of Chls and vAChT bouton number were
counted and total estimates in the striatum were obtained using the optical fractionator
technique [see (Gundersen, 1977; Gundersen & Jensen, 1987; West et al., 1991; Olesen et al.,
2017) for detailed description of the optical fractionator].

Chls and vAChT positive boutons were directly counted in a selected set of sections at
predetermined uniform intervals of one-third of total sections obtained from a brain. The first
section was randomly determined according to the shape of the striatum and the brain section
which contained striatal formation was traced at low magnification (4X/0.16 Hamamatsu) for
striatal volume estimation. A grid with a total frame size of 400x400um was placed over the
striatal region to be traced and the software placed equally spaced counting frames at random.
Chls were counted under high magnification (20 X/0.75 objective lens). The size of the
counting frames was X=150um and Y=150um (Figure 2. 1. E). The number of counting sites
per section depended on the size of striatum in each section. Size varied from section to section
throughout the brain. The top guard zone height was 2um after manually focusing on the
surface of the section and the dissector height was set at 30um (Figure 2. 1. D). The striatal
Chls that fell within the borders of the counting frames and did not touch the red exclusion

borders were included in the analysis. Data from lesioned (left hemisphere) and non-lesioned
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(right hemisphere) sites were analyzed separately. In total, 13 striatal sections were analyzed
from each brain. As each section was double-stained to identify Chls and vAChT boutons, we
used the same sections for both counts. Similarly, with a grid of 800X800um and at 100X

magnification counted vVAChT boutons in Sum square frames (Figure 2. 1. E).

The number of counted neurons in the subdivision (N) is estimated as:

S
N_ZQh asf ssf

asf'= counting frame size /counting grid size.
ssf = the interval of sections sampled through an object

Where X Q" is the total number of neurons actually counted, ¢ is thickness of the sections, /4 is
the height of the disector, asf'is fraction of area of section sampled, ssf'is the section sampling
fraction. In our study:

asf’=22500 (the counting frame is 150X 150um)/160000 (the sampling grid is 400x4000um)

ssf=1/3
Estimation of the total number:
Niwal =N X k
Where N is sum counts, k is the interval of sections sampled through an object, the ssf'and k is

same.

NOTE: We conducted a pilot study including a few animals from each experimental
group to determine the optimal sampling parameters, such as the number of the sections to be
analyzed, the thickness of the tissue, grid size, counting frame size, lower magnification to
delineate the area of interest and high magnification to count. From the pilot study we obtained
initial results for cell numbers, CV (coefficient of variation) and CE (coefficient of error) and
then optimized the parameters described above to obtain a satisfactory precision of estimates
(CE<10%). The tissue thickness was measured in each sampling area within the region of

interest.
2.2.7 Statistical analysis
Numerical values systematically counted for Chls and vAChT number are reported as

the per group mean + SEM. Significancy of differences between group data was determined

by one-way ANOVA followed by Tukey's multiple-comparisons test, and for comparison of
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lesioned and all control groups tested by Kolmogorov-Smirnow test. Differences were

considered to be significant if p values were < 0.05.

2.3 Results

2.3.1 The confirmation of lesion with dual immunolabelling: Chls and vAChT

In the fluorescent microscope, Chls and boutons of the striatum were identified by the
ChAT labeled Chls and vAChT labeled boutons/terminals in the unilateral ChAT-sap toxin
injected DLS of wild-type C57BL/6J mice (Figure 2. 2. A, B). Two weeks after the injection,
there was a significant depletion of Chls at the injection site and there was a widespread
bilateral expression of the VAChT as shown in (Figure 2. 2. A, B). The cholinergic lesion with
immunotoxin as shown in (Figure 2. 2. A) in mice is consistent with previous rat studies using
the same immunotoxin (Laplante et al., 2011; Aoki et al., 2015). The DLS that received the
ChAT-sap toxin displayed no immunolabeling for ChAT at the injection site. At the injection
site, most Chls were destroyed and recovery or regrowth of Chls was not observed at post-

lesion times of 2 weeks, 4 weeks and 6 weeks in our study.
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Figure 2. 2 Histological verification of specific lesion of cholinergic

interneurons in the striatum.

A, Photomicrographs of confocal microscope images of cholinergic double-
immunostained sections of control and ChAT-sap toxin injected striatum
following survival of 2 weeks. Top pictures striatal tissue taken from the control
hemisphere of striatum, pictures underneath are taken from the toxin-injected
side. B, Images were captured at 100X magnification are from 4, images on the

55




56

top are tissue at 20X magnification and 100X taken from the control hemisphere
of striatum, pictures underneath are taken from the toxin-injected side, the
arrows indicate Chls soma.

2.3.2 Chls decrease in ChAT- sap immunotoxin injected striatum

Three experimental groups (ChAT-sap toxin, saline, and intact control) with three post
lesion times (2 weeks, 4 weeks and 6 weeks) were included in quantitative stereological cell
counting to compare two hemispheres individually in each group. ChAT-sap toxin selectively
lesioned Chls and no damage to Chls was observed in sham groups as described previously
(Laplante et al., 2011; Laplante et al., 2012; Aoki et al., 2015). For each experimental group
of animals after lesion time, coronal sections of striatum were cut and double stained for ChAT
and vVAChT terminals. We analyzed the effect of post-treatment time on the alteration of Chls

numbers in the different experimental groups (Figure 2. 3. A, B, C).

To quantify the Chls number at 2 weeks post lesion time (Figure 2. 3. A, A), we
compared lesioned group to control group hemispheres (right hemisphere is contralateral side,
left hemisphere is ipsilateral side in both groups) which includes four hemispheres: control
group (C-contra, C-ipsil) and lesioned group (L-contra, L-ipsil) respectively. There were no
statistical differences between intact control and sham groups in both hemisphere with Chls
number, therefore intact control and sham animals were collectively considered as the control
group in this study. We found a significant depletion of Chls in lesion group hemisphere
compared to the three control conditions (C-contra, C-ipsil and L-contra) (7940 + 778.4, n=9
for L-ipsil vs 10728 + 433.7,n=10 for C-contra, p < 0.0187; L-contra: 10529 + 844.9, n=9,
p < 0.0409; one-way ANOVA followed by Tukey's multiple-comparisons test). Within
control groups, we didn’t observe any statistical differences (C-contra vs C-ipsil p > 0.9999,
C-contra vs L-contra p > 0.9999, C-ipsil vs L-contra p > 0.9999; one-way ANOVA) which
indicates that the toxin treatment into one hemisphere does not affect the Chls number in the

other hemisphere of the same animal (Figure 2. 3. A).

In addition, Chls showed a significant depletion at post-treatment time 4 weeks (Figure
2. 3. B, B) compared to control hemispheres (6108 + 630.4, n=11 for L-ipsil vs
10403 + 378.8, n=10 for C-contra, p < 0.0007; C-ipsil: 10962 + 313.2, n=11, p < 0.0001;
L-contra: 9220 + 1099, n=11, p < 0.0169; one-way ANOVA followed by Tukey's multiple-
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comparisons test). These group data indicate that Chls continue to die with ChAT-sap injection

because at 4 weeks more Chls are lost than at 2 weeks.

Subsequently, we counted Chls number at 6 weeks after ChAT-sap toxin administration
(Figure 2. 3. C, C*), we found a consistent loss with former two results in which Chls depletion
further remains and significantly fewer than in control hemispheres (7769 £541.5, n=10 for
L-ipsil vs 10187 + 530.2, n=9 for C-contra, p < 0.0201; C-ipsil: 10800 + 633.2, n=10, p <
0.0016; L-contra: 9698 + 409.4, n=10, p < 0.0319; one-way ANOVA followed by Tukey's
multiple-comparisons test). Those Chls counting data, confirm that spontaneously active
striatal Chls, exhibit statistically significant reduction following the application of ChAT-sap
immunotoxin at post-lesion times of 2 weeks, 4 weeks and 6 weeks. There was the most
significant depletion observed at 4 weeks post-lesion timesds, however, we didn’t observe
continued depletion with extended survival times. Furthermore, the recovery or reappearance

of Chls at the lesion side was not observed in our present study.
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Figure 2. 3 The ablation of Chls in the striatum.
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The number of Chls counted in both hemispheres of control animals (C-contra,
C-ipsil), and ChAT-sap toxin treated animals both hemisphere (L-contra, L-
ipsil) after toxin administration. A and A’, to allow the toxic effect to take place,
mice were housed for two weeks before anatomical confirmation was
performed by (postnatal age p35 and number of animals n=9 for lesioned group,
n=10 for control groups respectively) Chls sampling from both hemispheres for
comparison. B and B’, The Chls number counted at post treatment (postnatal
age p49 and number of animals n=11 for lesioned group, n=10 for control
groups respectively). C and C’, The Chls number counted at post treatment
(postnatal age p63 and number of animals n=10 for lesioned group, n=10 for
control groups respectively). Data are shown as means = SEM. *p < 0.05, **p <
0.01, and ***p <0.001.

2.3.3 VAChT positive sprouts in ChAT-sap immunotoxin injected striatum

To further analyze the effect of ChAT-sap on striatal microcircuits we counted the
number of VAChT positive terminals and varicosities in double-stained sections. The numbers
of such sites are an indirect representation of ACh levels in the striatum. The systematic
stereological counting of VAChT puncta allowed us to analyze the alteration of cholinergic
synapses in control and lesioned striatum. The result revealed that in contrast to depleted Chl
numbers in the lesioned group, the number of vVAChT puncta was elevated on the lesioned side
of ChAT-sap toxin treated animals. At post-lesion time 2 weeks (Figure 2. 4. A, A’), we
compared the VAChT number from the lesioned group to control group. We found significant
increase of VAChHT in lesion group compared to other three control hemispheres (766280974
+ 86786841, n=9 for L-ipsil vs 509765667 + 40874446, n=10 for C-contra, p <0.0172; C-
ipsil: 519247158 + 40489736, n=10, p <0.0229; L-contra: 538544818 + 56512024, n=9,
p <0.0475; one-way ANOVA followed by Tukey's multiple-comparisons test). Within control
groups, we didn’t observe any statistical differences which indicates that the toxin treatment

into one hemisphere increases the vVAChT at the lesion site of ChAT-sap treated animals.

Interestingly, the vVAChT number showed a gradually decreasing pattern from post-
treatment time of 4 weeks (Figure 2. 4. B, B’ ) compared to control groups (606197350
+ 48199786, n=11 for L-ipsil vs 393977907 + 30086173, n=10 for C-contra, p < 0.0019;
C-ipsil: 422741091 + 41573929, n=10, p < 0.0088; one-way ANOVA followed by Tukey's

multiple-comparisons test).
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Furthermore, we counted VAChT terminal number at 6 weeks after ChAT-sap
administration (Figure 2. 4. C, C’), however, the elevated vVAChT number returned to the
normal level in spite of the reduction in the cells that were their source. The biggest
upregulation of VAChT was observed at 2 weeks post-lesion. However, we didn’t observe
continued increase with time, our results indicated a recovery of cholinergic synapse number

by 6 weeks in spite of continuing loss of cells.
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Figure 2. 4 vAChT positive puncta in the striatum show transient

increase after ChAT-sap treatment.
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The number of VAChT counted in both hemispheres of control animals (C-
contra, C-ipsil), and toxin treated animals both hemisphere (L-contra, L-ipsil)
after toxin administration. A and A', vVAChT numbers counted 2 weeks post
lesion time (postnatal age p35 and number of animals n=9 for lesioned group,
n=10 for control groups respectively) in both hemispheres for comparison. B
and B’, The vAChT number counted at 4 weeks post treatment (postnatal age
p49 and number of animals n=11 for lesioned group, n=10 for control groups
respectively). C and C’, The vAChT number counted at 6 weeks post treatment
(postnatal age p63 and number of animals n=10 for lesioned group, n=10 for
control groups respectively). Data are shown as means = SEM. *p < 0.05, **p <
0.01, and ***p < 0.001.

2.3.4 The observation of Chls lesion in eGFP transgenic mice

To determine whether Chls lesion with ChAT-sap toxin could be specific for only Chls
cells in mice striatum, the ChAT-sap toxin was injected unilaterally into the DLS of eGFP
D1/D2 transgenic mice whose MSNs had been labeled with green fluorescent protein. This

procedure only targeted striatal Chls, no evidence of damage to MSNs was observed.

Previous septum cholinergic cells lesion studies revealed that the remaining cholinergic
neurons were enlarged. Similarly, DA lesion studies showed that TH neurons soma size alters
after lesion (Gage et al., 1989; Hagg et al., 1989; Betarbet et al., 1997; Meredith et al., 1999;
Huot & Parent, 2007). However, we were unable to see the alteration in soma size and the
MSNs seemed also not to have been harmed by the toxin, as shown a typical example of
striatum (Figure 2. 5). In addition, in our D2-eGPF transgenic animals GFP is not expressed

in Chls in the striatum, so we didn’t observe any double stained Chls in control group animals.
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Figure 2. 5 Histological verification of specific lesion of ChlIs in transgenic

mice striatum.

Confocal microscope images of ChAT immunostained sections of control and
ChAT-sap toxin injected striatum following a survival time of 2 weeks. Top
pictures striatal tissue taken from the control hemisphere of striatum, pictures
underneath are taken from the ChAT-sap toxin injected side (n=10). In our
sections no Chls were positive for D2 receptors.
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2.3.5 The examination of PPN cholinergic neurons

Next, we attempted to determine whether Chls lesion of the DLS could damage PPN
cholinergic neurons which project from midbrain. The ChAT-sap unilaterally injected brains
(n=10) were stained for Chls. In previous studies, the PPN and LDT has been considered the
main external cholinergic innervation of striatum which sends projection into various part of
the striatum (Dautan et al., 2014; Mena-Segovia & Bolam, 2017). We compared the PPN
cholinergic cells in toxin-treated group to control group PPN (Figure 2. 6) at 2 weeks, 4 weeks,
and 6 weeks after the lesion into the striatum. Based on anatomical data, there was a similar
degree of axonal arborization, extended dendrites and soma size compared to control groups.
The cell numbers in the three conditions were similar and difficult to find sharp contrast or
significant decrease. Although we observed many sections of PPN, none of the ChAT-sap
treated mice PPN cholinergic neurons showed any change in the cells there. In addition, the
injection of retrograde tracer cholera toxin B subunit into the same coordinate used for ChAT-
sap toxin did not reveal any cells filled with tracer in PPN, perhaps because the major

innervation is to medial areas or because innervation from PPN is very sparse.
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Figure 2. 6 Histological verification of cholinergic neurons in PPN.
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Confocal microscope images of PPN cholinergic neurons immunostained
sections of control and ChAT-sap toxin injected brain following post-lesion of
2, 4, 6 weeks. Pictures on the left is PPN tissue taken from the control site,
pictures on the right site are taken from the toxin-injected site.

2.3.6 Striatal volume loss in ChAT-sap lesioned group as measured by stereology during

cell counting.

To determine whether lesion with ChAT-sap toxin could affect the volume of striatum,
we decided to conduct statistical analysis of striatal volume which has measured and collected
based on contour drawn during cell and boutons counting by stereological method. At two
weeks post lesion time, the mean total striatal volume for normal control subject (contra, ipsil)
and the lesioned group (contra, ipsil) were 7.5 + 0.13 mm?, 7.5 + 0.19,7.7 + 0.11,and 7.2 +
0.11 mm? (mean + SEM, p > 0.9999, p > 0.9096, p > 0.8383, p > 0.9999) respectively (Figure
2. 7. A). The volume changes in the two groups were unvaried and statistically insignificant.

However, there was a trend for reduced volume in lesioned striatum.

Furthermore, we measured volume changes at 4 weeks post-lesion in control (contra,
ipsil) and ChAT-sap (contra, ipsil) groups which were 7.8 + 0.21, 7.9 + 0.11, 7.4 + 0.20, and
6.9 + 0.2 mm?® (C-contra vs L-ipsil: p < 0.0259; C-ipsil vs L-ipsil p < 0.0057) respectively
(Figure 2. 7. B). At this time, the lesioned group ipsilateral hemisphere (toxin injected side)
volume decreased significantly compared to control groups (contra, ipsil) but remains the same
as the contralateral hemisphere (intact hemisphere) of lesioned group which means that the

lesioned group both hemispheres were perhaps affected by unilateral lesion.

Finally, we measured volume at 6 weeks in control group (contra, ipsil) and ChAT-sap
(contra, ipsil) groups which were 7.8 + 0.18, 8.2 + 0.11, 7.6 £+ 0.14, and 7.1 + 0.16 mm? (C-
contra vs L-ipsil: p < 0.0148; C-ipsil vs L-ipsil: p < 0.0001) respectively (Figure 2. 7. C) in
which ChAT-sap ipsilateral side declined remarkably compared to controls. The mean total
striatal volume loss in subject with ChAT-sap at 4 weeks and 6 weeks were 10.4 % and 9.7%
respectively. These results indicating unchanged volume at 2 weeks post-lesion might be
related to vVAChT the bouton number increase at 2 weeks post lesion time, even though Chls
depletion were significant compared to controls. Other factors involved with unchanged
volume includes: the number of cells loss is less, macrophages reducing debris and astrocyte

expansion.
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Figure 2. 7 Striatal volume comparison in control and ChAT-sap treated
groups.

The volume for both hemisphere of control condition (C-contra, C-ipsil), and
toxin treated animals both hemisphere (L-contra, L-ipsil). A, volume measured
at 2 weeks post lesion time (postnatal age p35 and number of animals n=9 for
lesioned group, n=10 for control groups respectively). B, the volume at 4 weeks
post lesion time (postnatal age p49 and number of animals n=11 for lesioned
group, n=10 for control groups respectively). C, the volume at 6 weeks post
lesion time (postnatal age p63 and number of animals n=10 for lesioned group,

n=10 for control groups respectively). Data are shown as means £ SEM. *p <
0.05, **p < 0.01, and ***p < 0.001.

Interestingly, the striatal asymmetry reported in previous human studies (Peterson et
al., 1993; Rosas et al., 2001) with the smaller right hemisphere data were consistent with our
current study and the differences of hemisphere were more obvious with increase of age as
shown in (Figure 2. 8) (p35: 7.5+ 0.13 mm?, 7.5 + 0.19; p49: 7.8 + 0.21, 7.9 + 0.11; p63:
7.8 £0.18, 8.2 + 0.11; 2 weeks C-contra. vs 6 weeks C-ipsil: p <0.0157; 2 weeks C-ipsil vs 6
weeks C-ipsil: p <0.0140).

In contrast, Chls lesioned left hemispheres were smaller than controls at post lesion
time 4 weeks and 6 weeks. Although, lesioned group was small, there were a signifcant
difference between left and right hemisphere among p35 and p63 control groups. In this study,
we were unable to test for a sex correlation with striatal left and right hemisphere volume at

different age since we only used males.
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Figure 2. 8 Control groups volume.

The control groups volume at age p35, p49 and p63 measured and statistically
analyzed. Color code represent different hemisphere at different age.

2.3.7 Evaluation of Chls counting accuracy with two different CEs

To evaluate the precision and reproducibility of design-based stereological systematic

cell counting from biological materials, coefficient errors (CE) is commonly employed.

CE = standard deviation/mean of the number of events per probe

The optical fractionator method generates CE during cell counting, and the commonly
practiced CE were Gundersen CE and Schmitz-Hof CE second estimate with ~10% per
individual (Gundersen & Jensen, 1987; Gundersen et al., 1999; Schmitz & Hof, 2000;
Herculano-Houzel et al., 2015). In the current study, we used Gundersen CE and Schmitz-Hof

CE second estimates to evaluate the accuracy of terminal and cell counting.

At two weeks post lesion time, the mean total Gundersen CE for normal control subject
(contra, ipsil) and the lesioned group (contra, ipsil) during Chls counting were 0.058 + 0.001,
0.058 £ 0.001, 0.062 + 0.002, 0.07 £+ 0.003 (C-contra vs L-ipsil: p <0.0092, C-ipsil vs L-ipsil:
p <0.0092) respectively as shown in (Figure 2. 9. A). The Schmitz-Hof CE for normal control
subject (contra, ipsil) and the lesioned group (contra, ipsil) during Chls counting were 0.06
+ 0.001, 0.059 £ 0.001, 0.06 £ 0.002, 0.07 £ 0.003 (C-ipsil vs L-ipsil: p <0.011, L-contra vs
L-ipsil: p <0.016) respectively as shown in (Figure 2. 9. A’). The CE for lesioned group ChAT-



69

sap injected hemisphere (L-ipsil) cell counting fluctuates more often compare to other groups

and was statistically significant.

At four weeks post lesion time, the mean total Gundersen CE for normal control
subjects (contra, ipsil) and the lesioned group (contra, ipsil) during Chls counting were 0.056
+ 0.002, 0.055 + 0.002, 0.069 £ 0.006, 0.08 + 0.005 (C-contra vs L-ipsil: p < 0.0025, C-ipsil
vs L-ipsil: p < 0.0016) respectively as shown in (Figure 2. 9. B). The Schmitz-Hof CE for
normal control subjects (contra, ipsil) and the lesioned group (contra, ipsil) during Chls
counting were 0.056 + 0.002, 0.055 4+ 0.001, 0.069 + 0.006, 0.08 + 0.005 (C-contra vs L-ipsil:
p < 0.0294, C-contra vs L-ipsil: p < 0.0003) respectively as shown in (Figure 2. 9. B’). The
both types of CEs variation in each group very similar but lesioned group cell counting CE still

fluctuates and statistically significant.

At six weeks post lesion time, the mean total Gundersen CE for normal control subject
(contra, ipsil) and the lesioned group (contra, ipsil) during Chls counting were 0.059 + 0.003,
0.054 + 0.001, 0.062 + 0.002, 0.069 £ 0.002 (C-contra vs L-ipsil: p < 0.00281, C-ipsil vs L-
ipsil: p < 0.0004) respectively as shown in (Figure 2. 9. C). The Schmitz-Hof CE for normal
control subject (contra, ipsil) and the lesioned group (contra, ipsil) during Chls counting were
0.059 £ 0.002, 0.054 + 0.001, 0.06 £+ 0.001, 0.06 + 0.002 (C-contra vs L-ipsil: p < 0.0294, C-
contra vs L-ipsil: p <0.0003) respectively as shown in (Figure 2. 9. C’). The both CEs variation
in each group very similar but lesioned group cell counting CE still fluctuates and statistically

significant compared to other control groups.

To sum up, either type of CE measurement was less than 10%, which fulfills the
requirement for accuracy of cell counting in all three groups. However, the lesioned group CEs
were higher at the lesioned side, maybe because the number of depleted cells were different in

each individual.
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Bar graph of the two kinds of CE generated during cell counting for both
hemispheres of control group (C-contra, C-ipsil), and toxin treated animals (L-
contra, L-ipsil). A, CE measured at 2 weeks post lesion time (postnatal age p35
and number of animals n=9 for lesioned group, n=10 for control groups
respectively). B, the CE at 4 weeks post lesion time (postnatal age p49 and the
number of animals n=11 for lesioned group, n=10 for control groups
respectively). C, the CE at 6 weeks post lesion time (postnatal age p63 and
number of animals n=10 for lesioned group, n=10 for control groups
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respectively). Data are shown as means + SEM. *p < 0.05, **p < 0.01, and
**%p < 0.001.

2.3.8 Evaluation of vAChT counting accuracy with two different CEs

To analyze the precision and reproducibility of vVAChT bouton counting we used the

same CEs estimation methods.

In short, the Schmitz-hof CE estimated that the CE was smaller in lesioned group at
post lesion time two and four weeks (Figure 2. 10. A, B’) which reflects that more vVAChT
bouton were counted and that is consistent with our increased number of vVAChT bouton count
per individual. However, at 6 weeks post lesion time (Figure 2. 10. C, C’) there was no
statistically significant difference in CE observed as vVAChT bouton numbers were no longer

elevated.

In conclusion, both CEs comply with a criterion of less than 10%. Although at two
weeks post lesion time there were many individual differences in each group of vAChT
counting CEs, it was not statistically significant with Gundersen CE estimate. The Schmitz-
hof CE second estimate was more sensitive compared to Gundersen CE to detect the changes

in each individual.
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respectively). Data are shown as means £ SEM, *p < 0.05, **p < 0.01, and
*#%p < 0.001, one-way ANOVA followed by Tukey's multiple-comparisons
test was applied.

2.4 Discussion

The current experiment combined specific Chls manipulation with immunotoxin in
DLS and unbiased cell counting. We demonstrate fundamental alterations in the number of
ChAT and vAChT stained structures across three different post-lesion times. Although the
lesions were not intended to denude the whole striatum, we counted stereologically in the
whole striatal volume for both markers. This method allows us to estimate the total numbers
of each target in the whole striatum. We counted numbers of axon terminals, varicosities and
cell bodies in the striatum of wildtype C57BL/6J mice. We counted in both lesioned animals
and in mice given injections of the same amount of saline into the same area and in untreated

mice.

The stereological estimation of average number of Chls total number in the mice
striatum was compared at 35, 49 and 63 days of postnatal age. We did not find any age-related
alterations of Chls number in control groups. The variation in total number of Chls in striatum
may include: the antibody binding probabilities differences in each set even though we strongly
controlled the experimental procedure, the depth of penetration of the antibodies, storage
condition before counting starts, variation in perfusion efficiency between animals as well as
normal biological variation between individuals. Our preliminary procedures assured us that
the antibodies did not interfere with the numbers seen in naive animals and that the counting

efficiency was adequate to the task.

Based on the stereological random sampling method we show that lesions of Chls in
DLS are permanent and significantly eliminated neurons already after 2 weeks of post-injection
time. There was an ongoing decrease in cell number that reached maximum at post-lesion time
4 weeks. The loss of the Chls remained stable between 4- and 6- weeks post-injection. Thus,
the number of Chls was reduced and the significant removal of Chls was stable between 4- and

6-weeks post-lesion.
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Our research study can be summarized in the following two points: (a) this is the first
study to compare the effects of the toxin at three post-lesion times; (b) the systematic random
sampling method implementation enables quantitative estimation of the effect of the toxin at
three post-lesion times. Our study looked not only at cell body losses, but also at the effect of
the toxin on synaptic localization of VAChT and so we conclude that the loss of ACh action

may not have been reduced in proportion with the cell damage.

Furthermore, we assume that the specific lesion of Chls in the DLS is a partial lesion
that could make significant changes at cellular and molecular level in striatal microcircuits.
The Chls specific lesion and consequent changes in VAChT number may play an important
role in striatal function since the lack of the soma will change the input and hence the control
of the release of ACh at these remaining synapses. No effect on the animals’ behavior would
imply that as long as ACh is available in the striatum detailed control of its release is
unimportant. In these experiments, we have developed a test system that may let us understand
how the specific local control of ACh release in DLS might be important for the life of the

animal.

ChAT-sap toxin injected into the DLS of BAC EGFP-D1 and D2 transgenic mice
showed that toxin injected lesioned side was significantly depleted of Chls (Figure 2. 5). The
Chls depletion with ChAT-sap toxin seemed to be permanent for both mice as well as rats as

reported previously (Aoki et al., 2015).

In addition, we found toxin specific ablation of Chls in DLS region results in sprouting
of VAChT terminals locally in the striatum. We found that vAChT stained varicosities in the
lesioned hemisphere were increased relative to control animals and non-lesioned hemisphere.
This sprouting was largest at the shortest post-lesion time of 2 weeks. Interestingly, the
increased number of VAChT terminals slowly returned to normal levels compared to control,
sham and non-lesioned hemisphere over the 6 weeks of the study, in spite of the reduced

number of ChAT positive cells.

A previous study in which there were multiple injections of di-isopropyl
fluorophosphate (DFP) into striatum demonstrate that AChE staining in the local lesioned area

decreases at 4h,10h and 15h post-injection but the staining recovered at longer time periods
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(Lynch et al., 1972), suggesting that even less specific lesions lead to some recovery of ACh

availability.

It has been a puzzle for a long time whether the elimination of Chls is an important
cause of behavioral modifications. Our results suggest that careful timing of the behavioral

studies need to be taken into account in their interpretation.

Because most lesioning methods take time to develop, we measured the effect of the
toxin at several times after the original injection. There are already several studies using the
toxin in the striatum but the quantitative anatomical properties of the lesion have not been
studied. Because we believed that the important effect of the ChAT-sap was likely to be upon
the synaptic connections of the Chls we also stained for the terminal vesicles using the protein
responsible for uptake into vesicles: the VAChT. Double immunofluorescent labeling
experiments were conducted with the antibodies to ChAT for cell bodies, and to VAChT for

boutons (putative synaptic terminals).

At present, we have no direct evidence about the source of these extra terminals — they
are still increased when the cell bodies are depleted, based on ChAT immunolabeling, at 6
weeks after the injection of toxin. Some preliminary experiments showed no visible change in
the PPN. We consider the simplest interpretation to be that the elevated boutons from Chls in
the lesioned hemisphere are developed by the surviving Chls in the rest of the undamaged

striatum.

Our lesion study results proved further complexity of anatomical and morphological
properties of Chls in striatal circuits and extensive resilience and recovery of structure with
time. The existence of sprouting or recovering of cholinergic neurons has been reported in
multiple brain regions such as medial septum, dorsal vagal nucleus, hypoglossal nucleus and
cortex in rat studies (Wenk & Olson, 1984; Lams et al., 1988; Hagg et al, 1989). An
axotomized medial septum lesion study revealed that highest recovery rate of cholinergic
neurons was achieved with nerve growth factor (NGF) infusion within a week after lesion, but
with longer delayed post-lesion time between the lesion and NGF treatment decreased the
possibility of full recovery. In addition, the axotomised cholinergic neurons showed signs of
hypertrophy but the lesion results in the loss of ChAT staining but not actual neurons (Gage et
al., 1988; Hagg et al., 1989). Similarly, the early histochemical changes of the dorsal vagal and
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hypoglossal nucleus, which were loss of both transmitter associated enzymes (ChAT & AChE)
after axotomy tested by counter staining with Nissl and True blue, indicate that the neurons are
not dead and showed the presence of functioning cell membrane (Lams et al., 1988). These
findings from previous studies suggest that neurotransmitter associated enyzmes may not be a
reliable source of indicator in terms of testing whether neurons are alive or not. Because, these
enzymes production experienced alteration in response to external lesion or insult (Lewis ef al.,
1972; Lams et al., 1988). Although we could not do equivalent experiments in our system, the

loss of striatal volume on the lesioned side suggests a real loss of cells might be involved here.

In the next chapter we look at the time course of functional recovery in animal behavior

and at the losses in behavioral repertoire after the lesions.
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Chapter 3 Impaired reach-to-grasp responses in mice depleted of

striatal cholinergic interneurons

3.1 Introduction

Basal ganglia (BG) are highly organized subcortical brain structures that play critical
roles in learning habits, motor skills (Hikosaka et al., 2002; Kawai et al., 2015) and modulation
of motor behaviors at the neuronal and regional level. In parallel, the biggest portion of BG
structure is the striatum that is involved in learning and motor functions with participation of
extrastriatal brain areas (Hikosaka et al., 2002; Diekelmann et al., 2009). A wealth of excitatory
glutamatergic inputs from cortical regions (Fonnum, 1984; Gerfen, 1984; Niciu et al., 2012),
internal/external cholinergic modulations (Dautan et al., 2014; Mena-Segovia & Bolam, 2017),
and dopaminergic inputs (Surmeier et al., 1993; Berridge & Robinson, 1998; Haber et al.,
2000; Gerfen & Surmeier, 2011) from midbrain region are essential for subcortical motor
circuits that underlie learning and motor functions of striatum. These functions, stored in
striatal microcircuits, are enriched by a diverse and complex collection of different types of
striatal neurons (Lynch et al., 1972; Fonnum et al., 1978; Graveland & DiFiglia, 1985;
Kawaguchi, 1993; Kawaguchi et al., 1995; Kreitzer, 2009).

The main input nucleus of the BG is the striatum, which is subdivided into three regions
based on the functions and the distinct inputs they receive: they are the dorsolateral striatum
(DLS), dorsomedial striatum (DMS) and nucleus accumbens (NAc/NAcc) as shown in (Figure
3. 1) (Kelley et al., 1982; Gerfen, 1984; Malach & Graybiel, 1986; Voorn et al., 2004; Pan et
al., 2010; Bosch-Bouju et al., 2013). Much evidence points to the fact that DLS receives inputs
from multiple cortical regions (sensory cortex, motor cortex, insular cortex, orbitofrontal cortex,
dorsolateral prefrontal cortex) and the interconnected local neurons form microcircuits that are
dedicated to achieve success in limb-movement related learning, or other learning processes
(Lemon, 1993; Reiner et al., 1998; Floresco et al., 2008; Hilario & Costa, 2008). Notably, DLS
functions to shape faster and efficient ongoing skilled activity such as sequential reach-to grasp

behavior (Lopez-Huerta et al., 2016).

Reach-to-grasp task formation is a process by which a grasping behavior through

regular repetition becomes automatic or habitual (Tucci et al., 2007; Chen et al., 2014; Lopez-
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Huerta et al., 2016). The habit formation process of the grasping task depends on the cue, the
behavior and the reward. The skill of the grasping task can be increased and refined with
repetitions and by multiple days of training (Donoghue et al., 1992; Girgis et al., 2007; Li et
al., 2017). In addition, each individual has a unique approach to form the reach-to grasp skill
in terms of speed, trial, angle of paws in 3D workspace and preferences of paws, even though
the reward pellets are placed into the same position during the whole acquisition process

(McKiernan et al., 1998; Chen et al., 2014; Li et al., 2017).

Sensory, Orbital
Motor,Insular
Cortices

Prefrontal, parietal
associative Cortices

Prelimbic infralimbic
Cortex
Amygdala,
Hypothalamus

Figure 3. 1 Gradients of function and the subdivision of the striatum.

Schematic depicting the striatal regions with different extrastriata inputs and
correspondent functions; modified from (Hilario & Costa, 2008; Tops et al.,
2014; Fuccillo, 2016).

How is reach-to-grasp behavior chosen so that the result is optimal and the animal
achieves maximum reward? The highest success rate or optimal success in reach-to-grasp task
can be defined in a variety of ways based on the different stages of training. However, there
are two factors that are particularly relevant for reach-to grasp task. Firstly, optimal success
rate can be driven by the outcome of achieving a single chocolate pellet and eating the pellet.
For example, rats or mice will increase the speed of reach to grasp task movements to maximize
the number of rewarded chocolate pellets in each 20-pellet session. Secondly, high success rate
can be achieved when reaching and grasping behaviours are combined, and animals learn to

find the shortest distance, angle or speed to minimize the cost for the reward (Gholamrezaei &
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Whishaw, 2009; Marques & Olsson, 2010; Klein & Dunnett, 2012). Those approaches in food

deprived animals can optimize the success rate through reducing the energy spent on the reach.

A fundamental question is what role does local cholinergic modulation in BG nuclei
have in particular in new behavior formation and elimination. In this chapter, we focused on
specific lesion of local Chls population in the reach to grasp task already studied in human and
many mammals (Farr & Whishaw, 2002; Marques & Olsson, 2010; Lopez-Huerta et al., 2016).
We examined the acquisition of a reach-to-grasp task and maintenance of the sequential
motor skill in mice with a partially lesioned striatum, missing Chls in the DLS area known to

be involved in the task.

3.2 Methods

3.2.1 Animals and groups

72 virgin, male wild-type C57BL/6J mice (21-24 days old) weighing 10-15g were used
in a series of experimental groups in the present study. These mice had been delivered from
the Japan Clea at age 21 days old. Mice were group housed in plastic cages with bedding, and
all animals were provided with food and water ad libitum and housed under standard controlled
environment (temperature: 21 £ 1 °C; humidity 55 %; light schedule 12/12 h with lights off at
7 p.m.) until stereotaxic surgery experiments. Thereafter animals were placed back to standard
animal house. All mice were housed in groups of 3—4, according to the test group. To balance
for potential litter effects, mice from the same litter were randomly assigned to a test group, so
that each test group included mice of all litters. Standard rodent pellets and water were
provided ad libitum except during the test period, when food restriction was introduced (week

4-postnatal day 28).

Seven groups of animals were trained for behavior experiments including: control
group (Figure 3. 2. A), sham group (Figure 3. 2. B), ChAT-sap treated group (Figure 3. 2. C),
control + lesion (15 days) group (Figure 3. 2. D), control + control (15 days) group (Figure 3.
2. E), control + lesioned (7 days) group (Figure 3. 2. F), control + control (7 days) group
(Figure 3. 2. G).
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3.2.2 Behavioral habituation and training

We used a training box of the same dimensions and followed procedures established in
earlier publications by Marques and Olsson (2010); Lopez-Huerta et al. (2016). Briefly, food
restriction schedule provided enough food to maintain approximately 85% of body weight (1.4
g of food/animal/day) for week 4. The daily amount of food was provided after completion of
that day's training and testing, in pieces scattered on the bottom of the cage, so that all mice
could eat. 20 mg dustless precision pellets with chocolate flavor (Bio-Serv, USA) were used
as reward during training and testing. Three days prior to the beginning of the test, mice were
habituated to the reward pellets and the training box, pellets scattered on the bottom of the cage
once daily (0.2 g/animal/day). During the testing week, 20 pellets were provided as reward for
each daily session after which the daily amount of food was provided. All tests were performed
between 7 p.m -12 a.m. Testing order was kept the same on each day, so that each animal was
tested always at the same hour. Mice were observed from the front of the cage.
Shaping/pretraining of grasping response (from pellet retrieval with the tongue to use of a
preferred paw) was performed on 10-min sessions for 2-3 days. The preferred paw was
determined on the first 10 attempts to reach. If a mouse used both paws, the preferred paw was
considered the one used more frequently (out of 10 reaches). Grasp response was made easier
by gradually moving the pellet towards the indentation contralateral to the preferred paw
(Miklyaeva et al., 1994). We recorded all sessions with EthoVision software for further
analysis. Performance was analyzed according to the quantitative measures established by
Marques and Olsson (2010); Lopez-Huerta et al. (2016).

Note: each habituation and pretraining sessions are 10min/day.
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Figure 3. 2 Experimental time line.

A, Control group: experiments began after 3 days (D) of habituation (H) and 3
days of pretraining (P). B, Sham group: 0.3ul saline was injected into DLS,
followed by 3 days of habituation and 3 days of pretraining, and then
experiments began. C, ChAT-sap lesioned group: 0.3ul ChAT-sap toxin was
injected into DLS, and followed by 3 days of habituation and 3 days of
pretraining, and then experiments began. D, after 3 days of habituation and 3

81
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days of pretraining animals were trained for 7 consecutive days (from day 1 to
day 7). On day 8, 0.3ul ChAT-sap toxin was injected into DLS then animals
rested for 2 weeks (from day 8 to day 22). Animals again trained for 7 days
(from day 23-29). E, after 3 days of habituation and 3 days of pretraining
animals trained for 7 consecutive days (from dayl to day7). From day 8 to day
22 animals rested for 2 weeks and then animals were again trained for 7 days
(from day23-29). F, after 3 days of habituation and 3 days of pretraining animals
were trained for 7 consecutive days (from day 1 to day 7). On day 8, 0.3ul
ChAT-sap toxin was injected into DLS then animals rested for a week (from
day 8 to day 14). Animals were again trained for 7 days (from day15-21). G,
after 3 days of habituation and 3 days of pretraining animals were trained for 7
consecutive days (from day 1 to day 7). From day 8 to day 14 animals rested
for a week and then animals were again trained for 7 days (from day15-21).

3.2.3 Stereotaxic Surgery

To selectively lesion Chls, animals were anesthetized by continuous isofluorane
inhalation, USP (IsoFlo, Abbott Laboratories, IL, 1.0%—1.5% in medical O;). The respiratory
rate, heart rate, and hind paw withdrawal reflexes were monitored throughout the procedure to
maintain an adequate anesthetic level as stably as possible. Animals were fixed with atraumatic
ear-bars, the cornea protected with mycochlorin ointment 2% and the skin rubbed with
anesthetic gel (10% ketoprofen and lidocaine). Then animals received stereotaxic injections of
the saporin ribosome-inactivating-immunotoxin that targets choline acetyltransferase (ChAT-
sap toxin) 0.3pl (at concentration of 0.5ug/pl) into the contralateral hemisphere (in group D &
F) of preferred paw, or injected into the DLS (in group B & C) on the left hemisphere according
to the mouse brain atlas (Franklin & Paxinos, 2008) (Figure 3. 3. A). The toxin targeting Chls
was injected into the dorsal lateral striatum (DLS) on left hemisphere (bregma: AP, 0.98mm;
L, -1.89mm; -3.45mm). Injections were carried out at a constant flow rate of 0.1ul/min with a
PHD ULTRA™ Programmable syringe pump. During surgery, the body temperature was kept
at normal physiological conditions using a disposable heating pad. After completion of
injections, the needle was left in place for additional 10 mins to allow diffusion of the toxin
before retraction and kept mice warm until they came out of anesthesia (<15 min). During the
first 72 hours after surgery, post-operative care administered to control hypothermia,
dehydration with a can of diet gel with carprofen (e.g., MediGel CPF, Portland, ME, USA).
For sham treated animals, 0.3ul saline was injected into the DLS (bregma: AP, 0.98mm; L, -
1.89mm; -3.45mm) and other experimental procedures are the same with toxin treated group.

After surgery, at least a week was allowed before starting behavioral training. The injection
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procedure was followed by behavioral training based on each group and then histology

procedure as described below (Figure 3. 3. A).
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Figure 3. 3 Schematic diagram for tissue preparation process for
stereological systematic random sampling.

A, stereotaxic injection of ChAT-sap toxin. B, the mouse whole brain after
decapitation. C, every third section through the striatum was collected for
stereological sampling. From each brain a total of 13 sections were used for
analysis. D, a diagrammatic coronal brain sections modified from (Franklin &
Paxinos, 2008) brain atlas, shown we kept the order of each sections during the
process. E, a diagrammatic illustration showing the Chls sampling in a thick
section. This figure depicts a section view from the lateral edge of a 60um thick
section. To avoid biases, a section guard is employed at the upper and lower
surfaces of the section. F, a diagrammatic sampling frame created a 3D virtual
wall (30x150x150um for Chls, 5xX5X5um for vAChT), shown in the form of
lines, the red lines representing forbidden lines and green lines representing
including lines. Any cells superimposed over the red line are excluded from
counting, while particles totally inside the dissector volume or superimposed
over a green line are included as dissector particles. G, Mirrored sampling,
conducted by only drawing contour for lesioned region and reflecting the exact
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same contour to intact hemisphere and then comparing the counted cells from
both hemispheres of coronal sections.

3.2.4 Perfusion

After the behavioral training, to conduct stereological and anatomical investigation, the
mice were deeply anesthetized with isoflurane, then transcardially perfused with phosphate
buffer 0.1 M (pH 7.4) followed by phosphate buffer containing 4 % paraformaldehyde and 14 %
saturated picric acid. The brain was removed after decapitation, postfixed in the same solution
for 24hrs at 8°C and then cryoprotected in a 50/50 mixture of fixative and 20 % sucrose in
0.1 M phosphate buffered saline (PBS) for at least 24h or until the brain sank to the bottom of
the vial (Figure 3. 3. B).

3.2.5 Sectioning

Each brain was serially sectioned in the coronal plane, on a sliding microtome with a
freezing stage (Yamato electrofreeze, MC-802A) at an instrument setting of 60 pm. Total
sections were divided into three sets of consecutive sections A, B and C. A set sections were
processed for immunocytochemistry to visualize choline acetyltransferase (ChAT) to identify
Chls, glial fibrillary acidic protein (GFAP) to identify astrocytic response to damage, and
DAPI fluorescent stain that binds strongly to DNA to identify the cell nucleus. Sections that
contained the striatal formation were used for stereological systematic random sampling (13
sections). The remaining B and C sets of sections were held in reserve and stored in an anti-

freeze (ethylene glycol) cryoprotectant solution at —30°C (Figure 3. 3. C).

3.2.6 Histology

Sections were incubated for 4h at room temperature in 10% normal donkey serum
(NDS) or 20% normal goat serum (NGS) diluted in PBS. They were then incubated in ChAT
primary antibody (Millipore, California USA, goat polyclonal antibody, 1:100 dilution) in
antibody diluent (Triton0.3%, NaN3 Azide0.05%, PBS) in the dark room for at least 24h at 4°C
on a shaker, washed in PBS (4x5min) and then incubated GFAP primary antibody (Biosensis,
Thebarton, South Australia, rabbit antibody, 1: 1000 dilution) washed with PBS (4x5min).
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Following this procedure, sections were incubated with secondary antibodies separately in the
dark room for 12h at 4°C on a shaker (dilution 1:200). For GFAP and ChAT double staining,
the secondary antibodies used were Alexa fluor 594-donkey anti-rabbit (Life Technologies,
Eugene, OR, USA; 1:200) and Alexa fluor 488-donkey anti-goat (Life Technologies, Eugene,
OR, USA; 1:200), respectively. For ChAT single staining, the secondary antibody used was
Alexa fluor 488-donkey anti-goat (Life Technologies, Eugene, OR, USA; 1:200). Sections
were again washed in PBS (4x5min) and mounted. The subsequent immunostained slices were
visualized using a spinning disc confocal microscope (Olympus BX-DSU) and (Carl Zeiss
LSM780) confocal microscope. Pictures were taken using ZEN software or Neurolucida

software and a Hamamatsu (EM-CCD C91) camera.

3.2.7 Estimation of the total number of Chls in ChAT-SAP injected and behaviorally

trained animals using the optical fractionator

The post-lesion time for ChAT-SAP toxin injected animals were 7 days and 14 days in
different groups as described above (section 3.2.1 Animals and groups) which were used for
Chls counting after training was completed. All of the mice were injected at the same
stereotaxic co-ordinates, toxin concentration, perfusion, fixation, sectioning, staining, and
mounting procedures as described above in order to avoid biased cell counting (West, 2012).
Stereo Investigator version 11, Neurolucida software and Hamamatsu (EM-CCD C91) camera
were used to image and count Chls stained for ChAT from coronal sections. In each of the
sections to be sampled, the total Chls number counted and estimated in the striatum were
obtained using the optical fractionator technique [see (West et al., 1991; Olesen et al., 2017)

for detailed description of the optical fractionator].

Chls were directly counted in a selected set of sections at predetermined uniform
intervals of one-third of total sections obtained from a brain. The first section was randomly
determined according to shape of striatum and brain section was traced at low magnification
4x/0.16 Hamamatsu for striatal volume estimation. A grid with a total frame size of
400x400um was placed over the striatal region to be traced and the software placed equally
spaced counting frames at random. Chls were counted under high magnification 20 X /0.75NA
objective lens. The size of the counting frames was X=150um and Y=150um (Figure 3. 3. F).

The number of counting sites per section depended on the size of striatum in each section. Size
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varied from section to section throughout the brain. The top guard zone height was 2um after
manually focusing on the surface of the section and the dissector height was set at 30pm
(Figure 3. 3. E). The striatal Chls that fell within the borders of the counting frames and did
not touch the red exclusion borders were included in the analysis. Data from lesion (left
hemisphere) and non-lesion (right hemisphere) sites were analyzed separately. In total, 13
striatal sections were analyzed from each brain. As each section was double-stained to identify
Chls and GFAP, we used the same sections for both counting and anatomical study.

The number of counted neurons in the subdivision (N) is estimated as:

-, .1
N_ZQh asf ssf

asf'= counting frame size /counting grid size.
ssf = the interval of sections sampled through an object

Where X Q" is the total number of neurons actually counted, ¢ is thickness of the sections, /4 is
the height of the disector, asf'is fraction of area of section sampled, ssf'is the section sampling
fraction. In our study:

asf’=22500 (the counting frame is 150X 150um)/160000 (the sampling grid is 400x4000um)

ssf=1/3
Estimation of the total number:
Niwal =N X k
Where N is sum counts, k is the interval of sections sampled through an object, the ssf'and k is

same.

NOTE: We conducted a pilot study including a few animals from each experimental group to
determine the optimal sampling parameters, such as the number of the sections to be analyzed,
the thickness of the tissue, grid size, counting frame size, lower magnification for delineate the
area interest and high magnification to count. From the pilot study, we obtained initial result
for cell numbers, CV (coefficient of variation) and CE (coefficient of error) then determined
the parameters as described above to obtain a satisfactory precision of estimates. The tissue

thickness was measured in each sampling area within the region of interest.
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3.2.8 Quantitative analysis of performance

A B

outerjzone

inngr zone

37cm

!

37cm

Figure 3. 4 Two behavior tests used for animals

A. Open field test (OFT) chamber 37x37%28 (lengthxwidthxheight) cm? with
O’HARA multi-chamber software analysis package used to evaluate subjects’
tracks. In addition to general behavior analysis, with the addition of sensors, the
subject’s vertical activity also can be measured (the hardware detects beams
broken by the animal so that the software can determine the location of the mice
within the cage). B. The single pellet reach-to-grasp task apparatus. The B
image taken from (Farr & Whishaw, 2002).

3.2.8.1 Placement of pellet

In each daily session, there were 20 trials with 1 pellet/trial. A pellet was placed
contralateral to the preferred paw into indentations on the front tray of the training box (Figure
3. 4. B). Which indentation to place the pellet was determined based on paw preference of mice

determined during pre-training.

3.2.8.2 1t attempt
Each time, pellet was placed into indentation after mice walked away from the front
part of the training box. Once mice come back to the front and used their preferred paw to grasp

the pellet, we considered this as the first attempt for each new pellet.

3.2.8.3 Successful retrieval on the first reach-to-grasp
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The pellet is obtained with one single reach to grasp action and placed directly into the
mouth. On an analysis sheet a success is marked with “’1°” and number of grasps counted as

one.

3.2.8.4 Success or fail

A successful reach-to-grasp was defined as the ability to reach and grasp the pellet, then
pull the limb back through the slit and place the pellet directly into the mouth. This is true
regardless of how many attempts were made to get the pellet. A failed reach-to-grasp is defined
when the pellet is batted out of reach or successfully reached and grasped but dropped on the
floor before eaten, even if the mice eat the dropped pellets afterwards. On video analysis sheet

a success is marked with ’1°° and a fail is marked with <°0’’.

3.2.8.5 Grasp count
Each reach-to-grasp attempt made with preferred paw is scored when a pellet is present

in indentation within reaching distance. However, a reach-to-grasp attempt made with the

preferred paw (without a pellet present) is excluded from grasp count analysis.

3.2.8.6 Failed reaches

A failed reach was defined when the pellet has been batted too far away and the ability

to obtain a pellet is impossible.

3.2.8.7 Criteria for learning curve within intact control animals

The criteria were as follows:
Normal learner: compared to the first day, if the animals increase success rates around

10-20% in the following days (from day 2 to day 4), they were considered as normal learners.

Slow learner: compared to the first day, if the animal’s success rate did not improve

through training sessions by 10-20%, they were considered as slow learners.
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Fast learner: from the first day on, if the animals’ success rate was above 50% they

were considered as fast learners.

3.2.9 Statistical analysis

Numerical values systematically measured for the performance of the mice were
analyzed using two-way ANOVA with repeated measures with days as the within subject factor
and treatment groups and days as between subject factors followed by Tukey's multiple-
comparisons test. Differences were considered to be significant if p values were < 0.05. All

statistical analyses were performed using Prism software for Mac.

3.2.10 Ethical approval

All our experimental procedures complied with guiding policies and principles for
experimental procedures endorsed by the government of Japan and supervised by the local
Animal Care and Use Committee. Wild-type C57BL/6J male mice (n=71) of age postnatal day
P 21 were purchased from Japan Clea and delivered to Okinawa Institute of science and
Technology (OIST). Mice were housed at the OIST animal facility until the experiments were

finished and brains collected.

3.3 Results

3.3.1 Immunostaining for ChAT shows loss of cholinergic interneurons after ChAT-sap

toxin administration.

All animals treated with ChAT-sap toxin were processed for anatomical confirmation
of Chls lesion in striatum (Figure 3. 5. A, B). The triple labeling immunohistochemistry with
DAPI staining confirmed that ChAT-sap toxin injected animals show significant depletion of
Chls around the injection site and dense expression of GFAP, a marker for active glial fibrillary

acidic protein (Figure 3. 5. A, B red color).
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B Toxin injected side

Il DAPI

Figure 3. 5 The confirmation of Chls depletion in ChAT- sap injected
animals after behavioral training.

[ chaT I GFAP

A. Low-magnification images of a coronal triple contained striatal section
triple-labeled for ChAT, GFAP and DAPI showing that the striatal Chls were
depleted with ChAT-sap toxin treatment. B. Images of a triple-stained intact
hemisphere of ChAT- sap injected animals.

3.3.2 The quantitative analysis of reach to grasp task performance in different groups

In continued training paradigm (Figure 3. 2. A), mice were trained for 12 consecutive
days with a single pellet reach to grasp task to evaluate skilled motor performance after
selective lesioning of Chls in DLS. Three experimental groups were as follows: intact control,
sham, and ChAT-sap toxin injected (n=25, n=9, n=13) mice respectively (Figure 3. 6. A). The
two-way ANOVA of success rates revealed a significant group variability [F (2,664) =101.1,
p<0.0001], indicating that the mice in intact and sham group were statistically different from
the Chls lesioned group (ChAT-sap toxin injected) (control vs ChAT-sap: p<0.0001, sham vs
ChAT-sap: p<0.0001). Intact control and sham achieved higher success rate on average
(53.09+1.4, 48.29+1.2, 27.15+1.1 respectively intact control, sham, ChAT-sap injected).
However, there was no significant variability of days [F (11,664) =0.58, p<0.84], but the
interaction by groups was significant [F (2,664) =101.1, p<0.0001]. In addition, the learning

curves of the intact control and sham groups were similar throughout daily sessions,
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statistically there were no significant differences (control vs sham: p>0.7461), in intact and
sham group suggested that the stereotaxic surgery has no impact unless there is specific lesion
on Chls. Although the animals treated with ChAT-sap, the learning curve displayed a trend
toward improving (higher success rate) after training day 5, the success rate was not high

enough to reach control/sham groups performance.

Furthermore, to study the Chls lesion impact on reach-to-grasp task performance in
mice, we compared success rate of two groups which were control+lesioned (15 days) and
control+control (15 days) (Figure 3. 6. B) (for detailed behavioral paradigm see from (Figure
3.2. D, E). The two-way ANOV A on success rate revealed a statistically significant difference
between before (D1-7) and after (D23-29) ChAT-sap toxin lesion with 15 days resting sessions
[F (3,140) =19.98, p<0.0001]. Within intact control group, the mice on average learned better
after 15 days resting period compared to former 7 days session (D1-7: 57.38+ 4.5 vs D23-29:
69.5243.6, p<0.0001, Mean+SEM, %). The success rates of lesioned group were statistically
significant before and after 15 days (D1-7: 62.50+ 3.3 vs D23-29: 51.544+ 5.3, p<0.0001,
Mean+SEM, %). In general, lesioned group achieved lower success rates compared to intact
control group after 15 days of resting period (lesioned group’s D23-29: 51.5445.3 vs control
group’s D23-29: 69.5243.6, p<0.0001, Mean+SEM, %) (see Figure 3. 6. B).

Finally, we compared success rate of two groups which were control+lesioned (7 days)
and control+control (7 days) (Figure 3. 6. C) (for detailed behavioral paradigm see (Figure 3.
2. F, G). The two-way ANOVA on success rates showed a significant group variability [F
(3,125) =28.53, p<0.0001] and day to group interaction variability [F (18,125) =2.74,
p=0.0005]. D1-7 control training session compared with control group’s retraining session
D15-21 and lesioned group’s retraining session D15-21 after 7 days resting period. Control
groups achieved higher success rate after 7 days resting period (D1-7: 56.8+4.4 vs D15-21:
66.1+3.73,p < 0.0175,Mean + SEM, %). However, the lesioned group success rate dropped
after 7 days of treatment (D1-7: 62.14 + 6.15 vs D15-21: 38.28 + 8.8, p < 0.0001, Mean +
SEM, %).). Lesioned group achieved lower success rates compared to intact control group after
7 days of resting period (lesioned group’s D15-21: 38.28+8.8 vs control group’s D15-21:
66.143.73, p<0.0001, Mean+SEM, %). This result implies that DLS Chls depletion has a

significant impact on reach-to-grasp success rate of mice with a week of toxin infusion time.
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Figure 3. 6 The reach to grasp task performance.

A. Intact control, sham, and ChAT-sap lesioned groups (black, green, and red
respectively) tested for 12 consecutive days training. B. Comparison of success
rate before and after the toxin lesion with 15 days resting period. C. Comparison
of success rate before and after the toxin lesion with 7 days resting period. The
success rate of each group drawn with different colors. All data shown in the
figure is (Mean+SEM). The number mice used were n=25, n=9, n=13, n=6,
n=6, n=6, n=5 respectively for intact control, sham, ChAT-sap lesioned,
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control+control (15days), control+lesioned (15days), control+control (7days),
control+lesioned (7days). The box plots on the right are summary data from
left, the whiskers (Min to Max) (* P <0.05; ** P <0.01; *** P <0.001; ****
P <0.0001). The box always extends from the 25th to 75th percentiles. The line
in the middle of the box is plotted at the median.

3.3.3 Paw preferences of mice in different groups

The hand preference in human or paw preference in non-primates mammals are
complicated traits of different species which are a reflection of hemispheric organization and
interaction with environment. The earliest studies showed that 90% of the human population
is right handed and only about 10% left handed. On the other hand, there are an equal number
of left/right pawed non-primate mammals (dog, cats and mice). The right hand/paw is
controlled by left hemisphere and the left hand/paw is controlled by right hemisphere (Tan,
1987; Tan et al., 1990; Bulman-Fleming et al., 1997).
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A. Left paw preference B. Right paw preference
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Figure 3. 7 Shaping paw preference.

A.The mice preferred to use left paw. B. The mice preferred to use right paw
(the diagrams underneath are the observation from top, the empty depression is
depicted with dashed line, the depression with pellet is grey color).

During the pretraining session of reach-to-grasp task, mice were observed from the
front of the cage (Figure 3. 7). Shaping/pretraining of grasping response was performed on 10-

min sessions for 2-3 days. The preferred paw was determined on the first 10 attempts to reach.
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If a mouse used right/left paws, the preferred paw was considered the one used more frequently

(out of 10 reaches).

We analyzed the dynamics of paw preferences in unbiased symmetrical reach-to-grasp
task training box where mice, wild-type C57BL/6J, could freely choose which paw to use
during reach to grasp task in all groups (see Figure 3. 2). Seven groups exhibited almost equal
paw preference within and between training sessions which were 15 days and 7 days apart from

second session of training (see Figure 3. 8. A4, B, C).

During the continued training sessions (see Figure 3. 8. 4, B, C) with the intact control
group, half of the mice used their left paw, the half used their right paw (n=25). In the sham
group, 55.55% animals used their right paw (n=5, total n=9) which is very similar to an earlier
research report (Bulman-Fleming et al., 1997; Lopez-Huerta et al., 2016). But in the ChAT-
sap injected group, 69% animals used their left paw (n=9, total n=13). The sham and ChAT-
sap injected groups were slightly different from the intact control. However, we didn’t observe
any polarized distribution of paw preference among these three groups during training. The
sample size differences in each group could be the main reason for the deviation from the
control group. In general, the paw preference remained the same throughout the whole training

sessions.

Interestingly, the mice didn’t change paw preferences in control+lesioned (15 days) and
control+lesioned (7days) before and after the lesion with ChAT-sap toxin injection (see Figure
3. 8. D, E). The paw preference in control+control (15 days) and control+lesioned (15 days) is
the same in both directions (right and left respectively 66.67% and 33.33%). By contrast, in
control+control (7days) and control+lesioned (7days) the paw preferences were largely varied

(Figure 3. 8. E).

Next, we analyzed the possible tendency of Chls lesioned groups paw preference (see
Figure 3. 8. F). The ChAT-sap injected groups (ChAT-sap, control+lesioned (15 days),
control+lesioned (7days)), 58.33% used left and 41.66% used the right paw. In addition, in the
control groups with different training paradigm (control, sham, contro+control (15 days) and

control+control (7days)), around 43.47% used left and 56.525% used right paw.
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Furthermore, we analyzed the right/left paw preference of all mice used for reach-to
grasp single pellet task without considering the group differences. There are 51.42% right paw
and 48.58% left paw preferred mice.

Overall, these results confirmed again that the mice paw preferences are evenly
distributed (Figure 3. 8. G).
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Paw preferences Il Left paw
P 1 Right paw
Total=100%

A B C

Control Sham ChAT-sap
D E
66.67% . “ ‘ 71 .42%.
Control+lesion Control+Control Control+lesion Control+Control
(15 days) (15 days) (7 days) (7 days)

F G
‘ 41.66%
Control ChAT-sap

Summary

Figure 3. 8 Percentage of paw preferences of mice assessed by reach-to-
grasp task.

A. Control group paw preferences. B. Sham group paw preferences (saline
injection in left striatum). C. ChAT-sap lesioned group paw preferences (lesion
in left striatum). D. Control+lesioned (15 days) and control+control (15 days)
groups paw preferences (lesion in striatum contralateral to preferred paw). E.
Control+lesioned (7days) and control+control (7days) groups paw preferences
(lesion in striatum contralateral to preferred paw). F. Summary of paw
preferences in percentage from all control conditions and all ChAT-sap injected
animals. G. Summary of paw preferences in all of animals used in reach-to-
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grasp task. (black color-left paw and white color-right paw which are depicted
in pie chart. The different color around pie chart used to distinguish the different
treatment groups).

Last, but not the least, among 72 animals trained for reach-to grasp task, only 2.8%
(n=2) animals changed paw preferences during the training sessions. In addition, the animals
changed paw preferences were not from ChAT-sap but from non-ChAT-sap injected groups
(sham, control+control (15 days)), which means that, mice paw preference changes during the

reach-to-grasp task is irrelevant with Chls lesion into DLS in the present study (Figure 3. 9).

- Changed
- Unchanged

2.8%

Total=72 animals

Figure 3. 9 Paw preferences changes during the training sessions.

3.3.4 The variability of reaching-approaches in lesioned and non-lesioned group

The lesioned and non-lesioned animals’ success rates were different as discussed in
former section (3.3.2). The video recordings from each training session showed that the
reaching approaches in ChAT-sap lesioned and control groups were different (Figure 3. 10. A4,
B). As shown in the example in the figure (Figure 3. 10. A), the lesioned group failed to grasp
the chocolate pellet. Instead the mice were able to reach the pellet but their fingers flexion and

extension movements were occurred at an incorrect distance and pushed the pellet away.
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B. Control group

Figure 3. 10 The distinct reach to grasp task approach in lesioned and
control group.
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A. The ChAT-sap toxin injected (Chls lesioned) mouse performing a failed
reach-to-grasp task. (The mice in the image use right paw to reach a chocolate
pellet placed in front of training box,). B. The intact control mouse performing
a successful reach-to-grasp- task. (The mice in the image use right paw to reach
a chocolate pellet placed in front of training box and successfully eats pellet).
(These are sequential images taken from mice during the task performance).

The ChAT-sap lesioned animals incorrect reaching approaches were observed
repeatedly compared to intact control and sham treated animals. In many cases, even though
the pellet was placed on the designated location, the mouse often missed the pellet. Generally,
the ChAT-sap lesioned mice stretched their paw high above, twisted to one direction, and too
short to reach the pellet (Figure 3. 17). These are probably the main reasons that Chls lesioned
animals in most of the training days were not able to reach the highest success rate as control
or sham groups, instead only able to achieve 31.15% success rate (around 6 out of 20 pellets)

in the continued training paradigm (Figure 3. 6. A, red color).

Figure 3. 11 The various reaching approaches of Chls lesioned mice.

Photographs of a mouse treated with ChAT-sap toxin performing reach-to-
grasp task, in which the mouse used incorrect approaches to achieve success.
The mouse was unable to achieve success.
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3.3.5 The different levels of performance within intact control group

Different levels of learners (normal, slow, and fast) were found in the intact control
group which were trained in different training paradigms. The learning curve established from
day 1 to day 7, and then from day 7 on the performance of mice was stable within control
groups. To confirm whether the learning ability was different within each group, the learning
curve criteria (see section 3.2.8.7) were established and we performed statistical tests for data

from day1 to day7.

Significant interactions were found between the day of training and the different levels
of learners (interactions: F (12,309) =2.798, p<0.0012; Days: F (6,309) =3.434, p<0.0027,
different levels of learners F (2,309) =152, p<0.0001), suggesting that all learners performed
differently (Figure 3. 12. A). Both slow and fast learners’ performance (success rate) did not
improve throughout the days of training. In addition, all learner (normal, slow, fast)
performance was statistically different from each other (normal vs slow: p<0.0001; normal vs

fast: p<0.0002; slow vs fast: p<0.0001) (Figure 3. 12. B).

The different levels of learners by proportion of intact control group population are
54.17% normal learners, 12.5% slow learners, and 33.33% fast learners as seen in (Figure 3.
12. C). The different levels of learners reflected the huge variation of performance not only

throughout training days, but also among individual mice.
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Figure 3. 12 Different levels of learners within intact control group.

A. The subdivision of reaching performance of intact control group from day 1
to day 7, with the intact control group divided into normal learners (n=16), slow
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learners (n=6), fast learners (n=16) (green, orange, red color respectively). B.
The average performance of different levels of learners. C. The different levels
of learners by proportion of intact control group population. The whiskers of
box plot is (Min to Max) (* P < 0.05; ** P <0.01; *** P < 0.001; **** P <
0.0001). The box always extends from the 25th to 75th percentiles. The line in
the middle of the box is plotted at the median. Two-way ANOVA followed by
Tukey's multiple-comparisons test was applied.

3.3.6 The latency to retrieve 5 pellets

It has long been reported that the reaching accuracy improves by daily sessions (see
section 3.3.2 for seven different groups learning curve) and decreases the task time which has

been measured by the latency to retrieve 5 pellets (Marques & Olsson, 2010).

In the continued training paradigm (Figure 3. 2. A), we used three groups which were
intact control, sham, and ChAT-sap toxin injected (n=25, n=9, n=13 respectively). We
measured the latency to retrieve 5 pellets for 12 consecutive days (Figure 3. 13. A), with a
single pellet reach to grasp tasks to evaluate improved skilled motor performance after selective
lesioning of Chls in DLS. The two-way ANOVA of latency to retrieve 5 pellets revealed a
significant group variability [F (2,603) =28.74, p<0.0001], indicating that the mice (in intact
and sham) are statistically different from Chls lesioned group (ChAT-sap toxin injected)
(control vs ChAT-sap: p<0.0001, sham vs ChAT-sap: p<0.0001). Three groups decreased task
time from 470.8 +62.96, 471.24+92.01, 537.24+104.2 to 159.7 + 18.48, 180 + 28.21,
191.14+23.45 respectively in intact control, sham, ChAT-sap injected groups (mean+SEM,
time unit is second (s)). The intact control and sham latency to retrieve 5 pellets curve was
similar throughout daily sessions, there was no significant difference (control vs sham:
p=<0.6360), but there was a significant impact of days [F (11,603) =15.65, p<0.0001]. The
mice treated with ChAT-sap spent longer time, but improved throughout daily sessions (Figure

3. 13. A).

Furthermore, the same analyses were conducted on two groups, control+lesioned (15
days) and control+control (15 days) (Figure 3. 13. B). The control period (D1-7) was
statistically different from retraining period D23-29 (control vs lesioned p<0.002, control vs
control p<0.0001). However, for the control and lesioned group of mice at retraining period

D23-29 the latency to retrieve 5 pellets was similar and statistically not significant.
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Finally, for control+lesioned (7 days) and control+control (7 days) groups the latency
to retrieve 5 pellets was analyzed (Figure 3. 13. C). The control period (D1-7) was statistically
different from the retraining period (D15-21) of control (»p<0.0012) but not with lesioned group
(»<0.9). At retraining period D15-21, the lesioned group still spent more time than control
group which is statistically significant (p<0.0133).
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Figure 3. 13 Latency to retrieve pellets

A. Intact control, sham, and ChAT-sap lesioned groups latency to retrieve 5
successful pellets (black, green, and red respectively) tested for 12 consecutive
days training. B. Comparison of latency to retrieve 5 successful pellets before
and after the toxin lesion with 15 days resting period. C. Comparison of latency
to retrieve 5 successful pellets before and after the toxin lesion with 7 days
resting period. D. Latency to retrieve the 1% pellet in intact control, sham,
ChAT-sap group. E. Latency to retieve 1% pellet before and after the toxin lesion
with 15 days resting period. F. Latency to retieve 1% pellet before and after the
toxin lesion with 7 days resting period. The latency of each group drawn with
different colors. All data shown in the figure is (Mean+SEM ), time(s).
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3.3.7 The latency to retrieve first pellet

Following up the latency to retrieve 5 pellets, we analyzed the latency to retrieve the 1%

pellet which also reportedly decreases throughout the daily sessions (Lopez-Huerta et al., 2016).

The latency to retrieve the 1% pellet for 12 consecutive days (Figure 3. 13. D) with a
single pellet reach-to-grasp task, decreases throughout the daily sessions [F (11,624) = 4.16,
p<0.0001)]. The ChAT-sap lesioned group from dayl-day5 spent longer time compared to
intact control and sham. However, from training day 5, all three groups’ latency to retrieve the

pellet was almost the same and no statistical significance was found (p<0.0524).

Furthermore, the same analyses were conducted on two groups, control+lesioned (15
days) and control+control (15 days) (Figure 3. 13. E). The control period (D1-7) was
statistically not different from the retraining period D23-29 even though the three groups

decreased the latency by daily sessions.

Finally, control+lesioned (7 days) and control+control (7 days) groups latency to
retrieve st pellet was analyzed (Figure 3. 13. F). The control period (D1-7) and retraining
period (D15-21) was not statistically different. In addition, there is no differences among the

groups.
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3.3.8 The number of reach-to-grasp attempts

The number of reach to grasp attempts is a key feature of the reach-to-grasp single
pellet task. The improved learning skills can be explained with decreased number of reach-to-
grasp and increased success rate throughout the daily sessions. In the optimal condition, if each
reach-to-grasp brings a successful pellet retrieval, 20 reaches would be predicted for 20 pellets
in each daily session in the current research design. To test the hypothesis, the total number of

reaches was counted for each group.

The reach-to-grasp attempts in 12 consecutive days sessions (Figure 3. 14. A) with a
single pellet reach-to-grasp task decreases throughout the daily sessions. The variation in
groups, days, and interaction variability statistically was significant [F (2,610) =26, p<0.0001)],
[F (11,610) =3.13, p<0.0004)], and [F (22,610) =1.73, p<0.021)] respectively. The ChAT-sap
injected group reaches statistical difference from intact control and sham (ChAT vs Control:
p<0.0001, ChAT vs Sham: p<0.0001) in which the number of reaches in ChAT-sap lesioned

group was higher than control and sham.

Next, the same analyses were conducted on two groups which were control+lesioned
(15 days) and control+control (15 days) (Figure 3. 14. B). During the retraining session (D23-
29) the number of reaches compared to former control training period (D1-7) for both control
and lesioned groups. The control group is statistically different from lesioned group

(p<0.0001).

Finally, for control+lesioned (7 days) and control+control (7 days) groups, the number
of reach-to-grasp attempts were analyzed (Figure 3. 14. C). The control period (D1-7) was not
statistically different from the retraining period D15-21 due to the fact that there was a huge

fluctuation in retraining period.
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The number of reach-to-grasp attempts

ChAT-sap lesion

Figure 3. 14 The reach-to-grasp attempts
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A. Intact control, sham, and ChAT-sap lesioned groups reaching attempts. B.
The reaching attempts for pellets before and after the toxin lesion with 15 days
resting period. C. The reaching attempts for pellets before and after the toxin
lesion with 7 days resting period. The reaching attempts of each group drawn
with different colors. All data shown in the figure is (Mean+SEM). The box
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plot on the right is summary data from left (* P < 0.05; ** P < 0.01; *** P <
0.001; **** P <0.0001).

3.3.10 The number of pellets achieved with a single reach-to-grasp action

Based on earlier research, there are many ways or parameters that can be used to
evaluate the reach-to-grasp task. A successful pellet reach with a single reach-to-grasp action
improves during the daily sessions and is commonly used in successfully obtained food pellets
analysis (Field & Whishaw, 2005; Marques & Olsson, 2010; Lopez-Huerta ef al., 2016). In the
present study, the number of pellets achieved with a single reach-to-grasp-action in all three

different behavior paradigms were counted and analyzed.

There are significant differences among ChAT-sap lesioned, intact control and sham
groups on overall pellets obtained with a single reach-to-grasp action (control vs ChAT-sap
lesioned: p<0.0001; sham vs ChAT-sap: p<0.0001). Intact control and sham groups were not
different (control vs sham: p<0.76) in their likelihood of obtain a pellet with single reach-to-
grasp (Figure 3. 15. A).

The Control+lesioned (15 days) and control+control (15 days) (Figure 3. 15. B) groups,
the overall pellets obtained with a single reach to grasp were different before and after the
lesion (control (D1-7) vs lesioned group (D23-29): p<0.0024; control (D1-7) vs control group
(D23-29): p<0.0016). During the retraining session (D23-29) the number of pellets obtained
with single reach-to-grasp increased in both lesioned and control groups. There was no

statistical difference between lesioned and control groups (p=0.95).

Finally, for control+lesioned (7 days) and control+control (7 days) groups the number
of pellets achieved with a single reach-to-grasp were analyzed (Figure 3. 15. C). At retraining
stage, the control+lesioned (7 days) group achieved fewer pellets with a single reach-to-grasp
compared to control+control (7 days) (p<0.0001). The control (before 7 days resting) group
was statistically not different from control+lesioned (7 days) (p=0.68) but different from
control+control (7 days) (»p<0.0001).
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Figure 3. 15 The number of pellets achieved with a single reach-to-grasp

action.
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A. The average number of pellets achieved per day with a single reach-to-grasp-
action in consecutive trained groups (intact control, sham, ChAT-sap lesioned).
B. The average number of pellets achieved per day with a single reach-to-grasp-
action before and after the toxin lesion with 15 days resting period. C. The
average number of pellets achieved per day with a single reach-to-grasp-action
before and after the toxin lesion, with 7 days resting period. All data shown in
the figure is (average data from12 or 14 days) (* P <0.05; ** P <0.01; *** P <
0.001; **** P <0.0001).

3.3.11 The number of mice that did not attend to the reach-to-grasp task

We observed that there were 22.6% (n=21) of mice not interested in the task and could
not be trained. They were excluded from experiments (intact control n=14, sham n=4, ChAT-

sap lesioned n=3). The mice trained for behavior experiment is 77.4% (n=72) (Figure 3. 16).

Il Trained

0,
22.6% [ Not interested

77.4%

Figure 3. 16 The number of animals used in task.

The pie chart shows the percentage of trained and non-interested mice in total
population.

3.3.12 Significant decrease of Chls on lesioned compared to control side

To quantify the number of Chls depleted with ChAT-sap toxin lesion in the mice used
for behavior experiments, a stereological systematic random sampling method was used to
count cells in lesion and intact hemispheres of toxin treated animals with two different methods

after behavior experiments were completed.

Chls showed a significant depletion with ChAT-sap toxin which is consistent with data
shown in Chapter 2 and there was significant difference between lesioned and non-lesioned
hemispheres in the striatum (non-lesioned vs lesioned: 11590+375.2 vs 7075+457.6 p<0.0001,

n=11). The Chls depletion was observed up to 3 weeks post lesion in lesioned mice used for
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behavioral experiments and there was no evidence that the behavior experiments can impact

on Chls depletion during the experimental sessions (Figure 3. 17. A).

In addition, the mirror sampling method (for detailed description of method see section

3.2.2 and Figure 3. 3. G) was applied to count Chls from sections to quantify the number of

cells depleted in the region of toxin administration. Expectedly, there are significantly less Chls

in the striatum compared to non-lesioned hemisphere (non-lesioned vs lesioned: 4922+534.3

vs 1474+181.8, p<0.0001, n=11) (Figure 3. 17. B).
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Figure 3. 17 The confirmation of Chls depletion in mice trained for

behavior experiment.

A. Chls counting from whole striatum of lesioned and non-lesioned hemisphere
of ChAT-sap injected groups. B. Mirror sampling method applied to quantify
the number of cells missing in the toxin administrated region (* P < 0.05; ** P

<0.01; *** P <0.001; **** P <0.0001).
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3.3.12 The correlation of ChlIs lesion and success rate
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Figure 3. 18 The correlation analysis of Chls and the success rate.

A.The number of Chls counted from lesioned hemisphere and success rate
correlation. B.The number of depleted cells and success rate correlation. (The
number of depleted cells calculated by cells counted from lesioned hemisphere
subtracted from the cells counted non-lesioned hemisphere of same animals).

To determine whether there is any correlation between Chls lesion and success rate, we
did two different kinds of analysis in which the number of Chls surviving after the lesion and

the number of lost cells was correlated with success rate of mice during the reach to grasp task.

There is insufficient evidence to determine whether there is a significant inverse linear
correlation between the number of Chls surviving from lesioned hemisphere and success rate,

due to the fact that the correlation coefficient is not significantly different from zero (r=-0.237,

R?=0.056, p< 0.458, 5.6%, n=11) (Figure 3. 18. A).

Similarly, there is insufficient evidence to conclude there is a significant positive linear
correlation between the number of Chls depleted from lesioned hemisphere and success rate,
because the correlation coefficient is not significantly different from zero (r= 0.00527,

R?=2.8x10°5, p < 0.9870, 0.002%, n=9) (Figure 3. I8. B).

Based on r value of both correlation analysis we concluded that there is not a significant
relationship between Chls number and success rate. Therefore, we cannot use the regression

line to model a linear relationship between Chls number and success rate in our present study.
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3.3.14 Open field test

The open field test (OFT) is often used in mouse or rat studies to measure motor activity,
exploratory behavior and the anxiety of animals in a new environment (Figure 3. 4. A). In the
present study, to quantify the ChAT-sap injected mice exploratory features, OFT was
conducted. The parameters analyzed were the total distance traveled, number of rearing, time
spent in center region, average rearing duration, speed, and average circling. The tests were

applied every day before the training session in the reach to grasp task for each individual

mouse.
Control Sham ChAT-sap lesioned

Day1 0
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D ;h ﬁm&&
=
i

Day12

Figure 3. 19 The path taken by individual mouse over a 15 minute testing
session in the open field based on images taken from above.

The density of lines in a region correlated with time spent in that region, the
mouse entered that area frequently.

The total distance traveled was measured for the ChAT-sap toxin injected mice, to
identify the Chls lesion impact on motor output. Based on the traces of mice in an open field
(Figure 3. 19), there are significant differences between ChAT-sap lesioned, intact control and
sham groups with respect to the overall distance traveled within the 15-minute test time (control
vs sham: p<0.0001; sham vs ChAT-sap: p<0.0037;). Interestingly, the Chls lesioned mice

traveled more compared to sham group mice, which implies that unilateral Chls lesion changes
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striatal microcircuitry in the brain region related to movement (Figure 3. 20. A). There were

also significant interaction by days and groups variables (p<0.0001and p<0.0001 respectively).
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Figure 3. 20 The exploratory behavior of mice in different conditions (1)

A. Total distance traveled during open field test (cm). B. The time mice spend
in center region (%). C. The number of rearings within 15min. D. Average total
time spent in reared position (s). E. Average circling number within 15min. F.
Average speed within 15min.

The anxiety of mice is often examined with time spent in the center region. ChAT-sap

injected mice spent less time in the center region on average compared to intact control and
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sham (control, sham, ChAT-sap respectively 13.73+0.423%, 15.284+0.8%, 10.934+0.63%;
ChAT-sap vs control: p<0.0001, ChAT-sap vs sham: p<0.0001). Intact control and sham
groups were not different (control vs sham: p<0.11) in their likelihood of anxiousness (Figure

3. 20. B) while the anxiety of ChAT-sap injected mice apparent from path trace (Figure 3. 19).

The measurement of rearing frequency in mice was considered to be a quantification of
an aspect of exploratory behavior. From quantitative analysis on OFT data (Figure 3. 20. C),
the control animals tend to explore more compared to sham and ChAT-sap lesioned animals
on average (82.411+7.34, 57.81+5.19 and 67.9+7.018 (s) respectively). In addition, the
average total time spent rearing (Figure 3. 20. D) in controls is longer compared to sham and
ChAT-sap and this is statistically significant (control vs sham: 0.0001, control vs ChAT-sap:
0.0001).

The average number of circling behaviors was measured as the ChAT-sap lesion was
only made unilaterally which may cause imbalanced circuitry in the striatum. Interestingly, the
ChAT-sap lesioned mice made almost two-fold more rotations than control and sham
(2.94+0.3, 2.63+0.37 and 4.6+0.3 respectively for control, sham and lesioned) which is
statistically significant (Figure 3. 20. E).

Lastly, the average speed of mice in open field was measured in which sham treated
mice speed is slower than control and ChAT-sap injected group (sham vs control: p<0.0001.
sham vs ChAT-sap injected: p<0.0037), these result support that control and ChAT-sap treated

animal travels to longer distance and more frequent rearing behavior observed (Figure 3. 20.

F).
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3.4 Discussion

The Chls are sparsely distributed in the striatum. It was only in recent years that the
specific regulation (lesion, optogenetic control, in vivo labeling) of Chls was possible, since
then the Chls related circuitry underlying striatal functions, has started to be uncovered.
However, a previous study aimed to understand the impact of how nucleus accumbens Chls
lesions on DA-dependent behavior in rats they found that these treated rats were hyper-
responsive to amphetamine (Laplante ef al., 2011). Another study focused on dorsomedial and
ventral striatum Chls role in strategy set shifting behavior using the same Chls specific
immunotoxin in rats. They found that neither of the lesions impairs learning of the task but the
two brain regions can be distinguished based on a behavioral context (Aoki et al., 2015).
Additionally, the viral ablation of Chls in the DLS of mice found a deficit in coordination on
the rotorod behavioral task (Xu et al., 2015). The 1G17 line transgenic mice (expressing the
fusion protein of GFP and human interleukin-2 receptor a subunit) Chls lesion study with
multiple injections of immunotoxin showed impaired tone-cued procedural learning and spatial
delayed alteration. But this study didn’t show Chls lesion effect on motor, spatial learning and

fear response (Kitabatake et al., 2003).

In the present study we employed the ChAT-sap immunotoxin targeting the Chls in
DLS. With this method, described in the second chapter, we were able to specifically lesion
ChlIs in DLS. The targeted lesion was confirmed by stereology and immunohistochemistry
studies. To identify Chls-depletion effects on behaviors, reach-to-grasp task and OFT were
applied. This is the first study to describe the impairments in a skilled reach-to-grasp task in

Chls depleted mouse.

The behavioral experiment results clearly indicate that mice from 4 weeks of age can
perform reach-to-grasp task and the ChAT-sap toxin injected mice can also perform reach-to-
grasp task but with a statistically significantly lower success rate compared to intact control
and sham groups. Because of incorrect paw placement, not fewer attempts or gross motor
problems. Chls depletion from DLS affects the performance of mice during the task which is
demonstrated by different measurements, such as reaching accuracy, latency to retrieve 5
successful pellets, latency to retrieve first pellets and the number of reaching attempts. These

results allow us to distinguish between groups of lesioned (ChAT-sap toxin injected) and non-
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lesioned animals (intact control or sham) with different behavior paradigms in reach-to-grasp

task performance.

We employed three different training paradigms — 12 days consecutive training after
lesion, 15 days resting (control+control, control+lesioned)), 7 days resting (control+control,

control+lesioned)).

In 12 consecutive days training paradigm, all treatment groups learned to perform the
task and improved performance throughout training days except the last couple of days where
a slight decline was observed. The statistically significant difference in performances was
found between controls (intact control and sham) and the ChAT-sap injected groups. The
learning curve shaped from day 1-4 was very obvious and in most of the cases from day 5 on
the learning curve did not increase exponentially by contrast a slightly declining trend was
observed. The decreased response to conditioned cue (for example: chocolate pellet) in
extended training can be explained with reward reevaluation process which was described by

Dickinson (1985).

In 12 consecutive days training paradigm, the lesioned group started the task beginning
7 days after lesion. Apparently, there was poor performance from days 1- 6 and slight
improvement from day 7 onwards (2 weeks after the ChAT-sap injection) which coincides with
our observation of increased number of VAChT puncta at 2 weeks after the lesion. On the last
day of performance, the lesioned group performance was similar to the sham group and there

was no statistical difference (p=0.7349).

In the 15 days resting paradigm, the control group improved performance after 15 days
of resting, but there was no apparent improvement in the performance of the lesioned group.
In 7 days resting paradigm, the control group improved in performance after 7 days of resting,

however there was a huge decline in the performance of the lesioned group.

For the 12 consecutive days training paradigm groups (control, sham and ChAT-sap
lesioned groups) the test was conducted on mice starting at 4 weeks of age till 5.7 weeks. While
7 days resting groups (control+control and control+lesioned) were tested from 4-7 weeks and
15 days resting groups (control+control and control+lesioned) were tested from 4-8 weeks.

Among these three different training paradigms, the control groups with 7 days and 15 days
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resting period, the performance of mice improved (the baseline shifted up) in the retraining
period. These results are coincident with the onset of sexual maturity in control group mice.
These results are consistent with previous research reports and observations (Marques &

Olsson, 2010).

Control+lesioned (15 days) and control+lesioned (7 days) groups performance were not
improved as extensively as controls in terms of success rate, latency to retrieve 5 pellets,
latency to 1st pellet, the number of reach-to-grasp attempts, and the number of pellets achieved

with a single reach-to-grasp action.

Control+lesioned (15 days) group success rate after the lesion (from D23-29) was
similar to before the lesion (D1-7) and there is no huge drop in their performance. In addition,
the other reach-to-grasp parameters like the latency to retrieve 5 pellets, 1% pellet and the
number of pellets retrieved with single reach-to-grasp were also similar to control period (D1-
7). These findings coincide with elevated vAChT puncta number after 15 days as discussed in
the second chapter of the thesis. Even though the Chls were depleted with ChAT-sap toxin
bases on ChAT immunolabeling, but the increased number of vVAChT boutons was found at
two weeks and gradually recovered to equal control level 4 weeks and 6 weeks after the lesion.
By contrast, control+lesioned (7 days) group did have poor learning skills during the daily

training sessions (from D15-21).

Therefore, the age of mice and sexual maturity during the reach-to-grasp task training
is important when testing motor learning skills in intact control mice. In other words, the careful
timing of behavioral experiments based on the age of mice is crucial for motor learning skills.
In addition, the elevated vAChT after 2 weeks of the lesion may also contribute at certain level

of performance of lesioned mice (control+lesioned (15days)).

The individual differences not only existing among humans but also exist in animals.
Individual differences were found (normal learner, slow learners, and fast learners) in control
groups in the present study, supported by previous research in which rats were used for reach-
to-grasp task endpoint scoring and other different measurements (Gholamrezaei & Whishaw,
2009; Marques & Olsson, 2010). Based on the 12 consecutive days training paradigm in this
thesis, it can be concluded that the individual differences were not related to training and slow

learners were not improved with continued days of training. To quantify the skilled reaching
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task there are multiple standard task measurements which we used including success rate,
latency to 5 pellets, latency to retrieve 1% pellet, and reaching attempts. In addition, the
individual differences by days and groups found in the present research are consistent with
earlier studies. The possible explanations can be the examination of success rates at different
stages of training, anatomical observation from cortical developmental abnormalities, brain

size, and neurochemical levels (Schwartzkroin et al., 2004; Goodman & Gilbert, 2007).

The concern of conducting food restricted task in toxin injected mice with stereotaxic
surgery is a possible delay in the full recovery of the mice after surgery. Even though special
daily care was provided to the mice such as easily digestible water-rich medical gel was
provided, which were strongly suggested by the local animal health care providers. In addition,
we did not discuss the possible impact of food restriction on the progressive depletion of Chls
in the striatum at the early nor later stage of the experiments. The highest amount of food was
provided to guarantee the maintenance of 85% of body weight for growing mice based on
published experimental reports (Marques & Olsson, 2010; Lopez-Huerta et al., 2016). The next
day there was no food left, which is enough to motivate the mice to perform the task and which
is clear from lesioned group mice repetitive reach-to-grasp attempts as we discussed in result
section. We did not investigate the possible impact of gender differences on lesioned and non-
lesioned animals’ performance since it has been done by many earlier researchers (Field &
Whishaw, 2005; Marques & Olsson, 2010). In addition, female rats show unstable performance
compared to males in a rat study (Field & Whishaw, 2005).

In order to reduce stress and anxiety, mice were allowed to habituate with their cage
mates for 2-3 days in the test box followed by a 2-3-day pre-training period (Farr & Whishaw,
2002; Marques & Olsson, 2010; Lopez-Huerta et al., 2016). The importance of a habituation
period again was observed during the retraining session after 7 or 15 days of resting period. In

the present study, home cage beddings and strong lights were avoided in the test chamber.

The number of Chls depleted by the ChAT-sap toxin in mice trained for behavior was
similar to the data reported in Chapter two. However, these trained animals’ brain sections
were not stained for VAChT and it is also unclear the amount of variation. Unexpectedly, there
was no correlation between the number of Chls depletion and success rate of mice which

indicates that impairment of reach-to-grasp skill is not linearly dependent on the number of



122

Chls depleted. The altered striatal microcircuitry due to Chls depletion is enough to change the

reach-to-grasp task performance.

Exploratory activity is age- and species- dependent and can be correlated with learning
skills due to the high attention required to achieve success in the task. Earlier research reported
that rats are more active at juvenile stage (20-30 PD) and mice at adolescent stage (45-60 PD)
(Spear & Brake, 1983; Ba & Seri, 1995; Macri et al., 2002). By contrast, a recent study
observed that young juvenile mice tend to explore the surrounding environments more often

than adult mice (Marques & Olsson, 2010).

In our study, the parameters related to exploratory behavior (total distance traveled,
rearing, circling, speed, time spent on rearing and center region) showed that lesioned group

mice were more prone to explore the surrounding environments compared to sham and control

group.

Based on the OFT results it is clear that Chls depletion can be measured with different
sensitive parameters against toxin treatment such as anxiety and exploratory behavior of mice.
The outcome of Chls lesion in DLS not only impairs reach-to-grasp skills but also has a major
impact on the emotionality (anxiety) of mice. We found that the lesion group mice spent shorter
time in the center region compared to other groups. This suggests that Chls lesion in the DLS
region can cause anxiety at a certain level. In addition, the increased circling behavior in ChAT-
sap lesioned mice can be explained by a unilateral lesion which changes the balance of striatal
circuitry; the dopaminergic unilateral lesion studies have been discussed in previous studies

(Iwamoto et al., 1976; Jaidar et al., 2010).

During the consecutive OFT sessions, we found that in all three group of mice, the
rearing frequency, time spent on rearing and total distance traveled in the open field were
gradually increased (Figure 3.19). The increments can be explained by incentive motivational
(reinforcement-linked) stimuli, while the reward (for example, chocolate pellet for food
deprived animals in reach-to-grasp task in our study) can raise the level of general activity
(total distance, rearing, rearing time in OFT) and facilitate the occurrence of rearing or increase
speed during the OFT. The mice show an increased activity in OFT which has been repeatedly
associated with a chocolate pellet of reach-to-grasp task. The chocolate pellet is considered a

positive reinforcement for mice because the OFT tests were conducted immediately before
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reach-to-grasp task in our current research. The influence of incentive-motivational stimuli on
behavior was explained and discussed in the earlier neurophysiological studies to interpret the
effects of drive and incentive motivation on general activity. The increased general activity of
mice undergoing training in a motivational task was supported by former research (Bacon &

Bindra, 1967; Bindra, 1968; Trowill et al., 1969).

In general, there is no grandmaster behavioral experiment which can identify all
possible outcomes of the lesion. The application of different kinds of experimental design can
help us to understand the altered brain circuitry. The measurement of Chls lesioned mice
behavior allows us to understand the possible stereotype behaviors, its impact on striatal

microcircuits, and Chls related motor learning skills variation in neurodegenerative disease.

In conclusion, this is the first study to document a detailed quantitative impairment in
skilled reach-to-grasp movements after a Chls specific lesion with immunotoxin in wild-type
mice. The main results are that mice with different resting paradigms perform skilled reaching
movements quite well, and the skilled reaching test is sensitive to damage to the Chls in DLS
even though it was a partial lesion. An advantage of the model is that it is able to provide a
quantitative scope and a qualitative assessment of deficits with two different kinds of behavior

tests, compensation, and recovery in DLS Chls.
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Chapter 4 Conclusion

4.1 Thesis summary

We have discussed a number of techniques and methods used to understand the role of
Chls in the striatum, and their involvement in different brain functions to maintain normal
physiological functions of striatal circuitry. In the anatomical study in Chapter 2 we used the
stereological systematic random sampling method to count the number of Chls in toxin treated
vs control animals. In Chapter 3 we showed, behaviorally, how Chls depletion could affect the
animal’s performance of skilled reach-to grasp task in mice and in open field test. This study
could allow us to observe locomotion in open field, provided that Chls partial depletion in
striatum does not have significant impairment on locomotor behavior, which also showed to
be possible from the skilled reach-to grasp task. Both of the behaviors were conducted to

elucidate changes that occurred in animal’s performance from different perspectives.

4.2 Impact and future work

Sparsely distributed Chls are an indispensable part of striatum and BG circuits. This
thesis focusses, in part, on approaches to push the boundaries to understand the properties of
Chls in experimental settings in mice. Without venturing into areas involving the higher
technical methods such as in vivo recording or imaging from multiple cells from moving
animals. Using detailed experimental methods, such as the stereological systematic random
sampling of Chls correlated to behavior tests help us to extend our knowledge in this field.
However, if we want to explore and comprehend the online recording and manipulation of Chls
in moving alive animals it is fundamental to push the methodological limits to seek a way to

enhance the field even further.

Currently, in vivo recording from the cortex of behaving transgenic animals with both
the high speed and high resolutions, which indicates that with the improvement of technology
in fluorescent imaging methodology enable us to record from variety of cell in deeper brain

regions like striatum.
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Subsequently, improvement in imaging technology and inventing new tools to detect
the activity of cells in vivo conditions with less damage are crucial to the field of neuroscience.
The application of advanced technique such as recording cells in vivo condition in moving
animals, we can make predictions for human brain physiological and disease states. In the case
of striatal microcircuitry analysis we hope to provide further scientific report about the
properties of Chls depleted striatum. However, the work needs to be perfected, but it paves the
way for combining physiology and imaging to better understand the role of Chls in different

circuitry states.

In summary, the techniques and results outlined in the work of this thesis can be
relatively easily adopted by many groups and interpret experimental results which potentially

allow the investigation of interesting brain properties.

In the future, we hope to record from multiple cells with calcium imaging methods,
which will enable us to explore hundreds of cells in vitro 250um thick sections to image from
over 100 cells at 960/830um field simultaneously. The calcium imaging of striatal MSNs in
Chls depleted condition of this big size, will be the first to demonstrate in the community and
this will demonstrate how it could be done and provide changes or modification of striatal
circuitry made by Chls depletion. In the future we would like to apply pharmacological agents
to show how the plasticity could be changed and explore its correlation with neurological

disorders in which Chls are involved.
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